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Abstract
Detection of deletions and duplications of whole exons (exon CNVs) is a key
requirement of genetic testing. Accurate detection of this variant type has
proved very challenging in targeted next-generation sequencing (NGS) data,
particularly if only a single exon is involved. Many different NGS exon CNV
calling methods have been developed over the last five years. Such methods
are usually evaluated using simulated and/or in-house data due to a lack of
publicly-available datasets with orthogonally generated results. This hinders
tool comparisons, transparency and reproducibility. To provide a community
resource for assessment of exon CNV calling methods in targeted NGS data,
we here present the ICR96 exon CNV validation series. The dataset includes
high-quality sequencing data from a targeted NGS assay (the TruSight Cancer
Panel) together with Multiplex Ligation-dependent Probe Amplification (MLPA)
results for 96 independent samples. 66 samples contain at least one validated
exon CNV and 30 samples have validated negative results for exon CNVs in 26
genes. The dataset includes 46 exon CNVs in  ,  ,  , , BRCA1 BRCA2 TP53  MLH1

,  ,  ,   or  , giving excellent representation of theMSH2 MSH6 PMS2 EPCAM PTEN
cancer predisposition genes most frequently tested in clinical practice.
Moreover, the validated exon CNVs include 25 single exon CNVs, the most
difficult type of exon CNV to detect. The FASTQ files for the ICR96 exon CNV
validation series can be accessed through the European-Genome phenome
Archive (EGA) under the accession number EGAS00001002428.
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Introduction
The use of targeted next-generation sequencing (NGS) in clinical  
genomics has increased the capacity, throughput and afford-
ability of gene testing1–3. Use of NGS data in the clinical setting 
requires comprehensive validation of methods. Ideally, this should  
include evaluation of the NGS test performance in samples with 
pre-determined positive and negative results to provide information 
on sensitivity, specificity and false detection rate.

Deletions and duplications of whole exons, termed ‘exon copy 
number variants’ or ‘exon CNVs’, are an important class of clini-
cally relevant gene mutations4. Accurate exon CNV detection has 
proved difficult in targeted NGS data, particularly if only a single 
exon is affected5. This has led many research and clinical laborato-
ries to either exclude exon CNV detection or to use separate meth-
ods for their detection, which can substantially increase the time 
and cost of tests.

Datasets are available for base substitutions and small insertions 
and deletions6,7 and for copy number variants6, but datasets with 
experimentally validated exon CNV data are not widely available. 
As a result, methods for detecting exon CNVs in NGS data are usu-
ally evaluated using simulated and/or in-house data. This hinders 
tool comparisons, transparency and reproducibility.

We recently released DECoN (www.icr.ac.uk/DECoN), a tool opti-
mised to detect exon CNVs in targeted NGS panels in the clinical 
setting8. During our validation of DECoN performance, we utilised 
samples with orthogonally generated exon CNV data. This proved 
extremely valuable in our evaluations and we believe such data will 
also be highly useful to others. We have therefore put together the 
ICR96 exon CNV validation series, which we present here. This 
was undertaken as part of the Transforming Genetic Medicine Ini-
tiative (TGMI, www.thetgmi.org), a Wellcome funded initiative 
which is developing frameworks and resources to facilitate genetic 
medicine.

The ICR96 exon CNV validation series includes data from 96 sam-
ples. Each sample has sequencing data generated using the TruSight 
Cancer Panel (TSCP) a gene-targeted NGS assay for analysis of 
cancer predisposition genes8–11 and Multiplex Ligation-dependent 
Probe Amplification (MLPA) data12. 66 samples contain at least one 
validated exon CNV, including 25 single exon CNVs and 30 sam-
ples have validated negative results for 26 genes. Of note, the series 
has excellent representation of the cancer predisposition genes most 
frequently tested in clinical practice with 46 exon CNVs in one of 
BRCA1, BRCA2, TP53, MLH1, MSH2, MSH6, PMS2, EPCAM or 
PTEN.

The ICR96 exon CNV validation series has been extremely helpful 
in our assessment of exon CNV detection tools, and the comprehen-
sive orthogonal data allows evaluation of sensitivity, specificity and 
false detection rate. We believe the ICR96 exon CNV validation 
series could serve as a benchmarking set, particularly for the many 
clinical and research laboratories now undertaking cancer predis-
position gene testing.

Materials and methods
The data included in this resource were generated from two types of 
studies. Firstly, through the BOCS, FACT and COG studies, which 
aimed to discover and characterise disease predisposition genes. 
All patients gave informed consent for use of their DNA in genetic 
research. The studies have been approved by the London Multicen-
tre Research Ethics Committee (MREC/01/2/18, MREC/01/2/044, 
05/MRE02/17 respectively). Secondly, the data included here was 
obtained through clinical testing by the TGLclinical laboratory, an 
ISO 15189 accredited genetic testing laboratory that we run. The 
consent given from patients tested through TGLclinical includes, 
as standard, consent for the use of samples for quality-control. It 
also provides the option of consenting to the use of samples/data in 
research; all patients whose data was included in the ICR96 series 
approved this option.

We generated high-quality targeted NGS data for the ICR96 exon 
CNV validation series using the TruSight Cancer Panel (TSCP) 
v2 which targets exons from 100 cancer predisposition genes  
(Supplementary File 1). We prepared targeted DNA libraries from 
50 ng genomic DNA using the TSCP and TruSight Rapid Capture 
kit (Illumina). We followed the manufacturer’s protocol, with the 
exception of library enrichment pool complexity, which we per-
formed in 48-plex. We sequenced a final 10 pM pooled library on 
a HiSeq 2500 platform set in Rapid-run mode following standard 
protocols: 96-plex pool per flow cell, HiSeq® Rapid SBS Kit v2, 
101 bp paired-end dual index run, and onboard clustering using 
HiSeq® Rapid PE Cluster Kit v2. CASAVA v1.8.1 (Illumina) was 
used to demultiplex and create FASTQ files per sample from the 
raw base call files.

All 96 samples also had independently generated exon CNV data 
available. Standard MLPA and/or MLPA by NGS was performed 
for one or more of the following 32 genes: APC, ATM, BAP1, 
BARD1, BMPR1A, BRCA1, BRCA2, BRIP1, CDH1, CDK4, 
CDKN2A, CHEK2, EPCAM (exon 9 only), FH, MLH1, MSH2, 
MSH6, MUTYH, NBN, NF1, NSD1, PALB2, PMS2 (excluding 
exons 12-15), PTEN, RAD51C, RAD51D, RB1, SDHB, SMAD4, 
STK11, TP53 and WT1 (Supplementary Table 1). The EZH2 exon 
1-20 deletion was identified by comparative genomic hybridisation 
(CGH) array and was also confirmed by fluorescent in situ hybridi-
sation (FISH). For simplicity, we included this one CGH result with 
the MLPA results.

We provide genomic coordinates in both build 37 and build 38 
for all results (Supplementary Table 1). The genomic coordinates 
are the most 5’ and most 3’ coordinates of the exons involved in 
the exon CNV, as determined by MLPA, according to the speci-
fied transcript. Of note, these are not the actual breakpoints; nei-
ther MLPA nor targeted NGS data can provide breakpoint sequence 
information for exon CNVs. We provide the MLPA results for all 
exon CNVs using the following notation “Exon X deletion/duplica-
tion” for single exon CNVs and “Exon X-Y deletion/duplication” 
for exon CNVs involving more than one exon, where X specifies 
the number of the first exon involved in the exon CNV with respect 
to the transcript, Y specifies the number of the last exon involved 
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in the exon CNV with respect to the transcript, and deletion or 
duplication is specified as appropriate. For all genes except BRCA1 
the numbering is consecutive from the first non-coding exon in the 
transcript. For BRCA1 we use the conventional clinical numbering 
system which does not include exon 4.

Dataset
The ICR96 exon CNV validation series includes samples  
from 96 individuals. 66 samples contain at least one validated  
exon CNV and 30 samples have validated negative results for  
exon CNVs in 26 genes (Supplementary Table 1). Two of the  
66 individuals had an exon CNV in two different genes, such  
that the dataset includes a total of 68 exon CNVs. This includes  
25 single exon CNVs, the most difficult type of exon CNV to 
detect.

The dataset can be used to evaluate the performance of any tool 
that aims to detect exon CNVs in NGS data. It has particular utility  

in validating cancer predisposition gene exon CNV detection. 
The dataset has excellent representation of the cancer predisposi-
tion genes most frequently tested in clinical practice. BRCA1 and 
BRCA2 are particularly well represented, with 15 BRCA1 exon 
CNVs and 10 BRCA2 exon CNVs, of which 11 and four respec-
tively, are single exon CNVs. The 25 BRCA1 and BRCA2 exon 
CNVs include 22 different mutations. We deliberately included, in 
the same pool, two separate samples with a BRCA1 exon 13 dupli-
cation. This small exon duplication is one of the most common 
BRCA1 mutations in the UK13 and hence we wanted to cover the 
clinical scenario of having two different individuals with this muta-
tion in the same sequencing run. To provide further representation 
of the cancer predisposition genes most frequently tested in clini-
cal practice, the dataset includes 21 exon CNVs in MLH1, MSH2, 
MSH6, PMS2, EPCAM, PTEN or TP53. Between the two pools, we 
ensured there was no difference in the representation of exon CNVs 
in any particular gene or in the proportion of samples without an 
exon CNV, to minimise potential batch effects (Table 1).

Table 1. MLPA results for each pool in the ICR96 exon 
CNV validation series.

Pool 1 Pool 2

Gene Number of exon CNVs

ATM 1 1

BRCA1 7 8

BRCA2 5 5

CHEK2 2 3

EPCAM 0 1

EZH2 0 1

FH 1 0

MLH1 1 0

MSH2 4 4

MSH6 1 1

NF1 1 0

NSD1 3 3

PALB2 1 0

PMS2 3 2

PTEN 0 1

RAD51C 0 1

RB1 1 0

SDHB 1 1

TP53 1 2

WT1 0 1

Total 33 35

Samples with no exon 
CNV

APC, ATM, BAP1, BARD1, 
BMPR1A, BRCA1, BRCA2, 

BRIP1, CDH1, CDK4, CDKN2A, 
CHEK2, EPCAM, MLH1, MSH2, 
MSH6, MUTYH, NBN, PALB2, 

PMS2, PTEN, RAD51C, RAD51D, 
SMAD4, STK11, TP53

15 15
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Data availability
We have deposited the FASTQ files for all 96 samples in the  
European Genome-phenome archive (EGA). The accession 
number is EGAS00001002428. Details of how to access the data is  
available at EGA or from www.icr.ac.uk/icr96.

Researchers and authors that use the ICR96 exon CNV validation 
series should reference this paper and should include the following 
acknowledgement: “This study makes use of the ICR96 exon CNV 
validation series data generated by Professor Nazneen Rahman’s 
team at The Institute of Cancer Research, London as part of the 
TGMI”.

Author contributions
N.R., S.M. and E.Ru. designed the experiment. S.M., E.Ra. and  
S.S. generated the TSCP data. S.M., E.Ru. S.S. and S.Y undertook  
data analyses. E.Ru. and A.E. undertook data management,  
S.S., H.W., A.R., E.Ra, S.M. and I.U. undertook sample manage-
ment and MLPA validations. E.Ru. and A.S. undertook the data 

and administrative management required for data to be accessible. 
S.M., E.Ru. and N.R. wrote the manuscript, with input from the 
other authors.

Competing interests
No competing interests were disclosed.

Grant information
The provision of this dataset was supported by funding from  
Wellcome Trust (200990/Z/16/Z) to the TGMI programme. 

The funders had no role in study design, data collection and analy-
sis, decision to publish, or preparation of the manuscript.

Acknowledgements
We are grateful to the TGLclinical team and the Rahman  
recruitment team, without whom the data would not have  
been available. We are grateful to MRC-Holland for providing 
the NGS-based MLPA data. We acknowledge support from the  
NIHR RM/ICR Specialist Biomedical Research Centre for  
Cancer.

Supplementary Material
Supplementary File 1. TSCP targeted BED file.

Targets of the Illumina TruSight Cancer Panel (TSCP) in BED file format.

Click here to access the data.

Supplementary Table 1. MLPA results for the ICR96 exon CNV validation series.

Column headings:

SampleID – sample ID in the ICR96 exon CNV validation series

ICR96Pool – pool in the ICR96 exon CNV validation series

Gene – HGNC symbol

MLPAResult – the exon CNV result in standard format for clinical reports if an exon CNV was detected, “Normal” = no exon CNV was 
detected

ResultType – “ExonCNV” = an exon CNV was detected, “Normal” = no exon CNV was detected

ExonCNVType – “Deletion” = exon CNV was a deletion, “Duplication” = exon CNV was a duplication, blank = no exon CNV was 
detected

ExonCNVSize – “Single” = exon CNV involving only one exon, “Multi” = exon CNV involving more than one exon, blank = no exon CNV 
was detected

Chromosome – chromosome

5PrimeExon37 – most 5’ genomic coordinate of most 5’ exon in GRCh37

3PrimeExon37 – most 3’ genomic coordinate of most 3’ exon in GRCh37

5PrimeExon38 – most 5’ genomic coordinate of most 5’ exon in GRCh38 converted from 5PrimeExon37 using LiftOver (https://genome.
ucsc.edu/cgi-bin/hgLiftOver)

3PrimeExon38 – most 3’ genomic coordinate of most 3’ exon in GRCh38 converted from 3PrimeExon37 using LiftOver (https://genome.
ucsc.edu/cgi-bin/hgLiftOver)

ENST65 – the ENST ID from Ensembl v65 used for annotation and genomic coordinates

Click here to access the data.

Page 5 of 9

Wellcome Open Research 2017, 2:35 Last updated: 16 JUN 2017

http://www.icr.ac.uk/icr96
https://wellcomeopenresearch.s3.amazonaws.com/supplementary/11689/685e972e-7457-4dbf-8a33-3b91ae4a8f29.txt
https://genome.ucsc.edu/cgi-bin/hgLiftOver
https://genome.ucsc.edu/cgi-bin/hgLiftOver
https://genome.ucsc.edu/cgi-bin/hgLiftOver
https://genome.ucsc.edu/cgi-bin/hgLiftOver
https://wellcomeopenresearch.s3.amazonaws.com/supplementary/11689/df3508d4-cf94-4264-8464-89a2d1ab18f7.txt


References

1.	 Rehm HL: Disease-targeted sequencing: a cornerstone in the clinic. Nat Rev 
Genet. 2013; 14(4): 295–300.  
PubMed Abstract | Publisher Full Text | Free Full Text 

2.	 Castéra L, Krieger S, Rousselin A, et al.: Next-generation sequencing for the 
diagnosis of hereditary breast and ovarian cancer using genomic capture 
targeting multiple candidate genes. Eur J Hum Genet. 2014; 22(11):  
1305–13.  
PubMed Abstract | Publisher Full Text | Free Full Text 

3.	 Pua CJ, Bhalshankar J, Miao K, et al.: Development of a Comprehensive 
Sequencing Assay for Inherited Cardiac Condition Genes. J Cardiovasc Transl 
Res. 2016; 9(1): 3–11.  
PubMed Abstract | Publisher Full Text | Free Full Text 

4.	 Smith MJ, Urquhart JE, Harkness EF, et al.: The Contribution of Whole Gene 
Deletions and Large Rearrangements to the Mutation Spectrum in Inherited 
Tumor Predisposing Syndromes. Hum Mutat. 2016; 37(3): 250–6.  
PubMed Abstract | Publisher Full Text 

5.	 de Ligt J, Boone PM, Pfundt R, et al.: Detection of clinically relevant copy 
number variants with whole-exome sequencing. Hum Mutat. 2013; 34(10): 1439–48.  
PubMed Abstract | Publisher Full Text 

6.	 Zook JM, Catoe D, McDaniel J, et al.: Extensive sequencing of seven human 
genomes to characterize benchmark reference materials. Sci Data. 2016; 3: 160025.  
PubMed Abstract | Publisher Full Text | Free Full Text 

7.	 Ruark E, Renwick A, Clarke M, et al.: The ICR142 NGS validation series: a 
resource for orthogonal assessment of NGS analysis [version 1; referees: 2 
approved]. F1000Res. 2016; 5: 386.  
PubMed Abstract | Publisher Full Text | Free Full Text 

8.	 Fowler A, Mahamdallie S, Ruark E, et al.: Accurate clinical detection of exon 
copy number variants in a targeted NGS panel using DECoN [version 1; 
referees: 2 approved]. Wellcome Open Res. 2016; 1: 20.  
PubMed Abstract | Publisher Full Text | Free Full Text 

9.	 George A, Riddell D, Seal S, et al.: Implementing rapid, robust, cost-effective, 
patient-centred, routine genetic testing in ovarian cancer patients. Sci Rep. 
2016; 6: 29506.  
PubMed Abstract | Publisher Full Text | Free Full Text 

10.	 Mannan AU, Singh J, Lakshmikeshava R, et al.: Detection of high frequency of 
mutations in a breast and/or ovarian cancer cohort: implications of embracing 
a multi-gene panel in molecular diagnosis in India. J Hum Genet. 2016; 61(6): 
515–22.  
PubMed Abstract | Publisher Full Text 

11.	 Feliubadaló L, Tonda R, Gausachs M, et al.: Benchmarking of Whole Exome 
Sequencing and Ad Hoc Designed Panels for Genetic Testing of Hereditary 
Cancer. Sci Rep. 2017; 7: 37984.  
PubMed Abstract | Publisher Full Text | Free Full Text 

12.	 Eijk-Van Os PG, Schouten JP: Multiplex Ligation-dependent Probe Amplification 
(MLPA®) for the detection of copy number variation in genomic sequences. 
Methods Mol Biol. 2011; 688: 97–126.  
PubMed Abstract | Publisher Full Text 

13.	 The BRCA1 Exon 13 Duplication Screening Group: The exon 13 duplication in 
the BRCA1 gene is a founder mutation present in geographically diverse 
populations. The BRCA1 Exon 13 Duplication Screening Group. Am J Hum 
Genet. 2000; 67(1): 207–12.  
PubMed Abstract | Publisher Full Text | Free Full Text 

Page 6 of 9

Wellcome Open Research 2017, 2:35 Last updated: 16 JUN 2017

http://www.ncbi.nlm.nih.gov/pubmed/23478348
http://dx.doi.org/10.1038/nrg3463
http://www.ncbi.nlm.nih.gov/pmc/articles/3786217
http://www.ncbi.nlm.nih.gov/pubmed/24549055
http://dx.doi.org/10.1038/ejhg.2014.16
http://www.ncbi.nlm.nih.gov/pmc/articles/4200427
http://www.ncbi.nlm.nih.gov/pubmed/26888179
http://dx.doi.org/10.1007/s12265-016-9673-5
http://www.ncbi.nlm.nih.gov/pmc/articles/4767849
http://www.ncbi.nlm.nih.gov/pubmed/26615784
http://dx.doi.org/10.1002/humu.22938
http://www.ncbi.nlm.nih.gov/pubmed/23893877
http://dx.doi.org/10.1002/humu.22387
http://www.ncbi.nlm.nih.gov/pubmed/27271295
http://dx.doi.org/10.1038/sdata.2016.25
http://www.ncbi.nlm.nih.gov/pmc/articles/4896128
http://www.ncbi.nlm.nih.gov/pubmed/27158454
http://dx.doi.org/10.12688/f1000research.8219.1
http://www.ncbi.nlm.nih.gov/pmc/articles/4857748
http://www.ncbi.nlm.nih.gov/pubmed/28459104
http://dx.doi.org/10.12688/wellcomeopenres.10069.1
http://www.ncbi.nlm.nih.gov/pmc/articles/5409526
http://www.ncbi.nlm.nih.gov/pubmed/27406733
http://dx.doi.org/10.1038/srep29506
http://www.ncbi.nlm.nih.gov/pmc/articles/4942815
http://www.ncbi.nlm.nih.gov/pubmed/26911350
http://dx.doi.org/10.1038/jhg.2016.4
http://www.ncbi.nlm.nih.gov/pubmed/28050010
http://dx.doi.org/10.1038/srep37984
http://www.ncbi.nlm.nih.gov/pmc/articles/5209723
http://www.ncbi.nlm.nih.gov/pubmed/20938835
http://dx.doi.org/10.1007/978-1-60761-947-5_8
http://www.ncbi.nlm.nih.gov/pubmed/10827109
http://dx.doi.org/10.1086/302974
http://www.ncbi.nlm.nih.gov/pmc/articles/1287079


 

Open Peer Review

  Current Referee Status:

Version 1

 13 June 2017Referee Report

doi:10.21956/wellcomeopenres.12629.r23043

  ,     Katharina Wimmer Gundula Povysil
 Division of Human Genetics, Innsbruck Medical University, Innsbruck, Austria
 Institute of Bioinformatics, Johannes Kepler University Linz, Linz, Austria

This manuscript describes a dataset consisting of massive paralleled sequencing data (FASTQ files) from
96 human DNA samples (ICR96 samples) which are enriched in samples (66/96) with MLPA validated
exon CNVs (especially single exon CNVs). The authors used this dataset to evaluate their recently
released method DECoN, a CNV detection tool for targeted NGS panel data and provide these data for
similar use to other laboratories.

We evaluated the usability of this dataset with our recently published method panelcn.MOPS. Our data
access was processed quickly without problems. Analysis of all 96 samples with panelcn.MOPS revealed
that the dataset is less homogenous than the data used in our study comparing panelcn.MOPS to five
different CNV detection tools. Compared to the dataset used in our study, more samples and regions of
the ICR96 samples were classified as low-quality and low correlation of read counts between test and
control samples was observed in many cases. Additional optimization of panelcn.MOPS to the provided
dataset was required, showing that any method needs to be adapted to the data to be analyzed.

Overall, the manuscript clearly describes a very useful dataset for the evaluation of CNV detection in
targeted NGS data.
 
Minor comments:

Although it is mentioned briefly in Materials and Methods, the origin of the two different pools should be
described again in the Dataset section.

Since both, GRCh37 and GRCh38, coordinates are provided in Supplementary Table 1, it should be
specified which coordinates are given in the BED file that is provided as Supplementary File 1.

For easier use in method evaluations, it would be helpful to include the exon number used in
Supplementary Table 1 also in Supplementary File 1 e.g. writing SDHB.E8.chr1.17345375.17345454 in
column 4 instead of SDHB.chr1.17345375.17345454.
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This paper describes a resource which is publicly available to laboratories wishing to validate protocols for
using NGS data to detect exon CNVs in a clinical setting.  The CNV validation series appears to be
soundly designed and internally validated against a dataset generated by MLPA of normal, single exon
and multi exon CNVs. The focus of the series is on the genes most commonly implicated in Mendelian
cancer predisposition syndromes with data generated using the TruSight Cancer Panel assay.  It is not
entirely clear how valid this dataset would be for assessing CNV detection tools for other targeted gene
panels or for data generated by other NGS chemistries and/or platforms.  Nevertheless, this paper
describes a useful quality and benchmarking resource for clinical laboratories offering testing for cancer
predisposition genes, particularly using the TruSight Cancer Panel assay.

Is the rationale for creating the dataset(s) clearly described?
Yes

Are the protocols appropriate and is the work technically sound?
Yes

Are sufficient details of methods and materials provided to allow replication by others?
Yes

Are the datasets clearly presented in a useable and accessible format?
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