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Patients with developmental disorders often harbour sub-microscopic deletions or duplications that lead to a
disruption of normal gene expression or perturbation in the copy number of dosage-sensitive genes. Clinical
interpretation for such patients in isolation is hindered by the rarity and novelty of such disorders. The
DECIPHER project (https://decipher.sanger.ac.uk) was established in 2004 as an accessible online repository
of genomic and associated phenotypic data with the primary goal of aiding the clinical interpretation of rare
copy-number variants (CNVs). DECIPHER integrates information from a variety of bioinformatics resources
and uses visualization tools to identify potential disease genes within a CNV. A two-tier access system per-
mits clinicians and clinical scientists to maintain confidential linked anonymous records of phenotypes and
CNVs for their patients that, with informed consent, can subsequently be shared with the wider clinical gen-
etics and research communities. Advances in next-generation sequencing technologies are making it prac-
tical and affordable to sequence the whole exome/genome of patients who display features suggestive of
a genetic disorder. This approach enables the identification of smaller intragenic mutations including
single-nucleotide variants that are not accessible even with high-resolution genomic array analysis. This art-
icle briefly summarizes the current status and achievements of the DECIPHER project and looks ahead to the
opportunities and challenges of jointly analysing structural and sequence variation in the human genome.

INTRODUCTION

etc. These techniques do not lend themselves to the identifica-
tion of smaller CNVs that involve only a few genes or just a
single gene. Genomic array analysis, on the other hand, is a

The accurate clinical diagnosis of genetic disorders requires
the assessment of a patient’s clinical features and their

family history supplemented by genetic testing in a diagnostic
laboratory. While phenotype assessment alone may often
provide clues to an underlying genetic problem, genetic data
are essential to make an accurate diagnosis. However, for
very rare disorders seen in isolation, establishing causality
remains a challenge. Traditional clinical genomic analysis
has relied upon cytogenetic techniques such as karyotype-
banding and fluorescence in situ hybridization (FISH). These
methods are useful for the detection of large, multi-megabase
CNVs in the genome of affected patients such as those that
result in Down’s syndrome (1), Prader—Willi syndrome (2)

powerful and accurate molecular cytogenetic diagnostic tool
to identify large and small CNVs. Rapid advances in the
genomic technology have seen the resolution of genomic
array analysis increase a 1000-fold, from 1 Mb to <1 kb, en-
abling the precise identification and mapping of CNVs on the
reference sequence of the human genome. Genomic micro-
array analysis using array-comparative genomic hybridization
(aCGH) or single-nucleotide polymorphism genotyping arrays
has been particularly useful in the identification and manage-
ment of patients with severe development delay, intellectual
disability and congenital structural anomalies (3—7). This
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has facilitated the identification of hitherto unknown chromo-
somal syndromes (8—11) and improved the clinical manage-
ment of patients with such disorders (12,13). With the
resolution of cytogenetic analysis methods approaching that
of molecular genetics, clinicians and laboratory scientists
can now employ methods ranging from FISH to aCGH to
genome sequencing to identify sequence and structural varia-
tions in patients displaying features suggestive of a genetic
disorder.

The biggest challenge arising from the clinical application
of genomic analysis remains one of being able to accurately
distinguish between causal (pathogenic) and non-causal
(often termed ‘benign’) variation. Highly penetrant variants
causing rare genetic diseases are, by definition, rare in the
population, whereas most variants observed within any human
genome are common in the population and therefore likely
to be benign. Thus, the advent of genome-wide maps of
CNVs that are common in different populations has proven
to be an effective strategy to filter out the large fraction of var-
iants that are too common to be plausibly causal. Large-scale
genome studies have identified the existence of a number of
insertions, deletions and duplications of varying lengths in
the normal human population (14—16). The Database of
Genomic Variation (14) currently contains over 179 000 pub-
lished, unique, copy-number variants (CNVs) spread over
several thousand loci. Initiatives such as the International
HapMap Project (17) and the 1000 Genomes Project (18) con-
tinue to enlarge our understanding of common genomic vari-
ation (allele frequency >1%) within populations of diverse
ancestries. Successful clinical interpretation of sequence and
structural variants shares similar requirements: weeding out
of common variants by using a good population variation re-
source and comparison with known pathogenic variants with
up-to-date functional annotations of the genome.

The ever reducing cost and speed of whole genome/exome
sequencing promises to make it practical for use in a clinical
setting for patients with genetic disorders (19), and next-
generation sequencing (NGS) is already being used in a re-
search context for the identification of novel Mendelian
disease genes (20—23). The proliferation of publicly available
genomic variation data including locus-specific databases
(LSDB) is also driving the development of tools for gene pri-
oritization and annotation of functional impact (see 24 for a
review of all available genome interpretation databases).
However, the accurate diagnosis of human genetic disorders
in a clinical setting requires the identification of other patients
that share the same/similar genomic variants and comparison
of their phenotypes. Few data collections correlating genotype
with phenotype in human genetic disorders exist.

The DECIPHER project (https://decipher.sanger.ac.uk) was
initiated in 2004 to address the need for international collabor-
ation in the reporting and cataloguing of genotype—phenotype
associations, with the aim of enabling the identification of
clusters of patients with developmental disorders sharing
similar phenotypes and genomic variants (25). Since its incep-
tion, DECIPHER has become a valuable international re-
source, and now contains variant and phenotype information
on over 17 000 patients from more than 200 contributing aca-
demic departments of clinical genetics in 30 countries. Each
centre maintains full control of its own confidential patient

data in DECIPHER until patient consent is given to allow
their linked-anonymized genomic and phenotypic data to be
shared (Fig. 1). Data are shared with other clinical DECIPHER
users for collaboration and comparison and with academic
researchers (in the form of anonymized bulk data under data
access agreements) to drive the development of interpretative
tools. The importance of a collaborative effort as in DECIPHER
can be garnered from the fact that the project has been instru-
mental in the identification of multiple new syndromes (11,26—28).
Other worldwide initiatives such as the International Standards
for Cytogenomic Arrays (ISCA) Consortium (29) and the Euro-
pean Cytogeneticists Association Register of Unbalanced
Chromosome Aberrations (ECARUCA) (30) also provide a
mechanism to upload and share patient cytogenetic data with
other members of the project.

Advances in the technology are blurring the boundaries
between classical cytogenetic techniques (FISH and aCGH)
and molecular genetics and providing methods for the analysis
and discovery of nucleotide-level changes in the genome that
result in disease, cancer or inherited and de novo disorders in
humans (20,31). There is a pressing need for the development
of tools and services that integrate data from both sequence
and structural variation to provide a complete understanding
of a patient genome as well as delineate causal genes based
on comparison of different variants (CNVs and deleterious
mutations) with similar functional impact in similar regions
of the genome. This new paradigm has critical implications
for services like DECIPHER (primarily designed for capturing
data from genomic array experiments) not only for data depos-
ition and analysis, but also for the identification, storage and
display of sequence variants alongside CNVs. In this review,
we describe the current functionality available in DECIPHER
and discuss the opportunities and challenges offered by
emerging NGS technologies. We discuss the future direction
of DECIPHER development, mindful of the ethical issues
surrounding the deposition of genomic data derived from
patients.

DECIPHER TODAY
The original aims of DECIPHER were to:

(i) provide a secure deposition interface to enable the
upload and storage of patient genomic data from micro-
array analysis with accompanying phenotypes before
linked-anonymized data sharing (following informed
consent);

(i1) identify genes involved in a specific microduplication,
microdeletion, inversion or translocation using coordi-
nates from human genome assemblies;

(iii) aid in the interpretation of uploaded data by comparison
of both genomic and phenotypic information from
consented patients already in DECIPHER, as well as
genome annotation resources;

(iv) encourage collaboration between clinicians and molecu-
lar cytogeneticists, both within and between centres, to
facilitate the identification of new syndromes and gene
function.
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Figure 1. DECIPHER provides participating clinical genetics centres secure and private area for depositing patient phenotypic and genotypic information. Pre-
liminary analysis and comparison of these data can be carried out against anonymized consented data to aid contact and collaboration with other clinicians with
patients with similar variation. Once patient consent for data release has been obtained, these anonymized data are supplemented with information from various
bioinformatics resources and shared with the larger DECIPHER community and within external genome browsers such as the Ensembl Genome Browser and the

UCSC Browser.

DECIPHER provides a simple, password-protected secure
interface for entering patient genomic and phenotype data,
which the clinician and clinical scientist can enter and
modify. DECIPHER uses restricted phenotype vocabulary
from the Baraitser-Winter Neurogenetics Database (BWDB)
(32) in order to ensure consistent and accurate representation
of patient phenotypes. Until explicit patient consent is granted
for sharing linked-anonymous data, all deposited studies are
only accessible to the depositing centre. Shared consented
data are made available to other DECIPHER members and
is also accessible without password protection via the
Ensembl and UCSC genome browsers. DECIPHER offers a
powerful search functionality that allow consented data to be
interrogated over many different types of query. Search
results are presented in an intuitive and sortable interface
that allows for quick visual comparison between different
patients (Fig. 2). For a summary of features in DECIPHER
including data content and visualization, see Table 1.

DECIPHER curated ‘syndrome’ pages provide a single point
of reference and links for a given syndrome. The syndrome
pages provide salient features including expert-reviewed clinic-
al synopsis, size and nature of deletion or duplication, a list of
genes contained with the aberration, literature references and
links to appropriate support groups. The syndrome pages can
also be used to query all consented patients in DECIPHER
who have similar affected regions (Fig. 3).

DECIPHER continues to play a critical role in the delinea-
tion and identification of new syndromes (11,26—28), as well

as providing crucial data for the analysis of known disorders
(33-37). By providing mechanisms to contact and collaborate
with other clinicians having patients with similar disorders,
DECIPHER facilitates knowledge exchange pertaining to
patient advice and long-term care.

DECIPHER collaborative framework

Collaboration and information sharing are the cornerstones of
scientific discovery, and DECIPHER provides an invaluable
tool for clinical geneticists, clinical laboratory scientists and
researchers to share and analyse their findings. The different
levels at which DECIPHER facilitates collaboration are:

(i) Peer-to-Peer: Registered members (people who also
deposit data to DECIPHER) have access to the contact
details of other members who have shared their data en-
abling direct contact for information and/or collaboration
resulting in joint findings in literature (38—41).

(il) External User to Peer: Unregistered users have anon-
ymized access to all consented patient data. DECIPHER
facilitates collaboration between these groups by acting
as an intermediary and forwarding all genuine requests
for information/collaboration to depositing clinicians.
On average, DECIPHER receives ~10 such contact
requests every month.

(iii) Anonymized Bulk Metadata: DECIPHER provides anon-
ymized consented data under a Data Access Agreement
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Figure 2. Search and analysis. (A) DECIPHER provides a simple search interface that supports many different types of queries (highlighted: search DECIPHER
by chromosomal position 17p11.2). (B) List of overlapping DECIPHER patients with additional detail and annotated syndromes found matching query. (C)
DECIPHER patient page showing variant detail (position, mean ratio, genes involved and inheritance), with external genome browser links (highlighted).
Also shown is a graphical comparison of patient CNV overlaid on other DECIPHER patients having an overlapping variant. (D) DECIPHER Gene Data: de-
scription for every gene affected by the CNV, additional data including Online Mendelian Inheritance in man (OMIM), OMIM Morbid, and Haploinsufficiency
Scores and external links to gene resources (highlighted). (E) DECIPHER Patient Overlap: other consented DECIPHER patients that have an overlapping CNV

with the query patient, common phenotypes are shown in bold.

to individuals seeking to undertake large-scale analysis.
These bulk data have been used to catalyse research into
improved interpretative tools, most notably in the predic-
tion of haploinsufficiency (42), mouse—human phenotype
association studies (33) and the characterization of copy-
number stable regions in the human genome (43).

LOOKING AHEAD
DECIPHER and other peer databases

At the research level, national and international initiatives are
underway to identify and catalogue the genomic basis of de-
velopmental disorders (deciphering developmental disorders,
DDD) (44), cancer (Cancer Genome Project) (45), Mendelian
diseases (Centres for Mendelian Genomics) (46), learning dis-
abilities (Genetics of Learning Disability, GOLD) (47), rare
genetic variants in health and disease (UK10K) to name a
few. Large-scale genome studies in the population like the
1000 Genomes Project (18) have provided a detailed map of
normal genetic variation in the population. Individual clini-
cians and laboratories are also generating a wealth of struc-
tural and sequence variation data on specific genetic

disorders that are deposited in a myriad of LSDB (48),
making data access or comparison difficult. Structural variants
are deposited with DECIPHER and other projects like ISCA
Consortium (29) and ECARUCA (30). The spread of patient
variant information across multiple (and sometimes protected)
collections not only poses a genuine problem in the overall re-
trieval, comparison and analysis, but also slows down the dis-
covery of new syndromes and disease-causing genes.

In order to provide a comprehensive resource for all forms
of human genetic variation, it is desirable for these initiatives
to work together and share data. This has traditionally been
difficult due to funding models, legislative hurdles, ethical
issues and specialization (49,50). Initiatives such as the
Human Variome Project (HVP) (51) seek to redress this im-
balance by setting up a public catalogue of curated variation
data for each gene with associated phenotypes by using stan-
dardized methods and standards for data sharing. It is not far
fetched to envisage a collaborative competitive environment,
where the underlying data are shared using an agreed mechan-
ism and format, but the different projects develop different
tools and services for interrogation of these data. This will
not only help to identify and weed out duplicate submissions
and enhance the quality of data, but also enforce data
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Table 1. DECIPHER Functionality

Registered
depositors

Data deposition Password-protected secure interface for
patient genotype and phenotype data

Comparison with all patient data in own
centre and all consented data in
DECIPHER

Patient ID, phenotype, location,
karyotype etc. search all patient data
in own centre and all consented data
in DECIPHER

Contact clinicians of consented patients
directly from within DECIPHER

Patient ID, phenotype, location,
karyotype etc. search all consented
patient data in DECIPHER

Location, size and nature of the
variation observed (deletion/
duplication)

Number of genes affected and any
inheritance information

Approved gene symbols and
description of the genes involved,
highlighting genes present in OMIM
and OMIM Morbid databases with
predicted haploinsufficiency scores
42)

Other patients that share variants in the
same region of the chromosome
shared phenotypes highlighted

Known syndromes that overlap with the
recorded variant

Colour-coded visualization of CNVs
for quick identification of the other
overlapping patient

Visualization of genes that are in the
affected region coloured by
haploinsufficiency scores

Interactive visualization of consented
CNV data in external genome
browsers (Ensembl and UCSC)

Syndrome views

Data analysis

Data retrieval

Collaboration

All Users Data retrieval

Data content and
visualization

uniformity in terms of phenotype ontologies and variant
descriptors. The collaborative competitive model is popular
in industry and has been shown to work successfully for scien-
tific consortia like the worldwide Protein Data Bank (wwPDB)
(52) and the Unified Protein Resource (UniProt) (53). DE-
CIPHER has led the way in defining an ethical and collabora-
tive framework for the sharing of human CNV data. In the
future, DECIPHER and similar initiatives such as HVP,
ISCA Consortium and others will need to pool their data
resources to provide an integrated view of human genotype—
phenotype correlations in genetic disorders.

DECIPHER: integrating CNV and sequence variation

The traditional approaches to identifying genetic disorders
caused by copy-number variation involve the use of techniques
such as G-banded karyotyping and FISH. These methods are
useful in the identification of relatively large-scale variations
in the genome ranging from ~5 Mb (G-banding) to between
2 Mb and 500 kb depending on the FISH method (54). The
increasing resolution of genomic array analysis now offers
resolutions sufficient for the identification of many microdele-
tion or microduplication events. However, monogenic disorders

R41

resulting from even smaller changes in dosage-sensitive genes
often fall below the detection threshold of detection by classical
molecular cytogenetic techniques. Massively parallel exome se-
quencing, combined with statistical filtering methodologies (55)
to exclude benign or unrelated variants, is a powerful technique
to identify very small causative mutations in a single gene, as
shown for Miller syndrome (56), Charcot—Marie—Tooth
disease (21) and Kabuki syndrome (57). With the falling costs
of whole genome and exome sequencing, it is not unrealistic
to assume that the coming years will see a huge increase in the
diagnosis and discovery of rare diseases and their causal genes
in individual patients and lead to improvements in personalized
medical care.

As the disciplines of cytogenetics, molecular genetics and
genomics gradually merge to provide a comprehensive view
of all forms of human genetic variation, services like DE-
CIPHER have an even more important role to play in provid-
ing an integrated phenotype-linked structural and sequence
variation analysis platform. Phenotype associations in se-
quence variation, as with statistical filtering against control
populations, are critical in the identification of pathogenic var-
iants (58,59). DECIPHER is already working on extending its
scope to provide a platform for accepting and displaying se-
quence variant data as well as using controlled phenotype
ontologies from the Human Phenotype Ontology (HPO)
project (60). With the availability of phenotype-linked se-
quence variation data, DECIPHER has the potential to give
access to genotype-driven and phenotype-driven interpretative
tools and resources ranging from differential diagnosis based
on phenotypes (Phenomizer) (60) and variant effect predictor
in Ensembl (61), to identifying affected protein families and
domains using Pfam (62) and InterPro (63) or interaction net-
works using IntAct (64). The inclusion of sequence variant
data in a project originally designed for storing and displaying
data from genomic microarray analysis poses significant chal-
lenges, not least in the scale and detail of the information, but
also in the meaningful visualization of relevant information in
a genomic context. Sequence variant display in DECIPHER is
currently being developed in partnership with the DDD project
(44) and is scheduled to be available by the end of 2012.

CONCLUSION

The field of medical genetics is poised at the cusp of a revolu-
tion. Exponential advances in sequencing technologies have
made it practical to carry out exome and/or whole genome se-
quencing of patients with rare disorders; however, the funda-
mental interpretative challenge encountered with novel or
extremely rare variants remains. The increasing availability of
data from large-scale genome studies of normal populations is
facilitating the discrimination between normal and pathogenic
variation. At the same time, improvements in aCGH technolo-
gies have made it possible to detect ever-smaller CNVs in the
human genome and narrow the gap between classical cytogen-
etics and molecular genetics.

DECIPHER continues to be an essential international re-
source for submitting and accessing phenotype-linked patient
copy-number variation data and plans to extend its scope and us-
ability by accepting sequence variation data. The incorporation
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microduplication of 17q21.3 had also been described (Kirchhoff 2007). Koolen (2008)
provides an overview of the dinical features of the syndrome by reviewing 22 individuals

with a 17g21.3 microdeletion and estimate a prevalence of ~1/16,000. Koolen (2012)
and Zollino {2012) recently showed that haploinsufficiency of the gene KANSLL, a
regulator of chromosome modification, is sufficient to cause the 17q21.31 microdeletion
syndrome.
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Origin of deletion: A 300-kb inversion that suppresses recombination between
ancestral H1 and H2 haplotypes encompasses the deletion. The orientation of LCRs
fanking the deleted sagment in inversion heterozygotes, or H2 homozygotes, Sponsors
this microdeletion by means of non-allelic homologous recombination (NAHR) and
Koolen (2008) showed that in the 5 cases examined, the parent originating the deltion
carried the common 900kb 17921.31 inversion polymorphism (H2 haplotype) p<10-5.
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Figure 3. Expert-reviewed syndrome resource in DECIPHER. (A) Karyotype view showing the location and nature of all DECIPHER syndromes. (B) DE-
CIPHER expert overview for 17q21.31 deletion syndrome (11) with associated citations and external links to support groups and additional sources of infor-
mation. (C) Detail for 22ql1 deletion syndrome (65) showing genes involved in the syndrome with associated haploinsufficiency scores and external links

to OMIM, OMIM Morbid and other data sources.

of sequence variation data in DECIPHER poses significant
technological, visualization and ethical challenges. Building
on the existing global network of members, DECIPHER is stra-
tegically positioned to integrate sequence variation data with
structural variation data and phenotype thus becoming an in-
valuable and essential service for clinical diagnosis and
genomic research.
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