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Abstract

Genomic structural variation (SV) can be thought of on a continuum from a single base pair
insertion/deletion (INDEL) to large megabase-scal e rearrangements involving insertions,

deletions, duplications, inversions or transocations of whole chromosomes or chromosome arms.
These variants can occur in coding or non-coding DNA, they can be inherited or arise sporadically
in the germline or somatic cells. Many of these events are segregating in the population and can be
considered common alleles while others are new alleles and thus rare events. All species studied to
date harbor structural variants and these may be benign, contributing to phenotypes such as
sensory perception and immunity, or pathogenic resulting in genomic disordersincluding
DiGeorge/velocardiofacial, Smith-Margenis, Williams-Beuren and Prader-Willi syndromes. As
structural variants are identified, validated and their significance, origin and prevalence elucidated
itisof critical importance that this data be collected and collated in away that can be easily
accessed and analyzed.

This chapter will describe current structural variation online resources (see Figure 1 and Table 1),
highlight the challenges in capturing, storing and displaying SV data, and discuss how dbVar and
DGV a, the genomic structural variation databases developed at NCBI and EBI respectively, were
designed to address these issues.
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1. Introduction

In 1991, Charcot-Marie Tooth (CMT) disease was the first autosomal dominant disease
associated with a gene dosage effect due to an inherited DNA rearrangement (1). It iswidely
accepted that copy number variants (CNV's) account for a number of genomic disorders
including DiGeorge/velocardiofacial, Smith-Margenis, Williams-Beuren and Prader-Willi
syndromes and number of genomic disordersisincreasing including alearning disability
phenotype associated with a17g21.31 microdeletion (2, 3) and most recently with autism
spectrum disorder associated with a 16p11.2 microdeletion (4).

In addition, evidence for copy number variation in disease resistance and susceptibility in
humans is accumulating with publications on CCL 3L 1 and susceptibility to HIV/AIDS (5),
FCGR3B and risk of systemic lupus erythematosus (6) and several independent studies
correlating copy number of the beta defensin genes with predisposition to Crohn’s disease
(7), risk of psoriasis (8) and sporadic prostate cancer (9).
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Many genes that are found to be CNV (both in humans and in mouse) are involved in
environmental response, for example sensory perception (olfactory receptors) and immunity
(defensins) (10-15).

Although single nucleotide polymorphisms (SNPs) were initially thought to contribute the
majority of human genomic variation (16, 17) it is now recognized that structural variation
represents a significant, and at present poorly understood, contribution to an individua’s
genetic diversity. It isonly within the past 6 years, aided by the development of technologies
such as high-throughput sequencing, paired-end mapping (PEM) and array comparative
genome hybridization (aCGH), that the extent of structural variation in phenotypically
normal individuals has been investigated.

As advances in technology are making it easier, faster and cheaper to sequence and analyze
the genomes both within and between individuals of many species, numerous SV resources
are being made available to access and analyze the data. Although not an exhaustive list, a
number of these current resources are described below.

2. Resources

2.1 ‘Normal’

structural variation

Variants found in individual s that are healthy, or who have not been phenotyped, are often
referred to as ‘normal’, or common variants. Thisis not to say that they are not of
phenotypic consequence, merely that they have no known association with any disease
phenotype. Severa resources provide access to common structural variation data online and
are described below.

2.1.1 Individual genomes—At present there are three purely de novo human genome
assemblies, the GRCh37 reference sequence (18), Celeraand HuRef (Venter) (19), although
many of the read in the Celera assembly came from Craig Venter. The alignment of these
assemblies to each other provides large scale and can be viewed in NCBI MapViewer (20).
In addition, an increasing number of individual genomes, including James Watson (21) and
Y an Huang (22), have been sequenced using next-generation technology (21-25). Both
James Watson’s and Y an Huang' s genome sequences were aligned to NCBI 36 (the previous
version of GRCh37). Theresulting SVs are available for download and can be viewed via
the James Watson Genome Browser (26) and the Y an Huang GBrowser (27). Recently, de
novo scaffolds of an Asian and African genome were integrated with NCBI36 to uncover
move structural variation (PMID: 19997067)

The Copy Number Variation (CNV) Project: The Genome Structural Variation
Consortium CNV Project (26) is a collaboration between groups at the Wellcome Trust
Sanger |nstitute (Cambridge, UK), Harvard Medical School (Boston, USA) and the Hospital
for Sick Children (Toronto, Canada). The CNV project provides data from the analysis of
copy number variation in the 270 Phase | and || HapMap samples using aCGH with a
genome-wide Whole Genome TilePath (WGTP) array consisting of ~27,000 bacterial
artificial chromosome (BAC) clones using asingle male reference, Coriell individual
NA10851 (27). The project aso conducted a CNV discovery project to identify common
CNVs greater than 500 bp in size using a set of NimbleGen arrays consisting of ~42 million
probes. They analyzed 40 females with European or African ancestry, against the same
single male reference sample, Coridll individual NA10851. The SV datais available for
download from the CNV Project website (26) which provides links to view the data as tracks
in the UCSC (28) or Ensembl (29) genome browsers.
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2.1.2 Human Genome Structural Variation (HGVS) Project—The Human Genome
Structural Variation project (30) based at the University of Washington (Seattle, USA) aims
to characterize structural variation at the sequence level. The project involves sequencing the
ends of fosmids and BACs from multiple individuals and aligning them to NCBI35. The
database currently contains results from an initial analysis of eight individuas (31, 32). The
data, including validate SV sites and novel sequence not in NCBI 35, are available for
download and alink provides access to this data as tracks in the UCSC genome browser
(30).

2.1.3 1000 Genomes—The 1000 Genomes project (33) isan international research
consortium formed to create the most detailed and medically useful picture to date of human
genetic variation from the sequencing and analysis of 1000 individuals. The project is
expected to release high quality, validated structural variation data early 2010.

2.1.4 The Copy Number Variation project at the Children’s Hospital of
Philadelphia (CHOP)—The CNV project at CHOP (34) represents an effort to identify all
frequent copy number variations that exist in the human genome. Ongoing research uses the
[1lumina HumanHap 550 BeadChip to generate genotype data which is analyzed for CNV's
using Illumina s BeadStudio software in combination with in-house CNV detection
methodol ogies. The database currently contains CNVsidentified in 2,026 healthy children
(35). Thisdatais available for download in NCB35 coordinates and can be viewed in a
genome browser (34).

2.1.6 Chromosome Anomaly Collection—The Chromosome Anomaly Collection (36)
contains cases of unbalanced chromosome abnormalities (UBCASs) without phenotypic
effect that have been directly transmitted from parents to children. The Collection also
includes the cytogenetically visible euchromatic variants that can now be regarded as part of
the continuum of copy number variation in the human genome. Cytogenetic datais
represented on ideograms and provided in tables on the website.

2.1.7 Non-human structural variation—A number of studies have used aCGH to
investigate the copy number of genesin other species, such as mouse (12, 37), rat (38) and
macague (39), and between human and other primate species including chimpanzee,
bonaobo, gorilla, orangutan and macaque in an attempt to define lineage-specific genes that
may aid in understanding genome evolution (40-44).

As the sequence quality of non-human genomes increases a number of species-specific and
i nterspecies databases are emerging including:

o AtSFP (45), the Salk Institute Genome Analysis Laboratory (SIGnAL) Arabidopsis
Single Feature Polymorphism database and genome browser (46).

e ChickVD (47), the Beijing Genomics I nstitute Chicken Variation Database, which
so far contains ~2.8 million non-redundant SNPs and 0.3 million indels. The datais
available for download and can be viewed in a genome browser (48).

CNVVdb (49), the Taipei Genomics Research Center at Academia Sinica Copy
Number Variations across V ertebrate genomes database that identifies potential
inter-species CNV's by finding duplicated regions within a genome (paral ogues)
and between different genomes (orthologues) from pairwise sequence alignments
between 16 vertebrate species (50).

2.1.7 Database of Genomic Variants (DGV)—The Database of Genomic Variants (51)
is to date the most comprehensive database for the deposition, retrieval and visualization of
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phenotypically normal human structural variation. The database is continuously updated and
curated with new data from peer reviewed research studies. Generally regions >3Mb are
excluded and those 100bp-1kb are displayed in an indel track. Currently, original SV data
from 35 publicationsis available to download. In addition these variants are mapped to
NCBI35 and NCBI36 using the UCSC liftover tool (52) where necessary. This data can be
downloaded and also viewed in a genome browser.

2.2 Clinically significant structural variation

Although only asmall fraction of structural variants have been experimentally proven to be
causative of adisease there are many variants that have been identified in individuals with a
disease phenotype. As many of these variants are rare, only by collating this data and
comparing with variants in ‘normal’ individuals can we begin to elucidate the significance
of these variants and their relationship to disease. Several resources provide access, athough
often controlled-access, to clinically significant structural variation data online and are
described below.

2.2.1 AnEUploidy Project—The goal of the AnEUploidy Project (53) isto understand
the molecular mechanisms of gene dosage imbalance (aneuploidy) in human health and
includes the identification and characterization of novel microaneuploidy syndromes and the
establishment of a catalogue of copy number variants (CNVs) and segmental duplications
(SDs) in Europeans. Accessto clinical datais under controlled access.

2.2.2 Chromosome Abnormality Database (CAD)—CAD (54) is an online collection
of both constitutional and acquired abnormal karyotypes reported by UK Regional
cytogenetics centers and holds over 150,000 records collected from all UK NHS
laboratories. Access to clinical datais under controlled access.

2.2.3 ECARUCA—ECARUCA (55), the European Cytogeneticists Association Register of
Unbalanced Chromosome Aberrations, is a database which collects and provides cytogenetic
and clinical information on rare chromosomal disorders, including microdeletions. The
Register contains over 4500 cases with more than 5500 aberrations and links are provided to
view all cases smaller than 30 Mb on NCBI35 in the UCSC or Ensembl genome browsers.
Accessto clinical datais under controlled access.

2.2.4 DECIPHER—DECIPHER (56), the DatabasE of Chromosomal |mbalance and
Phenotype in Humans using Ensembl Resources, is a database of submicroscopic
chromosomal imbalance that includes clinical information about chromosomal

microdel etions/duplicationg/insertions, translocations and inversions. Coordinates are
mapped to NCBI36 and access to non-consented clinical datais under controlled access.

2.2.5 Mental Retardation—The Database for Mental Retardation Associated CNV's (57)
isapublicly accessible test database from the University of Tartu, Estonia, that gathers
information about CNV's and related diseases.

2.2.6 Autism—There are several structural variation databases for autism spectrum
disorder:

e The Autism Chromosome Rearrangement Database (58) is a collection of hand
curated breakpoints and other genomic features, related to autism, taken from
publicly available literature, databases and unpublished data. This data can be
viewed in NCB36 coordinates in a genome browser.
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e TheAutism CNV Database (59) provides CNV data that was obtained using the
Affymetrix GeneChip Mapping 10K 2.0 (60) and Affymetrix Whole Genome
mapping 10K and 500K microarrays (61). This data can be viewed in NCB35
coordinates in a genome browser.

2.3 The Autism Genetic Database (62) is a comprehensive database for autism
susceptibility gene-CNVs integrated with known non-coding RNAs and fragile sites and
viewable in a genome browser. Cancer

It has been known for many years that somatic changesin cancer cells include gross copy
number changes and structural alterations. As such several projects and databases provide
access to structural variation data specifically found in cancer and are described below.

2.3.1 The Cancer Genome Project—The Wellcome Trust Sanger Institute (WTSI)
Cancer Genome Project (63) is using the human genome sequence and high throughput
mutation detection techniques to identify somatically acquired sequence variants/mutations
and hence identify genes critical in the development of human cancers. The results from this
work are collated and stored in the Catalogue of Somatic Mutations in Cancer, COSMIC
(64), which also contains somatic mutation data published in the scientific literature.

2.3.2 The Cancer Genome Atlas (TCGA)—The National Cancer Institute (NCI) and
the National Human Genome Research Ingtitute (NHGRI) launched The Cancer Genome
Atlas (TCGA) (65) program to cresate a comprehensive atlas of the genomic changes
involved in more than 20 common types of cancer. The TCGA Data Portal (66) provides a
platform for researchersto search, download, and analyze data sets generated by TCGA.

2.3.3 Progenetix—The University of Zurich Progenetix (67) database collects genomic
CNV information from comparative genomic hybridization (CGH) experiments of
individual cancer and leukemia cases, published in peer reviewed journals (68).

2.3.4 Cancer Chromosomes—Three databases, the NCI/NCBI SKY/M-FISH & CGH
Database, the NCI Mitelman Database of Chromosome Aberrations in Cancer, and the NCI
Recurrent Aberrations in Cancer, are now integrated into the NCBI Entrez system as Cancer
Chromosomes (69, 70).

3. Limitations

As described above there are numerous resources for accessing and viewing structural
variation. However, when interpreting data, or collating data from different databases, there
are several limitations that should be taken into consideration and are described below.

3.1 Choice of technology

Currently, no single technology can accurately identify all structural variantsin asample.
When comparing SV data derived from different methodologies, even if used on the same
sample or samples, it islikely that the reported SVswill differ due to the resolution, genome
coverage and variant type detectable by the chosen method. While the decreasing costs of
sequencing will eventually make it feasible for labs to routinely sequence and genotype
whole genomes the cost is still prohibitive enough to make aCGH and PEM the preferred
methods of choice for SV detection in many labs.

aCGH generally uses two samples to determine relative gains and losses between the two.
Using BAC aCGH, with alow resolution of ~1 Mb, means the identified region may contain
several smaller CNV's and the extent of the CNV is often overestimated. Oligonucleotide
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arrays, with 45-85 bp probes, offer higher resolution than BAC arrays but the exact
breakpoints of the structural variants can still not be accurately determined. Resolution of
oligo arraysisin the order of 1 probe every 1-5 kb for whole genome arrays and greater
than 1 probe every 50 bp for custom arrays. Oligo SNP arrays have an average resol ution of
1 probe every 1-5 kb and can aso be used to discover segregating del etion variants evident
from genotyping patterns of null genotypes, Mendelian inconsistencies and Hardy-Weinberg
disequilibrium (10, 71). However, the detection is limited to areas of the genome containing
SNPs, while many regions of known structural variation are sparsely covered by SNPs, and
many of the oligo arrays only contain probes to single copy regions of the genome. Thisis
being improved by the new microarrays from, for example, NimbleGen (72) and Illumina
(73) that contain >2 million probes and include coverage of novel CNV regions such as
segmental duplications, megasatellites, and other unstable regions of the genome. However,
array based methods are always limited to data known sequence, typically the reference
assembly, and don’t provide for the identification of novel sequences.

Paired-end mapping (PEM) uses the end sequences of BACs, fosmids, and most recently 3
kb DNA fragments from next-generation sequencing technologies (74), to compare to a
reference genome. The advantage of this methodology over aCGH isthat it not only allows
identification of insertions and deletion but also allows detection of balanced translocations
and inversions, small indels from the end sequence alignments and novel insert sequences
not present in the reference genome, al of which are not amenable to aCGH. However, like
aCGH, PEM does not provide exact breakpoint resolution of the structural variant but if the
clones are available from a genomic library the inserts can be fully sequenced and the nature
of the structural variant determined.

3.2 Choice of SV detection algorithm

In addition to the different technologies available for identifying structural variants, many of
which are used in parallél for validation, interpretation of the results and detection of a
region as structurally variant is open to analysis, and reanalysis, using awhole suite of
different software programs and algorithms. Continually being developed, these programs
include BreakPtr (75), CNAG (76), CNVfinder (77), dCHIP (78), GEMCA (79), PennCNV
(80) and VariationHunter (81). Although often optimized for a particular methodol ogy or
technique, many of these algorithms can be used on the same datasets to help achieve the
most accurate and reproducible consensus set of SVs. Many of the array datasets are
available via GEO (82) or ArrayExpress (83) and many sequences generated through paired-
end sequencing or whole genome sequencing are available via the Trace (84) or Short Read
Archive (SRA) (85). These resources provide a great opportunity to allow the data available
from online databases to be reanalyzed and reinterpreted using different parameters of the
original algorithm or using an additional or novel algorithm.

3.3 Choice of reference genome

Structural variants are generally defined as aregion on a given reference assembly eg
NCBI35 or GRCh37. However, the reference genome against which the SVs were identified
may be different. aCGH identifies regions CNV between two different samples but the
locations are placed on areference assembly by virtue of the coordinates of the probes used
on the arrays whereas PEM aligns sequences directly to the reference assembly. Hence, a
‘Loss displayed on a genome browser from an aCGH study is not necessarily the same as a
‘Deletion’ displayed on the same reference assembly in the genome browser from a PEM
study. Indeed, an aCGH ‘Loss' may even be the same as a PEM ‘Duplication’. Another
major limitation of PEM, and other sequence analysis reliant on the reference assembly for
comparison, isthat acommon loss or gain in the sample could simply reflect the presence of
aminor alele in the reference. Therefore, the choice of reference genome should be taken
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into consideration when collating data across studies, even if reported on the same reference
assembly.

3.4 Coordinate remapping

A major limitation with SVs being reported on a particular genome assembly eg NCBI35 is
that they are often not transposable to a new or different assembly eg GRCh37 due to their
complicated genomic structure (21, 31, 86). UCSC provides aliftover tool (52) to allow
carryover of coordinatesto a new assembly but essentially 10-15% of mappings are lost. In
order to compare variants from different studies they all need to be reliable mapped to the
same genome assembly and effort is underway at NCBI to develop arobust method for

remapping.

3.5 Nomenclature

While the field of structural variation is still relatively new, and the methods and analyses
are continuously changing, thereis till aneed for controlled vocabularies to facilitate
searching and access of data. For example, depending on the technol ogy, detection
algorithm or the resource the data was submitted to, the same CNV could be described as a
gain, duplication or amplification. In order to compare variants from different studiesit
would be of great benefit to the field if, for example, the methodologies and variant types
could be defined as a controlled vocabulary and used throughout all the SV online resources
and peer-reviewed publications.

3.6 Patient consent

Many clinical studies are under controlled access due to patient confidentiality.
Unfortunately this means there is awealth of structural variant data stored in controlled
access databases such as dbGaP (87) and EGA (88) that cannot be incorporated into the
public databases. As the significance of many of these SV's cannot be determined until
compared with other studies there is a need to deposit de-identified and/or summary
information from these controlled access database into the public domain.

4. dbVar and DGVa

As described in the previous sections, there are numerous structural variation databases but
also numerous limitations. To address these issues NCBI and EBI (in collaboration with the
Database of Genomic Variants) have recently launched the databases of genomic structural
variation dbVar (89) and DGV a (90) respectively with the aimsto:

e Accession and track individual objects by providing study and variant accessions

»  Provide accessto raw datasets for reanalysis (vialinks to eg GEO (82),
ArrayExpress (83), Trace Archive (84) and SRA (85))

*  Represent both normal and clinically relevant data

» Use controlled vocabularies where possible to facilitate searching

* Represent data not on a sequenced genome assembly

»  Provide robust remapping

»  Provide resolution/confidence values to access quality of the data

* Providevalidation data

»  Store genotyping information to distinguish homozygous vs heterozygous variants

»  Store sample information to distinguish germline vs somatic variants
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*  Provide summary datafor controlled access datain dbGaP and EGA
» Display datafor species other than human

dbVar and DGV a are accepting submissions of structural variant data and will continue to
develop to meet the needs of the community as the technology and analysis methods evolve.
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Resource URL
AnEUploidy http://www.aneuploidy.eu/
AtSFP http://signal .salk.edu/cgi-bin/AtSFP

Autism Chromosome Rearrangement Database

http://projects.tcag.cal/autism/

Autism CNV Database

http://projects.tcag.ca/autism_500k/

Autism Genetic Database

http://wren.bcf.ku.edu

Cancer Chromosomes

http://www.ncbi.nlm.nih.gov/cancerchromosomes

The Cancer Genome Atlas (TCGA)

http://cancergenome.nih.gov/

ChickVD

http://chicken.genomics.org.cn/

Chromosome Abnormality Database (CAD)

http://www.ukcad.org.uk./cocoon/ukcad/

Chromosome Anomaly Collection

http://www.ngrl.org.uk/wessex/collection/

CNVVdb

http://cnvvdb.genomics.sinica.edu.tw/

Copy Number Variation (CNV) Project

http://www.sanger.ac.uk/humgen/cnv/

Copy Number Variation project at the Children’s Hospital of Philadelphia (CHOP)

http://cnv.chop.edu/

COosMmIC

http://www.sanger.ac.uk/genetics/ CGP/cosmic/

Database for Mental Retardation Associated CNV's

http://bioinfo.ut.ee/dbcard/

Database of Genomic Variants (DGV)

http://projects.tcag.calvariation/

dbVar http://www.ncbi.nlm.nih.gov/projects/dbvar
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