
Nature Reviews Genetics

nature reviews genetics https://doi.org/10.1038/s41576-024-00808-9

Review article  Check for updates

Diversity and consequences 
of structural variation in 
the human genome

Ryan L. Collins1,2,3,4 & Michael E. Talkowski    1,2,3,5 

Abstract

The biomedical community is increasingly invested in capturing all 

genetic variants across human genomes, interpreting their functional 

consequences and translating these �ndings to the clinic. A crucial 

component of this endeavour is the discovery and characterization 

of structural variants (SVs), which are ubiquitous in the human 

population, heterogeneous in their mutational processes, key 

substrates for evolution and adaptation, and profound drivers of 

human disease. The recent emergence of new technologies and the 

remarkable scale of sequence-based population studies have begun 

to crystalize our understanding of SVs as a mutational class and their 

widespread in�uence across phenotypes. In this Review, we summarize 

recent discoveries and new insights into SVs in the human genome in 

terms of their mutational patterns, population genetics, functional 

consequences, and impact on human traits and disease. We conclude 

by outlining three frontiers to be explored by the �eld over the next 

decade.
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Likewise, the impact of SVs has been underexplored in many human 

diseases and traits as SVs have not been routinely incorporated in most 

large-scale association studies to date. New technologies will capture 

a greater fraction of the SV spectrum34–36,44, but long-read assembly 

studies have been inadequate in terms of the number of individuals 

surveyed that is needed to derive principles of population genetics 

and human disease architecture. In summary, although some general 

patterns of SVs in the human genome have been defined, the specifics 

remain opaque across disparate domains of biology and medicine and 

represent opportunities for dramatic advances in the coming years.

In this Review, we summarize the existing knowledge of germline 

SVs in the human population. First, we discuss the mutational proper-

ties of SVs, including their diversity, complexity and mutation rates. 

Second, we describe the patterns of SVs in the global human popula-

tion, with an emphasis on the role of natural selection. Third, we sum-

marize the modes in which SVs can result in functional alterations to 

protein-coding and non-coding loci throughout the genome. Fourth, 

we review the roles of SVs in rare, common and complex human dis-

eases, and speculate on the role of advancing technologies in this 

area of study. We do not focus on the technical aspects of detecting 

SVs6,7,45–47, the roles of somatic SVs in cancer48 or the impact of SVs on 

three-dimensional genome organization43 as these topics have all been 

comprehensively detailed in other recent reviews. Similarly, we do not 

discuss somatic or mosaic SVs in non-cancerous tissues, which is an 

active area of enquiry with insufficient high-resolution data across the 

complete SV spectrum to definitively contrast such SVs with germline 

variants in the human population49,50. We conclude by enumerating 

three frontiers in SV research that we anticipate will be topics of intense 

interest in the coming years.

Mutational properties of SVs
The term ‘structural variation’ encompasses a remarkably diverse fam-

ily of mutational classes, each of which has distinct properties (Fig. 1). 

In this section, we recap the current taxonomy for germline SVs, sum-

marize their mutational mechanisms, and discuss germline SV mutation 

rates and covariates.

Canonical and complex SV classes
By convention, germline SVs are categorized into several canonical 

mutational classes. Beyond chromosome-scale gains and losses of 

DNA, such as aneuploidies, the most commonly surveyed SV classes 

are deletions and duplications, collectively known as copy number 

variants (CNVs). These CNVs are defined by a loss or tandem gain of 

sequence relative to a reference genome. Canonical CNVs in the human 

germline have just one alternate allele documented in the population 

(that is, a biallelic variant)9,28, whereas multiallelic CNVs (mCNVs) in cer-

tain repetitive loci can reach high copy numbers, sometimes accruing 

dozens of duplicate copies in individual genomes30,51. Although mCNVs 

can be some of the most mutationally diverse SVs in humans, surveys 

to date from existing technologies suggest that they are relatively 

sparse throughout the genome — between 673 and 1,356 mCNV loci 

have been reported31,51, representing <0.05% of all SVs reported to date 

across global population studies. Improved access to complex repeti-

tive sequences from long-read technologies will upwardly revise these 

estimates as they are applied across large population data sets44,52. Inser-

tions are the second-most common class of SVs in humans and comprise 

numerous subclasses such as mobile element insertions (for example, 

LINE1 and Alu)53–55, novel non-reference insertions (for example, viral 

DNA insertions)56–58, nuclear insertions of mitochondrial DNA59, and 

Introduction
Human genetic variation is often categorized into three major 

classes based on the number of DNA nucleotides altered per variant: 

single-nucleotide variants (SNVs), short insertion or deletion vari-

ants (indels; 1–50 bp), and structural variants (SVs; ≥50 bp)1. Among 

these, SNVs and indels, collectively referred to here as short variants 

(<50 bp), have been extensively studied due to their high mutational 

densities in humans and the relative ease of their detection using a 

multitude of technologies1–4. By contrast, SVs have proven more dif-

ficult to interrogate due to several factors, foremost among which are 

the technical challenges of SV ascertainment5–7. Beyond these techni-

cal challenges, the density of SVs throughout each human genome is 

two orders of magnitude lower (tens of thousands) than that of SNVs 

and indels (millions)1 while encompassing a much broader spectrum 

of mutational classes8–10. Consequently, our nascent capabilities to 

capture and interpret SVs in genetic research and clinical diagnostics 

remains substantially less precise than for short variants11.

Despite these limitations, the last 60 years in human genetic 

research have witnessed remarkable progress in defining the muta-

tional spectrum of SVs. Since the initial discovery of the human chromo-

some number in 1956 and the discovery of trisomy 21 in Down syndrome 

in 1959 (refs. 12,13), progressive generations of technological break-

throughs have reliably yielded transformative new insights into SVs. 

The use of microscopic techniques, such as karyotyping or fluorescence 

in situ hybridization, revealed that chromosome-scale rearrange-

ments were rare in the general population but enriched in individuals 

with developmental disorders and in cancer genomes14–18. In the early 

2000s, the application of microarray technologies led to the discovery 

of the widespread existence of large DNA copy number variants (CNVs) 

throughout the human genome19–24. These observations were extended 

by shallow (~4–12×) whole-genome sequencing (WGS), which revealed 

that every human genome harbours thousands of CNVs and other types 

of SVs9,10,25,26 and that these SVs generally adhered to the same principles 

of population genetics established for short variants26,27. More recently, 

deep (≥30-fold coverage) WGS of large populations has demonstrated 

that there are likely tens of millions of unique SVs segregating in the 

human population, most of which appear in just one or a handful of 

individuals worldwide28–31. Furthermore, the maturation of long-read 

sequencing and other technologies continues to reveal thousands of 

cryptic SVs embedded in the most complex and repetitive sequence 

contexts32–37.

Advancing our nascent understanding of the forces and factors 

influencing where new SVs arise in the human germline and how they 

are subject to natural selection requires large, population-scale char-

acterization studies. Major initiatives have been launched to catalogue 

SVs in the human genome, such as the Genome Aggregation Database 

(gnomAD)28, 1000 Genomes Project and Human Genome Structural 

Variation Consortium (HGSVC)9,25,31, UK Biobank38, and the All of Us 

Research Program39, yet there remains a limited representation of 

SVs that exist across global populations, especially in non-European 

populations. Even within European populations, the most repetitive 

~10% of the genome remains intractable to most technologies. Recent 

breakthroughs using the combination of multiple new technologies 

and sophisticated analytic approaches that have achieved near com-

plete telomere-to-telomere (T2T) assemblies are beginning to dissolve 

these technical barriers and are poised to enable the study of these 

genomic loci that were inaccessible to prior technologies40,41. Another 

major challenge in human genetics is the prediction of the functional 

consequences of SVs on gene function and cis-regulatory networks42,43. 
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expansions of tandem repeats (for example, short tandem repeats 

(STRs; units of 1–10 bp) and variable number of tandem repeats (units of 

10–100 bp))60,61. Although there is some ambiguity in these defini-

tions, most classes of insertion SVs differ from tandem duplication 

CNVs either by not involving duplication of endogenous sequences 

or, if duplicated, not arising in tandem with their reference paralogue.

Multiple classes of SVs result in genome reorganization but do 

not involve a change in copy number. These ‘balanced’ SVs involve 

dosage-neutral derived alleles such as inversions, chromosomal 

translocations and some insertions. The largest classes of balanced SVs 

that involve alterations to large portions of chromosomes have been 

surveyed in cytogenetic studies for many decades14. More recently, 

new sequencing methods have enabled the localization of these 

events at nucleotide resolution and the prediction of their influence on 

developmental disorders and genome organization62–65. Intriguingly, 

despite their relative scarcity, balanced inversions seem to have an 

outsized impact on the chromosomal organization of individual hap-

loid genomes. A recent study used a combination of optical mapping, 

long-reads and strand-specific sequencing to show that the average 

human haploid genome has 11.6 Mb of inverted genomic sequence, 

which is fourfold more than the number of nucleotides altered by all 

short variants and twofold more than CNVs and insertions36.

Advances in sequencing technologies and computational methods 

have facilitated the localization of the breakpoints of millions of human 

SVs to single-nucleotide resolution34–36,44,66,67. This improved resolution 

has led to the discovery that a minority of human SVs exhibit substantial 

rearrangement complexity, often in the form of CNVs or inversions 

co-occurring with one or more other breakpoints in the same muta-

tional event9,26,38,39,62,66,68–72. This surprisingly frequent breakpoint com-

plexity has led to the designation of a diverse class of non-canonical SVs 

commonly dubbed complex SVs, which includes any rearrangement of 

≥50 bp involving two or more distinct genomic segments or canonical 

SV signatures that cannot be explained by a single end-joining or DNA 

exchange event9,28,73. Although complex SVs are collectively heteroge-

neous, they share three unifying trends. First, inversions are a common 

feature of complex SVs, and these complex inversions are frequently 

flanked by CNVs at one or both breakpoints, suggesting that inversions 

are one factor that can mediate complex SV formation9,72,74–77. Second, 

complex SVs are enriched in repetitive sequences, which may indicate 

that rearrangement mechanisms involving repetitive sequences are 

especially relevant in the creation of new complex SVs33,74,75. Third, 

the spectrum of rearrangement complexity is extensive; although 

virtually all (>99%) complex SVs characterized in the human germline 

to date are relatively simple — involving just two or three segments 

or breakpoints — dozens of extremely complex germline SVs have 

also been reported, collectively known as chromoanagenesis (which 

means ‘chromosome rebirth’ in Greek)66,77,78. These highly complex 

rearrangements typically involve dozens of breakpoints and two or 

more chromosomes interleaved in a single mutational event66,77–80. 

Such highly intricate genomic rearrangements can have catastrophic 

consequences; they were originally discovered in highly aberrant 

tumour genomes and are now recognized as a common feature of 

many cancers81–83. Germline chromoanagenesis is exceedingly rare 

but has been observed in children affected by severe developmental 

disorders64,77. The growth of population-based cohorts has revealed 

that these events also occur in the general population at extremely low 

frequencies (approximately <1:10,000 individuals), as evidenced by 

studies in gnomAD and the All of Us Research Program28,84. Long-read 

sequencing and similarly high-resolution genomic technologies will 

likely reveal even greater SV-associated complexity throughout the 

human genome in the years to come40,47.

SV mechanisms and mutation rates
The mutational diversity of SVs is mirrored in the molecular mecha-

nisms responsible for their creation85–87. In the human genome, SV 

mechanisms are inferred by the sequence and context of individual 

breakpoints and often vary by SV class85. The simplest SV break-

points involve two blunt ends with no homology, which are typically 

formed by non-homologous end-joining (NHEJ) following a DNA 

double-stranded break85,88. NHEJ events often feature ‘scarring’ at 

the breakpoint, introduced by imperfect break repair in the form of 

small (<10 bp) deletions or non-templated insertions67,87,88. Other SV 

breakpoints exhibiting short (<70 bp) stretches of sequence homol-

ogy (that is, ‘microhomology’) between the two break ends are com-

monly formed by replication fork-stalling and template-switching 

or microhomology-mediated break-induced replication71,89,90. Pairs 

of larger homologous sequences, usually hundreds or thousands of 

nucleotides long, can lead to non-allelic homologous recombination 

(NAHR) and produce CNVs, inversions or complex SVs depending on 

the orientation of the homologues involved86,87. Pairs of transposons, 

such as Alu or LINE1 elements, are particularly common substrates 

for homology-mediated SV formation86,91,92. Collectively, these four 

core mechanisms — NHEJ, fork-stalling and template-switching, 

microhomology-mediated break-induced replication, and NAHR — 

account for most CNVs discovered to date in the human genome25,67. 

However, not all classes of SVs are generated by these four mechanisms. 

For instance, mobile element insertions can be caused by transposition 

or retrotransposition of an endogenous mobile element53, whereas tan-

dem repeat expansions are caused by DNA polymerase slippage during 

replication60. The mechanisms responsible for complex SVs are more 

diverse still, ranging from multistep mutational cascades involving 

inverted DNA repeats to chromatid missegregation into micronuclei 

during cell division72,93. Finally, certain mechanisms of SV formation 

might be specific to the most highly repetitive and hypermutable 

genomic loci, such as large (>100 kb) microsatellite tracts and DNA 

repeat arrays found near centromeres or on acrocentric chromosomal 

arms94, and therefore may be currently unknown but illuminated in the 

coming years by pangenome assemblies40,95.

The detailed understanding of many SV mechanisms belies our 

uncertainty about the rates at which these mechanisms act to generate 

de novo SVs in the human germline. Early microarray studies of large 

CNVs (usually >100 kb) in parent–child trios and unselected popula-

tions identified de novo CNVs in approximately 1–3% of individuals, 

with higher rates observed in children affected by developmental 

disorders22,96–98. Estimates of de novo SV rates have increased by an 

order of magnitude over the last decade due to the gradual adoption 

of WGS in human genetic research, which can capture most classes of 

SVs at base-pair resolution6,99. Short-read WGS studies have estimated 

a range of 0.11–0.29 de novo SVs per generation that are accessible to 

this technology when summed across all SV classes, with de novo CNVs 

and insertions appearing more frequently than other SVs9,28,100–103. How-

ever, most published estimates of SV mutation rates have not included 

variation in tandem repeats and other repeat-mediated sequences —  

among the most mutable of all human genetic elements — because 

they cannot be comprehensively surveyed by short-read WGS60,104. 

The inclusion of de novo tandem repeat mutations alone would dra-

matically inflate these published SV mutation rate estimates, as STRs 

mutate at a rate of ~10–5 de novo mutations per locus per generation and 
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therefore every human genome is expected to carry dozens of de novo 

STR mutations105. Resolving SVs in repetitive sequences outside of 

annotated tandem repeats6,45, which also have elevated SV mutation 

rates compared to the rest of the genome106,107, will further upwardly 

revise these mutation rates. Long-read sequencing technologies are 

ideal for interrogating these loci but have not yet been applied to 

large family-based cohorts to catalogue de novo SVs at scale. Thus, 

we expect that SV mutation rate estimates will continue to increase 

and be refined by variant class and genomic context in the coming 

years as T2T assemblies and other emerging technologies are more 

widely implemented. It is also likely that SV mutation rates will exhibit 

tissue-specific differences between the human germline and other 

healthy somatic tissues, which will require continued improvements 

in single-cell technologies to enable high-throughput profiling of SVs 

in the genomes of millions of individual cells108–110.

Population genetics of SVs
As with other forms of genetic variation, SVs are ubiquitous in the global 

human population and adhere to most established Mendelian and 

population genetic principles. However, SVs differ markedly from other 

kinds of genetic variation in several ways, including their ability to form 

complex or unstable haplotypes and their tendency to undergo par-

ticularly strong natural selection. In this section, we highlight a few key 

patterns of SVs in individual genomes and in large human populations, 

with an emphasis on natural selection.

Distributions in the global population
The average human genome harbours many thousands of SVs rela-

tive to the consensus reference sequence28,33, but the exact number 

and types of SVs identified per genome are heavily dependent on the 

technologies and algorithms used for SV detection6. (Table 1) In the last 

few years, the public release of several large short-read WGS studies has 

provided new insights into the landscape of SVs across human popula-

tions; these short-read studies have typically reported 9,000–13,000 

SVs per genome on average28,29,31,39,111,112. By comparison, the three larg-

est long-read WGS studies have been performed on smaller cohorts 

but with highly sensitive discovery power for SVs per genome, yield-

ing 22,000–26,000 SVs per genome34,44,113. The vast majority of the 

differences across these studies and technologies are explained by 

small (<500 bp) SVs, insertions, tandem repeats and other variation in 

highly repetitive genomic contexts such as segmental duplications and 

satellites33,35,40,113,114. Notably, exciting new algorithmic developments 

in graph-based genome assembly and haplotyping from long-read 

data have begun to close the gap in the disparity between short-read 

and long-read SV discovery. These methods enable imputation of SVs 

accessible to long-read WGS across much larger short-read WGS data 

sets, capturing approximately 18,000 SVs per short-read genome115,116. 

Insertions and CNVs comprise >90% of all SVs per genome irrespective 

of the technology used for SV detection, while recent studies using 

short-read and long-read WGS, optical mapping, and strand-specific 

sequencing have revealed that the average genome also harbours sev-

eral hundred balanced and complex SVs28,33,74,75. Based on contemporary 

estimates from long-read WGS, the aggregate burden of SVs per genome 

(~2 × 104) is approximately ~200-fold less than the average number of 

SNVs (~4 × 106) and ~40-fold less than small indels (~8 × 105)35. Their 

sparse distribution notwithstanding, the imperative to incorporate SVs 

into human genetic studies is clear as they represent the predominant 

source of total nucleotide diversity between any two human genomes. 

Specifically, due to their large mutational footprints, SVs alter an aver-

age of 32.1 Mb per genome compared to the 6.7 Mb impacted by short 

variants31.

Most SVs segregating in the human population are rare (allele 

frequency <1%). More specifically, the two largest published short-read 

WGS SV catalogues indicate that approximately 49.6–51.2% of all SVs 

are small (<500 bp) and rare28,29. However, even the largest published 

sample sizes capture minuscule fractions (<0.01%) of the overall global 

population and have historically under-represented the most geneti-

cally diverse demographic groups such as populations in Africa. There-

fore, existing catalogues of human SVs are largely incomplete due to the 

anticipated tens of millions of rare SVs present exclusively in genomes 

and populations that have yet to be sequenced, plus the myriad cryptic 

SVs embedded in highly repetitive sequence contexts that are inac-

cessible to population-scale short-read WGS35,37,115. On the other hand, 

a recent long-read WGS study of 15 individuals proposed that up to 97% 

of all major SV alleles (that is, SVs found on the majority of all human 

chromosomes) have already been discovered34. Perhaps counterintui-

tively, the majority (>95%) of SVs present in any one individual genome 

are common (allele frequency ≥1%) polymorphic SVs. These principles 

of population genetics have been well described in prior studies; for 

example, the recent short-read WGS study of 3,622 individuals from 

the 1000 Genomes Project reported a total of 58,046 singleton SVs 

(that is, variants appearing as a heterozygote in just one individual) 

and 84,508 rare SVs compared to just 30,769 common SVs. The average 

individual genome correspondingly harboured just 29 singleton and 

Fig. 1 | Human SVs span a broad mutational spectrum. Genomic variants are 

usually divided into categories based on the number of nucleotides altered by 

the variant allele. Though the exact delineation of these categories is imprecise 

and varies based on semi-arbitrary thresholds, the field of human genetics 

has converged on a consensus of variants involving <50 nucleotides as ‘short’ 

variants (sometimes also referred to as sequence variants) and all other variation 

involving ≥50 nucleotides as structural variants (SVs)9. Short variants include 

just two distinct classes: single-nucleotide variants and short insertions or 

deletions (collectively known as indels). In total, there are approximately four 

million short variants present in the average human genome136,243. By contrast, 

SVs are comprised of a vastly more diverse family of mutational classes and 

subclasses, each with its own characteristic alternate allele structure and unique 

properties. A primary axis along which SVs can be further divided is whether 

their variant allele involves <50 bp total genomic gain or loss, which separates 

‘balanced’ SVs, such as inversions, from ‘unbalanced’ SVs such as deletions, 

duplications and large tandem repeats. Developing a unified taxonomy for all 

SVs has proven challenging in part due to the difficulty of ascertaining all SVs 

with a single technology or assay, as has been recently reviewed elsewhere6,45. 

In this figure, the technologies able to capture each SV class are indicated; lighter-

shaded hexagons indicate technologies that do not reliably detect most SVs in 

the class using conventional methods. One universal trend is clear from the past 

two decades of human genomics research: there is a strong inverse relationship 

between variant size and abundance in the human population, with extreme 

cases of chromosome-scale abnormalities (that is, reciprocal translocations) 

being observed in <1% of individuals. delINVdel, paired‐deletion inversion; 

DUP-TRP/INV-DUP, duplication-inverted triplication-duplication; HERV, human 

endogenous retroviruses; INVdup, inverted duplicated; LINE, long interspersed 

element; mCNV, multiallelic copy number variant; Med., median; SINE, short 

interspersed element; STR, short tandem repeats; SVA, SINE–variable number 

of tandem repeats–Alu; VNTR, variable number of tandem repeats.
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173 rare SVs compared to 9,773 common SVs31. These trends are not 

unique to SVs; for example, the average genome in gnomAD carries 

3.8 million total short variants, of which just 0.13 million (3.4%) are 

rare117. The precise allele frequency of common SVs can sometimes be 

difficult to estimate due to the technical challenges of SV detection in 

large populations that have precluded most studies from performing 

large-scale joint analyses of SVs6,45,46,99. Most conventional approaches 

require imperfect ‘clustering’ (that is, merging) of SVs observed in mul-

tiple individuals at the same locus and can incorrectly obscure multiple 

distinct SV alleles that arose through independent mutational events. 

With new genome representations, such as pangenome graphs and the 

precision of T2T assemblies32,118, these allele frequencies may be refined 

for common SVs, including those found in repetitive sequence regions 

that are inadequately modelled by conventional linear reference-based 

strategies. However, these regions remain a major technical challenge 

at scale and the sample sizes surveyed will remain the dominant force 

driving the new discovery for rare variants in population genetics and 

human disease studies45.

The principles of population genetics that govern the number, fre-

quency and diversity of most SVs are well established. Population-scale 

SV studies using short-read and long-read WGS in large and diverse 

human populations44,52 have shown that most SVs segregate stably 

on haplotypes within populations. Therefore, these SVs exhibit pat-

terns of population stratification, Mendelian transmission, linkage 

disequilibrium and site-frequency spectra similar to those of short 

variants9,23,27–30,107,119,120. Likewise, within individual genomes, common 

SVs are almost always highly correlated with nearby short variants in 

linkage disequilibrium; for example, a landmark study in 2008 by the 

HapMap Consortium reported a perfect genotypic correlation (r2 = 1.0) 

for all polymorphic (allele frequency >5%), biallelic CNVs and at least 

one neighbouring SNV23. This general trend has been replicated many 

times since these early microarray-based studies9,23,25,28,121, although 

the adoption of population-scale sequencing has shown that linkage 

disequilibrium between SVs and short variants decays in repetitive 

sequence contexts due to both biological (for example, elevated SV 

mutation rates) and technical (for example, increased genotyping error) 

factors28,51,121. This observation is especially true for mCNVs, whose wide 

distributions of copy numbers can break expected linkage disequilib-

rium patterns and produce ‘runaway haplotypes’ specific to individual 

populations that are not well tagged by short variants9,30,51.

Natural selection
SVs have long been acknowledged to have a prominent role in evo-

lutionary adaptation. In 1970, Susumu Ohno published Evolution by 

Gene Duplication, which claimed that duplications of individual genes 

and entire genomes are prominent evolutionary substrates because 

they bypass negative selection on deleterious coding variants through 

partial redundancy of paralogous duplicate genes122. Empirical sup-

port for the role of SVs in human adaptation has come from compara-

tive genomics, which has shown that thousands of SVs are fixed in the 

human population and not shared with any of our closest evolutionary 

relatives such as chimpanzees123. Several of these human-specific SVs 

are thought to have contributed to the evolution of human-specific 

traits124. For example, a dispersed duplication of the NOTCH2 locus 

in the ancestral great ape genome and subsequent gene conversion 

event created the human-specific NOTCH2NL gene family, which may 

have contributed to the expansion of the human neocortex125. Simi-

larly, human-specific duplications of the BOLA2 gene can partially 

explain differences in iron metabolism and erythropoiesis between 

modern humans and other species126. Even within the modern human 

population, a subset of polymorphic SVs have undergone recent posi-

tive selection for advantageous traits9,27,30. For example, deletions of 

hominin-specific exons in the haptoglobin gene (HP) have lowered 

blood cholesterol levels127, multiallelic CNVs at the salivary amylase 

(AMY1) locus may have aided in adapting to starch-heavy diets during 

the transition from hunter-gatherer to agrarian societies128,129, and 

complex inversion SVs at the KANSL1 locus have increased reproductive 

fecundity130,131. Despite these examples, the systematic identification of 

adaptive SVs has been impeded by the lack of large, ancestrally diverse 

cohorts with deep phenotyping and genetic data. Thus, we anticipate 

that many more adaptive SVs will be identified over the coming years 

as national biobanks tied to electronic health records and diverse 

sequencing initiatives continue to mature.

Although a handful of prominent examples demonstrate how 

positive selection can act on SVs, most SVs instead experience negative 

selection in the human population (Fig. 2 and Supplementary Informa-

tion)22,96,107. Two key observations underpin this conclusion: first, most 

SVs appear at low allele frequencies in the general population9,28,29; 

second, this excess of rare SVs cannot be explained by the slow rate 

at which new SVs arise de novo in the human germline nor by genetic 

drift based on known human demographic history9,22,27,107. Multiple 

covariates influence the strength of selection on SVs. First, while the 

average SV typically experiences relatively weak negative selection, the 

number of nucleotides rearranged per SV seems to be a critical factor 

in this relationship because SV size and allele frequency are inversely 

correlated, with larger SVs appearing at lower allele frequencies in the 

population28,29,121. For example, 73.0% of all SVs ≥1 Mb catalogued in 

gnomAD are singletons compared to just 44.1% of all small (<200 bp) 

SVs28. Large SVs are also enriched in severe diseases14,132–134 and are 

less likely than smaller SVs to arise de novo in healthy children96,97,103. 

Second, although the strength of negative selection is proportional to 

SV size across all classes of SVs28, not all classes experience the same 

average magnitude of selection. For instance, deletions seem to be 

under stronger negative selection than duplications on average, given 

that duplications tend to be larger9, have higher allele frequencies27,28, 

Table 1 | The growth of population-scale SV catalogues

Cohort Year Number of 

genomes

Total SVs SVs per 

genome

Refs.

Short-read WGS

UK Biobank 2023 490,640 1,926,132 13,102 111

All of Us 2022 97,940 1,506,805 9,686 39

gnomAD 2023 63,046 1,199,117 11,844 28,117

TOPMed 2023 138,134 355,667 Not reported 112

CCDG 2020 23,175 241,031 4,442 29

1000 Genomes 

Project

2022 3,202 173,366 9,679 31

Long-read WGS

HGSVC 2024 65 188,500 26,115 113

Beyter et al. 2021 3,622 133,886 22,636 44

Audano et al. 2019 15 99,604 22,755 34

CCDG, Centers for Common Disease Genetics; gnomAD, Genome Aggregation Database; 

HGSVC, Human Genome Structural Variation Consortium; SV, structural variant; TOPMed, 

Trans-Omics for Precision Medicine; WGS, whole-genome sequencing.
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have smaller effect sizes in association studies of human traits135, and 

are 2.3-fold more abundant over human evolutionary history than 

deletions123. Third, complex SVs typically occur at lower allele frequen-

cies than canonical SVs of similar sizes, indicating that rearrangement 

complexity may also contribute to negative selection on SVs28,77. These 

differences between SV classes are at least partially attributable to their 

relative potential to disrupt protein-coding genes42 because, across 

all SV classes, gene-disruptive SVs are under dramatically stronger 

negative selection than non-gene-disruptive SVs from the same SV 

class24,28,54. Interestingly, SVs and short variants exhibit a similar excess 

proportion of singletons when restricted to variants predicted to result 

in loss-of-function of protein-coding genes (13–16% more singletons 

than expected in the absence of any selection)28,136, implying that the 

functional consequences of a variant are a stronger determinant of 

negative selection than its mutational class or type.

Functional consequences of SVs
Due to their size and mutational diversity, SVs can cause a broader 

range of functional consequences than other categories of genetic 

variation42. SVs can alter genome function by directly disrupting coding 

genes but also by disrupting cis-regulatory elements (CREs), regulatory 

networks and genome organization42,43,65. By virtue of their size and 

properties, SVs also have the unique propensity to disrupt multiple 

genes or CREs in a single mutational event. Below, we summarize the 

various ways in which SVs can affect genome function and explain how 

these functional consequences can reveal mutationally intolerant genes 

and other biologically important loci.

Spectrum of coding and cis-regulatory effects
SVs can alter genome function most directly by disrupting one or more 

genes. SVs can disrupt genes through context-specific mechanisms, 

the simplest of which is by deleting or duplicating one copy of an entire 

gene, which leads to loss-of-function (LoF) or whole-gene copy-gain, 

respectively. A recent short-read WGS-based estimate predicted that 

SVs collectively contribute 25–29% of all rare LoF events per genome28, 

which is likely an underestimate given that many small SVs and at least 

395 genes with potential biomedical relevance remain incompletely 

mapped by short-read WGS but are becoming accessible to long-read 

technologies6,34,41,45. Genic SVs often have profound influences on tran-

scription and RNA processing. Simple changes in gene copy number 

usually correspond to linear changes in RNA expression levels as do 

LoF SVs other than whole-gene CNVs137–140. Partial-gene CNVs adhere 

to this same trend on average, although the transcriptional effects of 

partial-gene duplications are more variable and can sometimes lead 

to decreased — rather than increased — RNA expression levels due to 

nonsense-mediated decay137. SVs can cause myriad coding effects other 

than LoF and copy-gain, such as gene fusions141, polypeptide repeats 

produced by STRs142, and the creation of novel exons143, or can cause 

abnormal mRNA processing without altering total expression levels, 

such as by disrupting mRNA splicing139. Mobile element insertions seem 

particularly prone to altering mRNA splicing, as many families of mobile 

elements encode transcription factor-binding sites and can create novel 

splice sites, cause exon skipping, or lead to the inclusion of cryptic 

exons143–145. Recent discoveries have also revealed that mobile elements 

might indirectly influence gene expression by scaffolding interactions 

between CREs and their target gene promoters146. Complex SVs can have 

remarkable transcriptional consequences as they can simultaneously 

rearrange multiple genes to produce chimaeric transcripts in addition 

to LoF, copy-gain and other conventional effects147,148.

The genomic rearrangements introduced by SVs are also a major 

source of non-coding regulatory variation. Landmark advances in 

mapping CREs across human tissues and cell types149 have enabled 

the prioritization of potentially functional non-coding SVs, which has 

revealed that SVs are broadly but weakly depleted over most CREs in the 

general population28,29,100,137,150, and a subset of CRE-disruptive SVs likely 

contribute to risk for a range of diseases151–155. Linking non-coding SVs to 

their affected genes is an unsolved challenge in most cases but recent 

studies using paired short-read WGS and transcriptome sequencing 

from matched donors, such as the Genotype-Tissue Expression (GTEx) 

Project, have made inroads into this problem137–139,156. The most recent 

GTEx study of SVs identified 1,271 common SVs (72% of which were 

non-coding) that were significantly correlated with the RNA expression 

levels of neighbouring genes, also known as expression quantitative 

trait loci (eQTLs)157. Similar observations have also been reported by 

SV eQTL studies in cohorts other than GTEx156. Collectively, three main 

patterns have emerged from human SV eQTL studies to date. First, the 

average common SV is 2.6–10.8 times more likely than the average short 

variant to be a significant eQTL for at least one gene; for example, one 

study reported that 4.8% of all common SVs were the ‘lead’ eQTL (that 

is, exhibiting the strongest association among all common variants) 

for at least one gene compared to just 1.9% of common SNVs and 2.0% 

of common indels157. Furthermore, these enrichments were highly 

non-uniform across SV types, ranging from 2.0% of common mobile 

element insertions to 15.0% of common duplications in the GTEx data 

set157. Second, SVs are more capable than short variants of acting over 

long distances to influence gene expression, with recent studies report-

ing that 22.6–40.5% of all SV eQTLs are associated with genes ≥250 kb 

away compared to just 16.4% of SNVs and 16.7% of indels156. Third, SV 

length influences the strength of its effects on gene expression levels 

in cis138,139,156; for example, the lead eQTL effect sizes of large (≥50 kb) 

SVs were 3.0-fold greater than those of lead short variants and 1.6-fold 

greater than small (<500 bp) SVs in GTEx157. However, these same eQTL 

studies have also estimated that SVs are the causal variant for a small 

minority (3.5–7.2%) of all eQTLs and explain just 8.4% of the total genetic 

variance in RNA expression levels34,138 owing to the smaller number of 

SVs in the human genome and their linkage disequilibrium with many 

short variants. To date, no similarly powered studies have been con-

ducted using long-read WGS paired with gene expression; thus, the 

contribution of SVs in the most highly repetitive ~10% of the genome 

to gene expression remains relatively unknown. Finally, while many 

lines of evidence now underscore the strong impact of SVs on gene 

expression and cis-regulation, the mechanisms underpinning these 

effects are still being determined and have been recently reviewed 

elsewhere in detail43.

Dosage sensitivity and genic constraint against SVs
Many SVs alter gene function but not all genes are equally sensitive to 

such disruptions. There is a continuum of relative intolerance to — or 

‘constraint’ against — LoF variation136, and a special form of mutational 

constraint, known as dosage sensitivity, is especially relevant to CNVs 

and other unbalanced SVs. Dosage sensitivity describes the relationship 

between copy number and fitness for a gene or locus, which includes 

not only haploinsufficiency (intolerance to decreased copy number) 

caused by LoF SVs but also triplosensitivity (intolerance to increased 

copy number) caused by SVs that result in copy-gain. Hundreds of indi-

vidual genes are known to be dosage sensitive in the context of human 

disease158, virtually all of which are annotated as haploinsufficient. For 

example, the Clinical Genome Consortium Dosage Sensitivity Map, one 
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of the leading resources for the diagnostic interpretation of CNVs, cur-

rently includes a total of 374 genes with ‘sufficient evidence’ for patho-

genic dosage sensitivity, just three of which (APP, LMNB1 and PLP1) are 

known to be triplosensitive11. This paucity of recognized triplosensi-

tive genes is attributable to the formidable challenges of interpreting 

copy-gain duplications, including duplications having weaker average 

effects than deletions135, their duplicate copies being able to arise in a 

variety of orientations relative to the endogenous locus or being trans-

located to entirely different chromosomes, and their transcriptional 

consequences often being ambiguous and hard to predict in silico137,138. 

A handful of genic dosage sensitivity metrics and models have been 

proposed over the last decade to fill this void29,120,159–161, beginning with a 

seminal study in 2010 that produced some of the first gene-level prob-

abilities of haploinsufficiency for a majority (n = 12,443) of all human 

genes161. More recently, a meta-analysis of rare CNVs detected by micro-

arrays in nearly one million individuals enabled new metrics reflecting 

both haploinsufficiency (pHaplo) and triplosensitivity (pTriplo) for 

essentially all (n = 18,641) autosomal protein-coding genes160. Owing to 

the comparatively large sample size, these pHaplo and pTriplo metrics 

have been applied to define high-confidence sets of 2,997 predicted 

haploinsufficient genes and predict a dramatic increase to 1,557 triplo-

sensitive genes wherein rare copy-gain CNVs experience a magnitude of 

negative selection roughly equal to gene truncation by short variants 

in established LoF-constrained genes in gnomAD136. While these lists of 
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predicted dosage-sensitive genes represent promising starting points 

for prioritizing likely triplosensitive genes for follow-up studies, it is 

important to underscore that — as with all predictive computational 

algorithms in clinical genomics — expert manual curation and clinical 

assessments will be required before implicating any of these prior-

itized triplosensitive genes in specific disease aetiologies at the level 

of confidence necessary for diagnostic screens and medical practice.

The gradual improvement of genic dosage sensitivity models and 

metrics over the last decade has progressively unlocked more insights 

into the biology underpinning dosage sensitivity. First among these 

insights was the intriguing observation that both deletions and duplica-

tions are depleted in genes that are also intolerant to protein-truncating 

short variants28,100,120. This finding implied that most human genes do 

not have independent sensitivities specific to increased or decreased 

gene dosage but instead exhibit a general intolerance to all variations 

altering gene expression or function. However, while this trend emerges 

on average across all human genes, there are hundreds of exceptions 

where a gene is predicted to be either triplosensitive or haploinsufficient 

but not bidirectionally dosage sensitive. For example, the pHaplo and 

pTriplo metrics exhibit a strong positive correlation (R = 0.55) across 

all genes en masse but have also been leveraged to define initial sets of 

63 and 111 genes that exceed high-confidence thresholds for haploinsuf-

ficiency or triplosensitivity, respectively, with virtually no evidence for 

sensitivity to the reciprocal copy number change160. These metrics have 

also enabled early data-driven insights into the features that distinguish 

haploinsufficiency from triplosensitivity, which have highlighted gene 

size, expression levels and cis-regulatory complexity as some of the 

factors partially responsible for determining the sensitivity of a gene 

to increased versus decreased dosage. Despite this progress, deeper 

exploration of these patterns in larger data sets and more sophisti-

cated computational models paired with experimental validation will 

be necessary to clarify the specific aspects responsible for genic dosage 

sensitivity beyond the broad, coarse trends that have emerged from 

recent studies. Similarly, population-scale applications of long-read WGS 

will be essential to understanding the dosage sensitivity of the several 

hundred protein-coding genes embedded in highly repetitive genomic 

loci, which are not detectable by microarrays and short-read WGS and 

are therefore absent from virtually all existing data sets. As large-scale 

reference resources, such as All of Us and gnomAD, begin to aggregate 

large-scale long-read data sets, insights into how natural selection acts on 

gene dosage changes induced by SVs will become increasingly accessible.

The contribution of SVs to human diseases  
and traits
The varying roles of SVs in human disease have been studied for over 

sixty years162. Starting with the discovery of trisomy 21 as the cause of 

Down syndrome in 1959 (ref. 12), SVs have been increasingly recognized 

as important contributors to the aetiologies of countless human dis-

eases, ranging from common and complex diseases to severe Mendelian 

disorders. Correspondingly, SVs have become prominent targets of 

diagnostic screens for specific phenotypes and scenarios in clinical 

practice. The adoption of sequencing in disease association and clinical 

genetics has led to a surge of new insights into SVs in disease over the 

last decade. However, the medical relevance of SVs in the most repeti-

tive ~10% of the genome remains tantalizingly underexplored due to 

technical limitations of conventional technologies40,41, leaving our 

understanding of SVs in disease far from complete. In this section, we 

review current knowledge of SVs in common and rare diseases as well 

as the utility of ascertaining SVs in clinical diagnostics.

Common and complex diseases
Most prior research in the genetics of common and complex diseases 

has focused on short variants, especially in the context of conventional 

genome-wide association studies (GWAS) that do not typically include 

SVs. The reasons for this disparity are largely technical163: most GWAS 

have relied on microarrays or exome sequencing, both of which are 

imperfect modalities for accurately discovering and genotyping com-

mon CNVs and are effectively unable to detect other classes of SVs164. 

Nevertheless, the comparatively few GWAS that have systematically 

discovered and genotyped CNVs have successfully identified hun-

dreds of CNVs provisionally associated with common and complex 

diseases159,160,163,165–169. Similarly, population-based studies of unse-

lected individuals have indirectly linked thousands of SVs to disease 

based on strong linkage disequilibrium between each SV and short 

variants at previously reported GWAS loci9,28,138,156,170. These SVs in link-

age disequilibrium with GWAS loci are 1.6–1.9 times more likely than 

other SVs to disrupt genes or annotated CREs and are up to threefold 

enriched for certain SV classes such as large deletions, mobile element 

insertions and STRs9,28,156,171. Furthermore, SVs that affect the expres-

sion of multiple genes seem especially likely to be linked to GWAS loci: 

a recent WGS study found that >40% of SVs that were eQTLs for two 

or more genes were also in linkage disequilibrium with at least one 

GWAS locus, as compared to just 20% for single-gene eQTL SVs and 

Fig. 2 | Most SVs experience purifying selection in the general population. 

Over the past decade, population-scale sequencing studies of structural variants 

(SVs) have unanimously concluded that most human SVs are held at low allele 

frequencies owing to purifying selection9,28,29,31. a, Given that the apparent SV 

mutation rate in humans is extremely low (fewer than one newly arising de novo 

SV per genome on average)103, a simple approach for estimating the strength of 

negative selection on SVs is to calculate the fraction of all SVs in a population that 

appears as ‘singletons’ observed as a heterozygous genotype in one individual 

out of the whole population. This singleton proportion will vary between studies 

and different classes of SVs owing to both technical and biological factors, but 

most large-scale population-based SV sequencing studies (n >2,500 individuals) 

have reported that roughly half of all SVs are observed as singletons9,28,29,31. Here, 

singleton proportion estimates are provided from four prominent population SV 

studies that employed short-read genome sequencing (bars with 95% confidence 

intervals) as well as an inverse-variance weighted meta-analysis of the four 

studies (red diamond). b, Purifying selection acts more strongly against complex 

SVs and deletions than on other forms of SV, including inversions, duplications 

and insertions. This trend can be clearly observed when comparing the singleton 

proportions for a single class of SV to all other SVs not belonging to that class. 

Positive values indicate a greater proportion of singletons for a given class of SVs 

relative to the totality of all classes of SVs, which is evidence for negative selection 

against SVs of this class. c, The strength of selection also varies by the genomic 

context and predicted consequences of each SV. For example, when focusing 

exclusively on deletions for interpretability, all four population sequencing 

studies find elevated rates of singleton deletions overlapping protein-coding 

exons and untranslated regions (UTRs) as compared to all deletion SVs. Notably, 

SVs that impact coding-proximal sequences, such as promoters and introns, 

also exhibit slightly elevated rates of singleton variants compared to strictly 

intergenic SVs, suggesting a mild negative selection weaker than for deletions 

of protein-coding exons. More information on the data sets and code used to 

generate these plots can be found in the Supplementary Information. CCDG, 

Centers for Common Disease Genetics; gnomAD, Genome Aggregation 

Database; NA, not available.
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≤10% for SVs that were not eQTLs156. In a handful of rare examples, SVs 

in linkage disequilibrium with common disease GWAS loci have been 

meticulously dissected to unearth remarkable new biological insights, 

as is the case for the complement component 4 (C4) locus. Multiallelic 

complex SVs at the C4 locus have been associated with increased risk 

for schizophrenia140 but these same SV alleles simultaneously confer 

protection against multiple autoimmune diseases such as systemic 

lupus erythematosus172. Astonishingly, these complex SVs at C4 act 

in a sex-dependent manner, which appears to contribute to the sex 

biases observed in these diseases — schizophrenia is more common in 

men than in women, whereas systemic lupus erythematosus is more 

prevalent in women172. Despite exceptional examples such as C4, com-

mon SVs linked to GWAS loci are predicted to be the causal variant for 

just 3.2–14.2% of all GWAS loci138. Thus, while SVs play a significant 

role in the genetic architecture of common and complex diseases 

and can expose previously unknown aspects of disease biology, the 

contributions of SVs are likely modest in most diseases, and SVs are 

unlikely to explain the many thousands of GWAS loci with no known 

causal variant.

Mendelian, developmental and genomic disorders
In contrast to common diseases, SVs have been prominent throughout 

the Mendelian disease literature for decades. SVs are perhaps best 

understood in the context of developmental disorders162, which col-

lectively affect 17.8% of children in the USA173. Classic cytogenetic stud-

ies from 1970 to 2000 identified gross chromosomal abnormalities in 

4.1–13.3% of individuals with developmental disorders, although such 

events were also identified in developmentally typical children albeit 

at rates an order of magnitude lower than in those with developmen-

tal disorders14,16–18,174–176. The adoption of chromosomal microarrays 

in the late 2000s further extended these observations to the resolu-

tion of tens of kilobases by showing that rare and de novo CNVs were 

also enriched in developmental disorders and other rare Mendelian 

diseases98,132,133,162,168,177–179. For example, early studies of autism spectrum 

disorder showed that 2.2–10.1% of affected children carried at least one 

large de novo CNV at microarray resolution (typically >100 kb), which 

was fivefold greater than the rate of 0.5–1.3% found in their unaffected 

siblings96–98,132,180,181. The application of microarrays in clinical genetics 

and translational research also led to the realization that many ste-

reotypic developmental syndromes were in fact caused by recurrent 

CNVs at specific loci such as deletions of chromosome 15q11-q13 in 

Angelman syndrome and deletions of chromosome 22q11.2 in DiGeorge 

syndrome182,183. Since then, genetic association studies in developmen-

tal disorders and neuropsychiatric disorders have used microarrays to 

identify dozens of loci where large (>100 kb) CNVs are associated with 

syndromic disorders, which are now collectively known as genomic 

disorders and are typically referenced by their chromosomal cyto-

band such as 22q11.2 (ref. 184) (Fig. 3 and Supplementary Information). 

A recent meta-analysis of microarray data from nearly one million indi-

viduals across 54 disease phenotypes reported a total of 178 distinct, 

large (>100 kb), rare (<1% frequency) CNVs associated with at least 

one phenotype, 75% (134/178) of which were associated with develop-

mental disorders or other similarly severe paediatric-onset diseases160. 

Large sample sizes such as these have likely documented most of the 

penetrant genomic disorders in abnormal human development that 

occur at appreciable (>0.1%) frequencies, although it is highly likely 

that ultra-rare, incompletely penetrant or endophenotype-specific 

genomic disorders remain to be identified in even larger and more 

detailed cohorts.

A remarkable feature of many genomic disorders is their genomic 

context. The most frequent genomic disorders are often mediated by 

NAHR between long flanking tracts of segmental duplications and 

have been shown to recur de novo as independent mutational events 

in unrelated patients, even sometimes resulting in perfectly identi-

cal breakpoints86,132,185–187. The average genomic disorder CNV spans 

approximately one million nucleotides and thus impacts roughly 

10 protein-coding genes in a single mutational event160,184. The involve-

ment of numerous genes in many genomic disorders has sparked 

a debate over whether the genetic architecture involves individual 

‘driver’ genes principally responsible for particular phenotypes (that is, 

a monogenic model) or the combined effects of multiple incompletely 

penetrant genes distributed throughout the CNV (that is, an oligo-

genic or polygenic model)188. As of 2024, there were a few convincing 

examples in support of each model but no single model could explain 

the pathogenic effects of all genomic disorders160. For example, LoF 

mutations in the NSD1 and SHANK3 genes have been recognized for 

two decades as the dominant causes of Sotos syndrome (chromosome 

5q35 deletions) and Phelan–McDermid syndrome (chromosome 22q 

terminal deletions), respectively189,190. Some genomic disorders seem to 

have multiple independent drivers of different aspects of the combined 

syndromic phenotype. For example, mutations in CRKL and TBX1, cause 

the kidney and heart abnormalities observed in DiGeorge syndrome, 

respectively191,192. Conversely, although oligogenic or polygenic mod-

els are difficult to identify in human data sets at current sample sizes, 

recent combinatorial gene knockouts in model organisms have indi-

cated that the combined effects of multiple genes may be responsible 

for the syndromic phenotypes of some genomic disorders such as 

deletions of chromosomes 3q29, 16p11.2 and 16p12.1 (refs. 193–195). 

The effects of individual genomic disorder CNVs also need to be con-

sidered in the context of the entire genome, which can involve modi-

fier variants in trans196. For example, short variants in the RBM8A gene 

in trans of 1q21.1 deletions are required for the manifestation of TAR 

syndrome197, and cumulative genome-wide polygenic risk from short 

variants has been shown to modify penetrance and phenotype severity 

for 22q11.2 deletions198. However, these examples cover a minority of all 

known or suspected genomic disorders reported to date, many of which 

appear at extremely low frequencies, are incompletely penetrant and 

present with variable phenotypic spectra. Moreover, several genomic 

disorder CNVs are observed in unselected individuals from the general 

population and have been shown to influence physiological traits, such 

as height and blood pressure, even in the absence of obvious clinical 

disease159,166,169,199. Therefore, we expect that nation-scale biobanks with 

deep phenotyping will be critical for further understanding the range 

of phenotypes and genetic architectures associated with genomic 

disorders throughout the genome.

Large rearrangements have been unassailably implicated in devel-

opmental disorders and other Mendelian diseases but smaller CNVs and 

other balanced SVs can also represent penetrant genetic risk factors 

for these same phenotypes100,200–204. These pathogenic SVs are usually 

identified by their predicted alteration of established disease genes pre-

viously implicated in the same phenotypes such as recurrent L1 inser-

tions into exon 14 of the factor VIII gene in haemophilia A205. Sequencing 

studies of autism, developmental disorders, congenital anomalies and 

schizophrenia have identified enrichments of rare and de novo SVs 

in genes recurrently disrupted in independent patients by de novo 

short variants64,160,180,206–208. For example, recent work by the Autism 

Sequencing Consortium reported a striking enrichment of de novo 

CNVs in affected children that impacted a set of 373 genes previously 
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implicated in neurodevelopmental disorders by exome-based short 

variant analyses209. It is now clear that pathogenic SVs and short variants 

frequently converge onto the same set of critical genes and biological 

pathways in many diseases. However, not all pathogenic SVs in Mende-

lian disorders act by directly disrupting established disease genes. For 

example, sequencing studies of balanced translocations and inversions 

have discovered that three-dimensional chromatin domains — known as 

topologically associating domains (TADs) — are recurrently disrupted 

by non-coding balanced SVs in multiple unrelated patients64,152,153. 

Such SV ‘positional effects’ identified to date have generally involved 

TADs that encompass recognized dominant disease genes such as 

MEF2C, SOX9 or KCNJ2 (ref. 43), although this trend is not universally 

true and at least 9.4% of TADs containing similar genes are disrupted by 

polymorphic SVs in healthy individuals in the general population28,65,210. 

Similarly, careful molecular studies have implicated non-coding dele-

tions in disease at several loci, many of which have unique pathogenic 

mechanisms100,151,211. For example, non-coding homozygous deletions 

300 kb upstream of the EN1 gene locus result in severe congenital 

OR OR OR

0

0

10

20

30

40

50

60

70

80

90

00 2 4 6 8 20 40 60

5

10

15

20

25

O
M

IM
 g

e
n

e
s 

in
 t

h
e

 C
N

V

N
u

m
b

e
r 

o
f 

g
e

n
e

s

0

     10

20

30

40

50

G
e

n
o

m
ic

 d
is

o
rd

e
r 

C
N

V
s

Genes in the CNVSize (Mb)

d   OMIM genes per genomic disorder CNVc   Genes per genomic disorder CNVb   Genomic disorder CNV size

a   Pathogenic CNVs

Non-NAHR CNVs NAHR CNVs

P = 0.005
P = 7.87 × 10–4

DEL
DUP

DEL
DUP

Segmental duplications

DUP

DEL

DUP

DEL

DUP

DEL

Reference

Variant allele

Example CNV

distribution

NAHR-mediated, recurring

Genomic disorder CNVs Non-genomic disorder CNVs

Non-NAHR, overlapping Non-NAHR, isolated

Reference

Variant allele

Example CNV

distribution

Fig. 3 | Properties of large pathogenic CNVs associated with genomic 

disorders. a, Loci associated with large pathogenic copy number variants 

(CNVs) can be roughly assigned to one of three scenarios. Some of the most 

prominent large CNVs associated with disease to date occur through non-allelic 

homologous recombination (NAHR) between pairs of segmental duplications 

on the same chromosome, leading to recurrent deletions or duplications 

bookended by the paired segmental duplications187. The second scenario 

involves mutationally independent CNVs with different breakpoints detected 

in unrelated patients that all overlap a common critical region. Collectively, 

these two scenarios — NAHR-mediated and non-NAHR-mediated recurrent 

CNVs — are often referred to as ‘genomic disorders’. The third scenario involves 

the incidental observation of large, rare CNVs that do not exhibit striking 

enrichments in cohorts of patients but happen to overlap one or more genes 

known to be pathogenic in the disease of interest. b, Most established genomic 

disorder CNVs are typically large (>1 Mb), although this observation is likely 

limited by the reliance on chromosomal microarray for the discovery of virtually 

all known genomic disorders to date. c, Nearly all known genomic disorder CNVs 

overlap multiple genes, with some directly impacting dozens of genes in a single 

mutational event. However, genomic disorder CNVs mediated by NAHR typically 

encompass a greater total number of genes than non-NAHR genomic disorder 

CNVs. It is not currently clear whether this difference is due to the inherent 

genetic architecture of these regions or whether the identical CNV breakpoints 

of patients carrying NAHR-mediated genomic disorder CNVs have simply 

precluded the identification of a minimal critical region within the larger NAHR 

segment. d, Not only do most genomic disorder CNVs overlap multiple genes 

but they also frequently overlap multiple known disease genes, defined here as 

genes reported to be disease-associated in the Online Mendelian Inheritance in 

Man (OMIM) database246. DEL, deletion; DUP, duplication. More information on 

the data sets and code used to generate the plots in parts b–d can be found in 

the Supplementary Information.
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limb malformations by disabling a previously unannotated long 

non-coding RNA, Maenli, required to activate EN1 transcription dur-

ing limb development211. Even a handful of non-coding mobile element 

insertions are now known to be pathogenic for certain rare diseases — a 

short interspersed element–variable number of tandem repeats–Alu 

mobile element insertion into an intron of the TAF1 gene led to abnor-

mal mRNA splicing and aberrant intron retention in individuals affected 

with a rare form of X-linked dystonia–Parkinsonism212. Thus, while the 

pathogenic mechanism for the majority of SVs responsible for severe 

and Mendelian disorders involves direct disruption of dosage-sensitive 

disease genes, all classes of SVs both within and outside of coding 

regions have the potential to contribute to a wide range of disorders.

SVs in clinical diagnostics
The aetiological impact of SVs in rare and Mendelian diseases has sug-

gested that SV ascertainment is critical for clinical genetic screening. 

The diagnostic yield of SV testing varies widely by phenotype and tech-

nology used for ascertainment203. For example, in intellectual disability, 

which affects 1.2% of all individuals in the USA173, it has been estimated 

that roughly 15% of all cases are attributable to a gross chromosomal 

abnormality and another 11–14% are attributable to a genomic disorder 

CNV or other pathogenic large CNV213. The 26–29% diagnostic yield of 

these two subsets of SVs alone exceeds the yield from all gene-disruptive 

coding short variants, which is estimated to be 16–25% in individuals 

with intellectual disabilities214,215. The contributions of large CNVs to 

intellectual disability and other developmental disorders are substan-

tial enough that the American College of Medical Genetics currently 

recommends microarray-based screening for CNVs as the first-tier 

diagnostic test for patients with unexplained developmental disorders 

or congenital anomalies216,217. However, large-scale sequencing studies 

have also underscored that not all SV classes are equally impactful in 

a clinical diagnostic setting. For example, recent studies have shown 

that the diagnostic yield from mobile element insertions in coding 

regions is extremely low in developmental disorders ( just 0.02–0.06% 

of all patients have a pathogenic insertion)218,219. Beyond the role of 

large CNVs in the genetic architecture of cognitive impairments, the 

diagnostic yield of small coding CNVs below microarray resolution 

has reached 5.4% for some developmental disorders, with estimates 

varying greatly by phenotype, cohort, study design and other techni-

cal factors204,220–223. A landmark WGS-based study of 13,037 patients 

with a rare disease in the UK National Health System reported genetic 

diagnoses for 16.1% of all patients, with 9.8% of pathogenic variants 

being SVs (primarily large deletions)203.

More esoteric classes of SVs that are strongly selected against 

in the population, such as balanced inversions and smaller complex 

SVs, are too sparse throughout the genome to robustly estimate their 

contributions to diagnostic yields but hundreds of these rare rear-

rangements have been reported as pathogenic in clinical settings for a 

wide variety of Mendelian diseases62,64,224–228. For example, an expanded 

analysis of the aforementioned UK National Health System cohort esti-

mated that pathogenic inversions can explain only 1/750 (0.1%) families 

affected by rare Mendelian diseases229. However, even if gene-disruptive 

inversions per genome are approximately two orders of magnitude 

less abundant than the number of gene-disruptive CNVs, emerging 

evidence from long-read WGS studies has suggested that a greater 

proportion of inversion SVs may have disease relevance36,230. The util-

ity of ascertaining SVs in clinical diagnostics outside of diseases with 

a suspected Mendelian genetic aetiology is less clear as the diagnostic 

yields have not been firmly established. In one example of a WGS study 

of 2,081 patients hospitalized with early-onset myocardial infarction, 

eight patients were observed with LoF variants in the LDLR gene, which 

is known to cause familial hypercholesterolaemia231. One of these eight 

pathogenic LoF variants was a 7.9 kb deletion that clinically correlated 

with the patient’s blood cholesterol levels, which might suggest that 

incorporating SVs at sequence resolution in diagnostic testing could 

provide a relative ~13% increase in genetic diagnoses for this specific 

patient population. Therefore, the evaluation of WGS in systematic 

clinical trials will be vital for establishing the diagnostic value of SVs 

for diseases beyond paediatric Mendelian disorders.

Conclusions and future perspectives
Sixty years of research have proven that SVs are mutationally diverse, 

ubiquitous in every human genome, affect myriad functional con-

sequences, and are broadly relevant in human evolution, health and 

disease. Yet, despite this wide-ranging appreciation for the roles of 

SVs in the human genome, much remains unknown. Below, we outline 

three main frontiers in SV research that we anticipate will be the top-

ics of intense effort and the source of major breakthroughs over the 

coming decade.

Discovery and characterization of SVs in structurally diverse 
and repetitive loci
The totality of all contemporary SV data sets captures a slim fraction of 

the true extent of SVs in the modern human population. This deficiency 

is especially true for SVs localized to the most repetitive sequence con-

texts due to the technical limitations of detecting SVs in these regions 

with conventional technologies, including short-read WGS6,99. This 

limitation is critical for the field to surmount in the coming years, as SVs 

localized to many highly repetitive and biomedically relevant regions 

of the genome, such as the major histocompatibility complex locus, 

HTT, SMN1, FMR1 and many other loci, clearly demonstrate that SVs in 

repetitive sequences can exert profound influences on common and 

rare diseases alike47,232. Long-read technologies offer the tremendous 

potential to resolve SVs in these loci, which comprise just ~10% of total 

genomic nucleotides per genome but harbour more than half of all SVs 

per genome40,45. Thus, concerted efforts over the next decade will be 

required to improve the SV reference catalogue in two critical aspects.

First, long-read WGS and genome assembly algorithms must 

facilitate the construction of ‘pangenome’ graphs that can accurately 

convey a population-level representation of the structural diversity 

present at these complex loci32,45,95,118. Indeed, graph-based computa-

tional methods have already been developed to enable pangenome 

representations118,233,234, but the subsequent challenge not yet sur-

mounted is to adapt the vast reference-based genomic annotations to 

this new graph-based representation, ranging from carefully curated 

gene and transcript definitions to biochemical or chromatin data 

sets149,235,236.

Second, despite the justifiable optimism surrounding the emer-

gence of new technologies and pangenome reference data sets to 

improve variation discovery in the human genome, these approaches 

alone will not improve our ability to interpret the relevance of SVs in 

most human traits and diseases (Fig. 4 and Supplementary Informa-

tion). For example, comparisons of SVs generated by reference-based 

short-read and long-read WGS on the same individuals have consist-

ently observed that long-read WGS captures more than double the total 

number of SVs per genome but the vast majority (>91%) of these novel 

variants uniquely detected by long-read WGS localize to non-coding 

repetitive sequences33,34,36,114. Conversely, long-read and short-read 
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WGS exhibit strong concordance (>93%) for deletions in the remain-

ing 90% of the genome comprised of sequences that are less repetitive 

and include 96% of all currently annotated protein-coding exons. 

Therefore, most pathogenic SVs that can currently be interpreted 

based on existing knowledge, annotations and clinical guidelines 

are captured by short-read WGS11,114. As such, SVs must be discovered 

from long-read WGS and genome assemblies in large populations 

with clinical and medical information in order to provide a foothold 

for comprehensive annotation of functional elements and predic-

tion of disease association from these repetitive loci. Such efforts are 

under way but will likely take years to mature to the scales necessary 

for well-powered association studies44,52. In the short term, methods 

to genotype these SVs (originally identified by long-read WGS) with 

much larger short-read WGS data sets may be a promising strategy 

to achieve sample sizes appropriate for robust genotype–phenotype 

correlation34,115,237,238.

Saturated genome-wide maps of SV mutation rates and  
dosage sensitivity
Metrics of mutational constraint for protein-coding genes have revo-

lutionized the analysis and interpretation of short variants in human 

genetic research and medical genomics. These maps are built on 

principled models of the rate at which new mutations arise in human 

DNA before natural selection removes deleterious alleles from the 

population239, which is important to quantify the expected number 

of short variants for a given locus or gene based on its primary DNA 

sequence alone in the absence of selection136,240. However, the same 

breakthroughs have not yet been realized for SVs largely due to the 

absence of accurate neutral mutational models for SVs at sequence 

resolution. The field has painstakingly gained an understanding of 

the mechanisms of SV formation and double-stranded DNA break 

repair over the last several decades241, but this knowledge has not yet 

translated to a comprehensive sequence-level understanding of where 

new SVs are most likely to arise in the human germline. Over the next 

decade, a crucial research focus will be to characterize SV mutation 

rates at nucleotide resolution and then use these insights to build 

genome-wide maps of dosage sensitivity and SV constraint for all genes 

and non-coding loci. Central to these challenges will be the integration 

of disparate, massive genomic data sets and distributed computing 

to train statistical or machine learning models capable of identifying 

which combination of genomic features predispose to the generation 

of new SVs. Given that the empirically observed rate of true de novo SVs 

is <1 per generation103,201, it is unlikely that accurate SV mutation rate 

models will be able to be trained from de novo SVs alone. Thus, another 

major impediment to parameterizing SV mutation rate models will be 

establishing the set of criteria to isolate subsets of SVs not subjected 

to selection pressures (analogous to synonymous short variants)239.

Massive SV data sets will be required to saturate models of dosage 

sensitivity for all human protein-coding genes. For example, based 

on the published gnomAD SV reference data set28, our power analyses 

Each 10-fold increase in SV sensitivity
yields a 2.6-fold increase in the count
of genes disrupted by SVs per genome

1

4

16

64

256

1 10 100 1,000 10,000

Total SVs reported per genome (Log
10
)

G
e
n
e
s 
d
is
ru
p
te
d
 b
y
 S
V
s 
p
e
r 
g
e
n
o
m
e
 (
L
o
g

2
)

Microarray

Short-

read

genome

Exome

Optical
genome
mapping

Long-

read

genome

All genes

OMIM genes

Pan-
tech

nolo
gy tr

end

Fig. 4 | Yield from SV analyses across genomic technologies. Progressively 

sophisticated technological breakthroughs have enabled studies of human 

structural variants (SVs) with increasing resolution and sensitivity, with newer 

technologies such as short-read and long-read genome sequencing28,29,31,35,44,113 

or optical genome mapping75 routinely detecting orders of magnitude more SVs 

in each human genome than could be captured by more traditional approaches 

such as chromosomal microarray133,247,248 or exome sequencing120,249,250. A curious 

corollary to this trend is that the number of gene-disruptive SVs identified 

in each human genome has not increased at remotely the same rate in newer 

technologies despite the massive gains in the absolute number of SVs per 

genome. This paradox is even more pronounced for genes with reported roles in 

disease, defined broadly here as any gene with any disease association reported 

in the Online Mendelian Inheritance in Man (OMIM) database246. The explanation 

for this trend appears to be that the exons of protein-coding genes are strongly 

enriched for unique, non-repetitive DNA sequence114, making the identification 

of SVs comparatively much easier. Accordingly, the dramatic increase in unique 

SVs detected in each genome by ‘third-generation’ sequencing technologies 

such as long-read genome sequencing is driven almost entirely by tandem 

repeats and other complex variations in highly repetitive and non-coding 

sequence contexts35,114. This trend has two profound implications. First, these 

data do not support the notion that continued technological or algorithmic 

improvements in SV discovery capabilities will dramatically increase the 

rate of clinically diagnostic pathogenic SVs impacting currently recognized 

disease genes. Second, in direct contrast to the first point, these data underscore 

the dire need for improved mapping and annotation of SVs in the most repetitive 

genomic loci, which have been virtually invisible to prior large-scale efforts in 

human genomics, a subset of which will invariably have important roles in human 

disease. In this figure, each point represents the yield of SVs detected by one 

prominent study (referenced above) using each technology, with lighter points 

corresponding to those same studies if filtered to only consider OMIM genes. 

More information on the data sets and code used to generate this plot can be 

found in the Supplementary Information.
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indicate that no fewer than ~100,000 samples will be required to 

construct metrics of haploinsufficiency from SV data with accuracy 

comparable to established short variant constraint maps, assuming 

SV mutation rate models capable of explaining >80% of the variance 

in observed LoF SV counts per gene (Fig. 5). Even less accurate muta-

tional models explaining just 50% of gene-level variance in SV counts 

will still be powered to detect roughly half of all haploinsufficient 

genes at sample sizes of ~one million individuals, which should be a 

realistic target over the next 1–3 years based on data sets currently in 

generation38,203,242,243. However, power analyses imply that the detection 

of triplosensitive genes from copy-gain duplication data will likely lag 

behind haploinsufficiency by roughly one order of magnitude in terms 

of the number of samples required for equal statistical power (Fig. 5). 

The reduced power for detecting triplosensitive genes is driven by 

the lower abundance of copy-gain duplications in the human genome 

owing to the vast size required for duplications to span the entirety of 

many protein-coding genes. This anticipated shortage of copy-gain 

duplication data can be surmounted with accurate mutation rate 

Glossary

Aneuploidies

Deviations of the expected copy 

number of an entire chromosome, 

usually by means of trisomy (gain of 

an extra copy of a chromosome) on 

autosomes or deviations from common 

sex chromosome complements 

(XX or XY).

Breakpoints

A novel adjacency between two 

sequences not originally colinear in a 

reference genome; it is used to define 

structural variants in terms of genomic 

coordinates.

Chromosomal translocations

The reciprocal exchange of two 

chromosome arms between 

non-homologous chromosomes; can 

result in balanced (that is, copy number 

neutral) or unbalanced derivative 

products.

Dosage sensitivity

A property of a specified locus, such 

as a gene, indicating intolerance to 

changes in copy number, which can be 

specific to decreases in copy number 

(that is, haploinsu�iciency) or increases 

in copy number (that is, triplosensitivity).

Exome sequencing

Sequencing-by-synthesis of targeted 

loci known to encode proteins — 

typically 1% of all genomic DNA 

in humans.

Genomic disorders

Human diseases typically characterized 

by syndromic, multi-system phenotypes 

that are caused by the recurrent 

deletion or duplication of a certain 

chromosomal segment or locus.

Intragenic exonic duplications

Tandem duplications encompassing 

one or more coding exons but whose 

breakpoints do not extend beyond the 

start or end of the corresponding gene 

transcript.

Karyotyping

A technique in molecular genetics 

that involves staining metaphase 

chromosomes prior to microscopic 

visualization. Commonly used 

to identify gross chromosomal 

abnormalities such as translocations.

Linkage disequilibrium

A property describing two or more 

genetic variants whose genotypes 

are correlated among individuals 

sampled from a population, causing 

these variants to seem ‘linked’. This 

phenomenon is usually due to these 

variants appearing on the same 

haplotype.

Microarray

A technique in molecular genetics to 

measure the relative abundance of 

thousands of pre-specified nucleotide 

sequences in parallel by hybridizing a 

sample of interest to an array of short 

oligonucleotide probes. This technique 

has been commonly used to detect 

large copy number variants (CNVs; 

among other uses).

Mobile element insertions

Insertion of a segment of genomic DNA 

corresponding to one of a few known 

families of mobile elements that can be 

transposed or retrotransposed via an 

RNA intermediate.

Multiallelic CNVs

(mCNVs). Sites of copy number 

variation showing a wider distribution 

of copy number alleles than expected 

for a diploid locus, frequently reaching 

four or more distinct copy numbers in a 

sampled population.

Non-allelic homologous 

recombination

(NAHR). A recombination event that 

occurs between two segments of DNA 

that have high sequence similarity but 

do not localize to the same genomic 

coordinate (that is, are non-allelic); 

such events can produce CNVs and 

other structural variants depending 

on the orientation of the homologous 

sequences involved.

Pangenome

An alternative representation for 

‘reference’ genome of a given species 

wherein an immutable core genome 

sequence shared by all members of 

a species is supplemented by known 

variant sequences observed among 

members of that species. Typically, 

these variant sequences are only 

included if they surpass some frequency 

threshold in a sampled population 

(for example, if they comprise >1% of all 

alleles at a given locus). Pangenomes 

are often computationally encoded 

as directional graphs with nodes 

corresponding to DNA sequences 

and edges corresponding to linear 

connections between those DNA 

sequences that are known to exist in at 

least one member of the species; thus, 

any individual chromosome can be 

reconstructed as a single path through 

this pangenome graph.

Population stratification

A property of outbred populations, 

including humans, wherein certain 

genetic variants will appear at di�erent 

frequencies in di�erent subsets of 

individuals within that population due 

to demographic history. For example, 

in humans, population stratification is 

often observed for variants in individuals 

from di�erent continents due to genetic 

drift or selection causing the frequency 

of those variants to diverge over 

evolutionary time (often many tens or 

hundreds of generations).

Segmental duplications

Genomic segments ≥1 kb that share 

≥90% sequence identity with at least 

one other paralogous region elsewhere 

in the genome.

Short tandem repeats

(STRs). Tracts of genomic DNA 

where a short (1–10 bp) sequence 

motif is repeated in tandem and thus 

predisposed to expansion or contraction 

due to DNA polymerase slippage. STRs 

can be considered a class of structural 

variants when their expanded or 

contracted allele di�ers by ≥50 bp as 

compared to a reference genome.

Variable number of tandem 

repeats

Arrays of short (10–100 bp) tandem 

DNA repeats that vary in copy number 

between individuals due to DNA 

polymerase slippage. Variable number 

of tandem repeats can be considered 

a class of structural variants when 

their expanded or contracted allele 

di�ers by ≥50 bp as compared to a 

reference genome.
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Fig. 5 | Projections for dosage sensitivity mapping in the human genome. 

a–d, A major goal of modern human genomics is to map and quantify loci 

constrained against the accumulation of variants in the general population 

due to negative phenotypic consequences (for example, severe disease) when 

disrupted by genetic variation. For structural variants (SVs), this phenomenon 

is usually termed dosage sensitivity, which describes the relative intolerance 

of a genomic locus to increased or decreased copy number caused by loss-of-

function (LoF) or copy-gain SVs, respectively. Simulations were performed 

to project what sample sizes would be necessary to construct genome-wide 

maps of dosage sensitivity for all known protein-coding genes251. Estimating 

the magnitude of depletion of naturally occurring LoF single-nucleotide 

variants (SNVs) for a gold-standard set of genes constrained against LoF 

(defined as probability of LoF intolerance (pLI) >0.9)136 found that the average 

constrained gene harboured just 22% of the number of LoF SNVs expected 

under a neutral mutational model, and this was 79.2% less than the average 

unconstrained gene (a). The rate at which new gene-disruptive SVs will be 

identified for the average gene was extrapolated by empirically down-sampling 

SV data from the Genome Aggregation Database (gnomAD) and extrapolating 

the gradual accrual of new sites as a function of increasing sample sizes following 

a power law (b). These calculations demonstrated that LoF SVs, predominantly 

comprised of small deletions overlapping coding exons, will continue to accrue 

approximately three times more rapidly than whole-gene duplications owing 

to the larger size of duplications required to span an entire gene locus. Finally, 

power analyses were performed based on the data from a and b to estimate the 

minimum sample size at which one would expect at least 50% power to detect 

the average gene sensitive to LoF SVs (haploinsufficient genes; c) or copy-gain 

SVs (triplosensitive genes; d). A key factor influencing the outcome of these 

power analyses was the relative accuracy of neutral mutational models for SVs 

to parameterize the number of SVs that should be expected per gene under 

the complete absence of selection. No such SV mutation rate models exist for 

humans; even if we assume a relatively accurate model could be developed to 

explain ≥50% of inter-gene variance in counts of LoF or copy-gain SVs, our power 

calculations estimate that sample sizes exceeding one million individuals will 

be required for the confident mapping of dosage-sensitive genes in the human 

genome. CNVs, copy number variants. Figure adapted with permission from 

ref. 251, Ryan Lewis Collins.
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models; for example, duplication mutation rate models exceeding 

prediction accuracy of R2 >70% would enable >50% power to detect 

the average triplosensitive gene at sample sizes of roughly one million 

individuals. Analyses of copy-gain duplications will also have greater 

power to detect small triplosensitive genes or other small triplosensi-

tive elements due to the inverse relationship between CNV size and 

their abundance in the general population28.

Integration of SVs and short variants in disease association 
studies and diagnostic testing
The influence of SVs in human disease and clinical genetic testing is 

profound in comparison to other variant classes, yet few previous stud-

ies have methodically integrated short variants and SVs into disease 

associations. Given the rapidly growing WGS-derived reference data 

bases of SVs28,29, it may be feasible to impute sequence-resolved SVs into 

existing GWAS data sets for common and complex traits by leveraging 

linkage disequilibrium between short variants and SVs26. Imputation 

may become a powerful technique to include common SVs in GWAS but 

it is unlikely to obviate the need for direct discovery and genotyping of 

duplications and mCNVs in GWAS data sets given their lower average 

observed linkage disequilibrium28,107,121. However, statistical methods 

combining exome sequencing and microarrays have recently been 

proposed and applied to large biobank data sets to impute tandem 

repeats in coding sequences170; such approaches may also improve the 

imputation accuracy for larger SVs that disrupt linkage disequilibrium 

such as mCNVs and common duplications. Imputation will also not be 

a viable approach for rare and de novo SVs in severe Mendelian pheno-

types or clinical testing, which will require ab initio SV discovery in large 

WGS cohorts. Even when SVs can be imputed (or directly genotyped) 

in large research cohorts, improved statistical frameworks must be 

developed to jointly evaluate the combined effects of SNVs, indels 

and SVs in disease association studies. Several promising approaches 

have been proposed180,209 but none have been broadly adopted yet by 

the biomedical research community nor extended to large WGS data 

sets. Specialized assays and algorithms will also be required to profile 

somatically arising SVs in the context of diseases other than cancer, 

which is further impeded by the requirement of sampling the specific 

somatic tissues relevant for each disease, although recent findings 

have given cause for optimism on this topic49,110,244.

Ultimately, the potential for SV research to benefit human health 

is through more accurate and sensitive genetic diagnostics in clinical 

practice. The current approaches to SV ascertainment and interpreta-

tion in diagnostic screens are heterogeneous and severely limited by 

myriad factors. Among these limitations is that almost all published 

estimates of diagnostic yields from SVs are derived from relatively 

low-resolution technologies such as karyotyping, chromosomal micro-

array and exome sequencing; by contrast, short-read and long-read 

WGS can capture the entire range of SV sizes and frequencies in a single 

assay and could represent a future replacement for existing platforms 

for diagnostic SV testing222. Notably, this future development presents 

an equity challenge in genomic testing as only a handful of global 

sites worldwide currently have the technical and analytic capacity to 

perform routine long-read WGS data processing and analyses of >4 mil-

lion short variants and ~25,000 SVs per human genome. Moreover, the 

ability to detect SVs that are cryptic to conventional technologies will 

not by itself generate immediate clinical utility without major advances 

in rigorous, evidence-based clinical guidelines for interpreting such 

SVs — in particular, non-coding repeat expansions and SVs in highly 

repetitive and non-genic contexts where most SVs unique to long-read 

assemblies are discovered. Such studies are ongoing across multiple 

consortia, and the interpretation of non-coding SVs and those events 

with molecular consequences other than LoF in a given gene presents 

a major next frontier for the field11,245. Such SVs rarely satisfy existing 

diagnostic criteria for pathogenicity despite the average genome 

carrying approximately 22 duplicated genes and another 11 genes 

interrupted by intragenic exonic duplications in addition to hundreds 

of balanced, intronic and near-coding SVs, an indeterminate subset 

of which likely influence gene expression or function through splic-

ing, cis-regulation or other mechanisms28. Finally, as the field moves 

towards more comprehensive, unified representations of genome 

structure in the form of genome graphs and pangenome references, 

new clinical standards will need to be established to interpret the 

SVs implied by the genome graphs of individual patients relative to a 

pangenome reference.

In conclusion, the field of human genetics has made paradigm-

shifting leaps forward in the discovery, representation and interpreta-

tion of variation that alters genome organization and its consequences 

on genome function. There are grand challenges that remain, most 

notably the prediction of the direct and regulatory functional impact 

of SVs, the adoption of best practices for data processing and SV 

discovery, a uniform approach to the representation and annotation 

of genome assemblies unique to each individual, and the adoption of 

robust standards that enable uniform and globally accessible clinical 

genetic testing for all individuals.
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