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Abstract

Background: Since different types of genetic variants, from single nucleotide variants (SNVs) to large chromosomal
rearrangements, underlie intellectual disability, we evaluated the use of whole-genome sequencing (WGS) rather
than chromosomal microarray analysis (CMA) as a first-line genetic diagnostic test.

Methods: We analyzed three cohorts with short-read WGS: (i) a retrospective cohort with validated copy number
variants (CNVs) (cohort 1, n = 68), (ii) individuals referred for monogenic multi-gene panels (cohort 2, n = 156), and
(iii) 100 prospective, consecutive cases referred to our center for CMA (cohort 3). Bioinformatic tools developed
include FindSV, SVDB, Rhocall, Rhoviz, and vcf2cytosure.
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Results: First, we validated our structural variant (SV)-calling pipeline on cohort 1, consisting of three trisomies and
79 deletions and duplications with a median size of 850 kb (min 500 bp, max 155 Mb). All variants were detected.
Second, we utilized the same pipeline in cohort 2 and analyzed with monogenic WGS panels, increasing the
diagnostic yield to 8%. Next, cohort 3 was analyzed by both CMA and WGS. The WGS data was processed for large
(> 10 kb) SVs genome-wide and for exonic SVs and SNVs in a panel of 887 genes linked to intellectual disability as
well as genes matched to patient-specific Human Phenotype Ontology (HPO) phenotypes. This yielded a total of 25
pathogenic variants (SNVs or SVs), of which 12 were detected by CMA as well. We also applied short tandem repeat
(STR) expansion detection and discovered one pathologic expansion in ATXN7. Finally, a case of Prader-Willi
syndrome with uniparental disomy (UPD) was validated in the WGS data.
Important positional information was obtained in all cohorts. Remarkably, 7% of the analyzed cases harbored
complex structural variants, as exemplified by a ring chromosome and two duplications found to be an insertional
translocation and part of a cryptic unbalanced translocation, respectively.

Conclusion: The overall diagnostic rate of 27% was more than doubled compared to clinical microarray (12%).
Using WGS, we detected a wide range of SVs with high accuracy. Since the WGS data also allowed for analysis of
SNVs, UPD, and STRs, it represents a powerful comprehensive genetic test in a clinical diagnostic laboratory setting.

Keywords: Whole-genome sequencing, Intellectual disability, Monogenic disease, Copy number variation, Structural
variation, Single nucleotide variant, Uniparental disomy, Repeat expansion

Background
Up to 80% of rare diseases have a genetic background
[1], and in the last decade, our understanding of the
underlying genetic lesions has increased rapidly. Since
human genetic variation is abundant and diverse, ran-
ging from small variants affecting only one or a few base
pairs, i.e., single nucleotide variants (SNVs), small inser-
tions and deletions (INDELs) to large structural variants
(SVs) affecting thousands or millions of nucleotides [2–4],
diagnostic tests need to capture the full spectrum of vari-
ation. Technological advancements in high-throughput
sequencing (massively parallel sequencing, MPS) has
allowed for comprehensive sequencing of many individ-
uals from various populations [5–7] highlighting the vast
complexity and abundance of rare and common genetic
variation [8, 9].
In genetic diagnostics, the current toolbox includes a

great variety of cytogenetic and molecular methodologies.
Chromosomal microarray analysis (CMA), either com-
parative genomic hybridization (CGH) or SNP arrays, has
long been the first-tier test used to identify copy number
variants (CNVs) in individuals with intellectual disability
and neurodevelopmental disorders [10–12]. In recent
years, MPS-based assays have been increasingly used in
rare disease diagnostics, because of their high throughput
and cost effectiveness in screening multi-gene panels for
hereditary disorders [13]. Whole-exome sequencing
(WES) is more and more widely used in clinical labs as a
first-tier test, allowing detection of SNVs, INDELs, and
CNVs covering multiple exons (typically > 2) [14–16]. In a
recent meta-analysis, the diagnostic yield of WES in 3350
individuals with neurodevelopmental disorders was 36%,
ranging from 8 to 90%, with the higher yield obtained after

trio analysis of the affected individuals and both parents
[17]. Even though isolated WES or WES in combination
with CMA enables effective detection of both SNVs and
CNVs [18], some types of variants such as balanced
chromosomal rearrangements, small CNVs (< 2 exons),
and trinucleotide repeat expansion disorders will be
missed. Depending on the specific clinical presentation
and the preferences of the referring physician and the la-
boratory performing the test, other assays such as G-
banded karyotyping, fluorescence in situ hybridization
(FISH), FMR1 CGG repeat expansion analysis, PCR-based
single gene analysis, and whole-genome sequencing
(WGS) may then be performed [19].
Each individual method has intrinsic specific limita-

tions which may result in causal variants being missed
(e.g., mosaicism in probands) or misinterpreted (e.g.,
gene copy number gains consistent with triplications or
higher order gains can be challenging to distinguish
from duplications [20]), resulting in sub-optimal clinical
management and imprecise genetic counseling [21]. In
addition, the possibility of dual diagnosis due to multi-
locus variation [22] has been reported for up to 5% of
individuals with Mendelian diseases and can explain ap-
parent phenotypic expansion [23]. In research, WGS has
been used to detect a wide range of mutations, including
copy number variations [24–26] as well as balanced
chromosomal rearrangements such as translocations [27,
28], inversions [29], and short tandem repeats (STRs)
[30]. A few studies have performed CNV calling from
WGS in small cohorts, showing diagnostic rates of 15%
(10/79) [24], 33% (20/60) [31], and 14% (7/50) [32]. Al-
though WGS is the most comprehensive test currently
available for molecular diagnostics in clinical practice,
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the routine use of WGS largely remains limited to SNVs
and INDELs [33, 34]. This is because WGS-based SV de-
tection in a clinical setting remains challenging, partly
because of the low precision and sensitivity of the SV
callers and lack of normal variant databases, but also
due to the limited standardization and benchmarking of
the various pipelines [35].
In this study, we investigate the application of WGS as a

first-line test in intellectual disability and compare the
outcome with results from CMA. In aggregate, the results
highlight the ability to capture a broad range of genetic
variation including both large and small CNVs, SNVs, bal-
anced rearrangements, repeat expansions, and uniparental
disomy (UPD). In a prospective unselected cohort of 100
patients referred to our laboratory for CMA, the overall
diagnostic yield of WGS was 27% compared to 12% ob-
tained with our standard clinical CMA.

Methods
Study subjects
Clinical Genetics (Karolinska University Hospital,
Stockholm, Sweden) is a tertiary center where genome-
wide screening for CNVs by CMA is used as a first-line
test for individuals with suspected rare genetic disease,
neurodevelopmental disorders (NDD), and malformation
syndromes. For individuals with a high suspicion of a
monogenic disease, WGS (with in silico gene panel ana-
lysis) is performed as the first-line test. Overall, roughly
1000 CMAs and 500 WGS analyses are performed
annually. In this study, all included patients were ini-
tially referred for clinical diagnostic testing and, when
possible, parental analysis was performed to assess the
parental origin of identified variants. Three cohorts
were investigated:

Cohort 1, “The validation cohort”, consisted of 68
individuals harboring three trisomies and 79 CNVs
previously detected by CMA or multiplex ligation-
dependent probe amplification (MLPA).
Cohort 2, “The monogenic disease study cohort”,
consisted of 156 individuals referred for WGS due to a
clinical suspicion of monogenic disease within the areas
of neuromuscular disorders, connective tissue
disorders, unknown syndromes, skeletal dysplasias,
hereditary cancer, or other rare suspected Mendelian
conditions.
Cohort 3, “The prospective study cohort”, consisted of
the first 100 unselected individuals that were clinically
referred for CMA in 2017.

The clinical parameters of the three cohorts are sum-
marized in Table 1 and detailed information is given in
Additional file 1: Table S1. The local ethical board in
Stockholm, Sweden, approved the study (approval num-
bers KS 2012/222-31/3 and 2012/2106-31/4).

Chromosomal microarray analysis
Genomic DNA was isolated from whole blood using
standardized protocols and used for array comparative
genomic hybridization (array-CGH) analysis. A 4 × 180K
custom oligonucleotide microarray with whole-genome
coverage and a median probe spacing of approximately
18 kb was used (AMADID:031035, Oxford Gene Technol-
ogy, Begbroke, Oxfordshire, UK). This array design is used
as a routine diagnostic tool at the Department of Clinical
Genetics, Karolinska University Hospital, Stockholm,
Sweden. For sample RD_P409, a medical exome 1 × 1 M
Agilent oligonucleotide microarray was used (AMADID:
068073, Oxford Gene Technology, Begbroke, Oxfordshire,

Table 1 Clinical parameters of included cases

Clinical Cohort 1 (n = 68) Cohort 2 (n = 156) Cohort 3 (n = 100)

Gender (F/M) 44%/56% 44%/50%* 37%/63%

Main phenotype

NDD 21 (31%) 2 (1%) 40 (40%)

NDD+ 13 (19%) 0 38 (38%)

Syndrome 20 (29%) 53 (34%) 8 (8%)

Growth abnormality 5 (7%) 0 4 (4%)

Metabolic crisis 0 0 3 (3%)

Endocrine abnormality 2 (3%) 0 1 (1%)

Internal malformations 1 (1%) 0 2 (2%)

Neuromuscular abnormality 1 (1%) 32 (21%) 2 (2%)

CTD 0 28 (18%) 0

Hereditary cancer 3 (4%) 33 (21%) 0

Other** 2 (3%) 8 (5%) 2 (2%)

F female, M male, NDD neurodevelopmental disorder, NDD+ syndromic NDD, CTD connective tissue disorder. *6% no gender information (fetal sample or disorder
of sex development). **Epilepsy, disorder of sex development, eye disorder, immunological disorder, and skin disease
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UK). The medical exome 1 × 1 M array is an exon-
focused array used for targeted analysis of deletions/
duplications falling below the resolution of the 4 ×
180K standard microarray. The probes have been se-
lected to allow for single exon resolution in 4645
known disease-causing genes.
The control DNA used for the array-CGH experiment

consisted of a mix of sex-matched DNA from several
healthy individuals pooled together (Promega, Madison,
WI, USA). Sample labelling (CGH labelling kit for oligo
arrays, Enzo Life Sciences, Farmingdale, NY, USA),
hybridization, and slide washing (Oligo aCGH/ChIP-on-
Chip Wash Buffer Kit, Agilent Technologies, Wilmington,
DE, USA) were performed according to the manufac-
turers’ recommendations. Slides were scanned using the
Agilent Microarray Scanner (G2505C, Agilent technolo-
gies, USA) with 3 μm resolution. Raw data were normal-
ized using Feature Extraction Software v10.7.3.1 (Agilent
Technologies, Santa Clara, CA, USA), and log2 ratios were
calculated by dividing the normalized intensity in the sam-
ple by the mean intensity across the reference sample.
The log2 ratios were plotted and segmented by circular
binary segmentation in the CytoSure Interpret software
v4.10 (Oxford Gene Technology, Oxfordshire, UK). Oligo-
nucleotide probe positions were annotated according to
the human genome assembly hg19 [36]. For the 4×180K
microarray, three consecutive aberrant probes with a log2
ratio cutoff of − 0.65 for deletions and 0.35 for duplica-
tions were called, giving a practical lower resolution of
about 50 kb. The clinical relevance of all CNVs was classi-
fied into five categories; benign, likely benign, variant of
uncertain significance (VUS), likely pathogenic, and
pathogenic, according to the American College of Medical
Genetics and Genomics (ACMG) guidelines [37] and
based upon the size of aberration, gene content, inherit-
ance, and available information in medical literature and
different databases: the Database of Genomic Variants
(DGV) [38], the Database of Chromosomal Imbalance and
Phenotype in Humans using Ensembl Resources (DE-
CIPHER) [39], Online Mendelian Inheritance in Man
(OMIM) [40], and an in-house database with variants
from ~ 8000 analyzed cases.

Multiplex ligation-dependent probe amplification
Multiplex ligation-dependent probe amplification (MLPA)
analysis was performed using the available probe set for
selected assays (P090 (BRCA2), P256 (FLCN), P003
(MLH1), and ME028 (PWS) MRC-Holland, Amsterdam,
Netherlands). MLPA was carried out according to the
supplier’s recommendations, with the exception that the
PCR reactions were performed in a 25-μl reaction volume.
Amplification products were quantified by capillary elec-
trophoresis on an ABI3500xL Genetic Analyzer (Applied
Biosystems, Thermo Fisher Scientific, Waltham, MA,

USA) with accompanying software. The tracing data
was imported into and analyzed in GeneMarker soft-
ware v1.7 (SoftGenetics LLC, State College, PA, USA).
The normalized quotients for the different probes
were considered as a deletion when below 0.75 and a
duplication when above 1.3.

Genotyping
Genomic DNA from individual RD_P432 and her
mother were analyzed using 12 polymorphic microsatel-
lite markers located on chromosome 15 (D15S1035,
D15S128, D15S1513, D15S97, D15S1002, D15S165,
D15S1007, D15S123, D15S1024, D15S992, D15S1028,
and D15S978). Primers were pooled and amplified using
Type-it Microsatellite PCR Kit according to the manu-
facturer’s instructions (QIAGEN, Hilden, Germany).
PCR products were analyzed using 3500xL Genetic
Analyzer and GeneMapper v5 according to the manufac-
turer’s protocol (Applied Biosystems).

Short-read whole-genome sequencing
Genomic DNA from whole blood was sequenced using the
Illumina Hiseq X Ten platform, using a 30× PCR-free
paired-end WGS protocol. The patients of cohort 1 (n =
68) were sequenced at the National Genomics Infrastruc-
ture (NGI), Stockholm, Sweden [41], and the patients of co-
hort 2 (n = 156) and cohort 3 (n = 100) were sequenced at
Clinical Genomics, Stockholm, Sweden [42]. The resulting
WGS data was preprocessed according to the GATK best
practices for germline WGS data [43]. SVs were analyzed
using the FindSV pipeline [44], a pipeline combining
CNVnator V0.3.2 [45] and TIDDIT V2.0.0 [46]. The out-
puts of these callers (~ 27,000 SVs; Additional file 2: Figure
S1) are merged using SVDB [47], and the resulting variant
calling file (VCF) is annotated using variant effect predictor
(VEP) 87 [48]. Finally, the VCF is annotated and sorted
based on the allele frequencies in the Swedish structural
variant frequency database (SweFreq SVDB) [6, 49], as well
as an internal database (internal SVDB) consisting of ap-
proximately 400 individuals.
SNVs were called using MIP [34], a pipeline that com-

bines Samtools [50], FreeBayes [51], and the GATK
HaplotypeCaller [43] generating an average of 5,500,000
SNVs and INDELS (Additional file 2: Figure S2). Finally,
ExpansionHunter v2.5.5 [30] was applied to the Illumina
short-read whole-genome alignment files produced by
MIP v.6.0.0, assessing STRs in 17 genes (AR, ATN1,
ATXN1, ATXN10, ATXN2, ATXN3, ATXN7, C9ORF72,
CACNA1A, CBL, CSTB, DMPK, FMR1, FXN, HTT,
JPH3, and PPP2R2B).

Data analysis of WGS data in the prospective study
The WGS data was analyzed in three steps: (1) large
CNVs, (2) small CNVs and genomic rearrangements,
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and (3) SNVs, INDELS, and repeat expansions. A panel
of genes linked to intellectual disability (ID gene panel)
that consisted of 887 genes was generated based on the
information available at the time through the Genomics
England panel app [52] (Additional file 2: Document S1)
which was used for filtering small CNVs, SNVs, and
INDELS. In addition, for individuals with other clinical
symptoms, personalized gene panels were generated
based on the patient-specific Human Phenotype Ontol-
ogy (HPO) [53, 54] terms using the database available
through Charité [55] to link the HPO terms and genes.
For SV analysis (aforementioned steps 1 and 2), the

output data from FindSV was filtered based on variant
size (intergenic variants > 10 kb, and intragenic variants
> 2 kb), quality (minimum 6 read pairs (TIDDIT), mini-
mum 5 kb in size (CNVnator)), and allele frequency
(SweFreq SVDB < 0.5%, internal SVDB < 1%), and calls
located on the decoy contig were also filtered out.
Finally, a list of SVs with junctions located within the ID
or HPO gene list was generated without a size cutoff.
The number of SVs remaining after each filtering step
is available in the supplemental data (Additional file 2:
Figure S1).

Step 1: To visualize large CNVs, we used vcf2cytosure
[56] that converts a VCF with structural variations to
the “.CGH” format used by the CytoSure Interpret
Software by OGT. CytoSure is normally used in our
laboratory to interpret the clinical significance of CNVs
detected by CMA. By displaying the WGS data in a
familiar system where we have access to a large internal
database of previously assessed cases, variant
classification is facilitated (Additional file 2: Figure S3).
As described in the CMA section, detected CNVs were
classified into five categories according to the ACMG
guidelines [57].
Step 2: Selected SVs were visualized in a list view
enabling more detailed assessment of balanced/complex
genomic rearrangements. Indications of a genomic
rearrangement include (i) several SVs in the same
genomic region, (ii) discordant read pairs mapping
from a duplication/deletion boundary to another
chromosomal region, and (iii) several CNVs clustering
on the same chromosome. All such variants of interest
were then inspected in IGV, and the derivative
chromosomes were reconstructed by visual inspection
and breakpoint junction analysis [58].
Step 3: SNVs and INDELS were annotated using MIP
[34] and repeat expansions with ExpansionHunter [30].
Rare variants with a minor allele frequency (MAF) less
than 1% in Exome Aggregation Consortium (ExAC)
[8, 59] or in the Swedish variant frequency database
(SweFreq) [6, 60] and located within the ID or HPO
gene list were considered for further analysis. We

then used an internal scoring system that also takes
into account conservation and predicted severity of
the variant [34] that is available on GitHub [61].
The number of SNVs remaining after each filtering
step is available in the supplemental data (Additional file 2:
Figure S2). Finally, remaining variants were individually
assessed and classified according to ACMG guidelines [57]
into five classes; benign, likely benign, likely pathogenic,
pathogenic, and uncertain significance.

All SNVs and CNVs reported in this study have been
submitted to the ClinVar database [62].
Finally, in individual RD_P432, maternal uniparental di-

somy (UPD) for chromosome 15 was assessed in the
WGS data. In brief, this was done in two steps using in-
house developed bioinformatic tools. First, we searched
for regions of homozygosity on chromosome 15 using
rhocall [63] and then we made a run of homozygozity
(RoH) plot using the rhoviz tool from the same package.
In brief, this assesses zygosity ratios at all SNPs across an
entire chromosome (in this case chromosome 15). The zy-
gosity ratio is defined as the ratio of high-quality variants
in a local region supporting a heterozygous allele to the
total number of high-quality variants in that region.

Verification of variants identified by WGS
SNVs were verified with PCR and Sanger sequencing.
For the two deletions in MBD5 and C12orf65 identified
by WGS in individuals RD_P416 and RD_P417, respect-
ively, and the reciprocal translocation between chromo-
somes 4 and 7 (RD_P77) (Table 3), primers flanking the
breakpoints were designed approximately 500 base pairs
away from the estimated breakpoints. The same primers
were subsequently used for sequencing using the Sanger
method (primer sequences available upon request). The
PCR was performed using standard methods with Plat-
inum Taq DNA Polymerase (Invitrogen, Carlsbad, CA,
USA). Sequences were aligned using BLAT (UCSC Gen-
ome Browser) [64, 65] and visualized in the CodonCode
Aligner software (CodonCode Corp., Dedham, MA,
USA).
The ATXN7 STR identified in individual RD_P431 was

verified and the exact number of CAG copies determined
using PCR followed by fragment length analysis [66]. The
length of the PCR products was determined using capil-
lary electrophoresis on an ABI3500xL Genetic Analyzer
and the software Gene Mapper v5 (Applied Biosystems,
Thermo Fisher Scientific, Waltham, MA, USA).
Fluorescence in situ hybridization (FISH) was per-

formed using standardized protocols from peripheral
blood cultures from patient RD_P405, harboring a dupli-
cation on chromosome 3 where the WGS data suggested
that the duplication had been inserted on chromosome
13. Probes used were RP11-209H21-SG (green, chr3:159,
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243,721-159,420,409 (Hg19)) and RP11-203L15SO (red,
chr3:160,561,956-160,724,921 (Hg19)).
Chromosome analysis was performed on metaphases

from peripheral blood cultures from patients RD_P406
and RD_P414 according to standard protocols with sub-
sequent G-banding with an approximate resolution of
550 bands per haploid genome. A total of 12 metaphases
were analyzed.

Results
WGS reliably identifies deletions, duplications, and
aneuploidies and reveals additional clinically relevant
genetic information
To validate the SV calling pipeline, a total of 68 individuals
with three trisomies and 79 CNVs, previously detected by
CMA (65 individuals) or MLPA (three individuals), includ-
ing 54 deletions and 25 duplications, were subjected to
short-read WGS sequencing (Fig. 1, Table 2, Add-
itional file 1: Table S1) and analyzed with the FindSV pipe-
line that includes the two SV callers: CNVnator [45] and
TIDDIT [46]. All validation CNVs were detected in the
WGS data. The two callers performed slightly differently,
mainly depending on whether the CNV breakpoints were

located in repetitive regions (Table 2). The size distribu-
tion of the variants ranged from 500 bp (single exon
CNVs) to 155Mb (whole chromosome) (Fig. 1, Add-
itional file 1: Table S1).

Deletions
A total of 54 deletions were identified in cohort 1, includ-
ing seven recurrent (13%) and 47 non-recurrent (87%)
(Table 2). The size ranged between 5 kb and 47Mb (Fig. 1,
Additional file 1: Table S1). TIDDIT identified a total of
39 deletions (83%), all of which were non-recurrent while
CNVnator identified a total of 51 deletions (94%), includ-
ing all recurrent deletions (Table 2). The seven recurrent
deletions included four contiguous gene syndromes:
DiGeorge syndrome (22q11.21 deletion; MIM 188400),
Chromosome 1p36 deletion syndrome (MIM 607872),
Chromosome 16p11.2 deletion syndrome (MIM 611913),
and Prader-Willi syndrome (MIM 176270) due to a
15q11.2 deletion (Additional file 1: Table S1).

Duplications
A total of 23 unique duplications were identified in co-
hort 1, five of which were recurrent (22%) and 18 were

Fig. 1 Overview of CNVs and affected individuals included in the validation cohort. a Bar graph showing the size distribution of 79 validated
CNVs and three trisomies that were detected with WGS. Deletions are shown in purple, duplications in black, and trisomies in lilac. b Array
comparative genomic hybridization plot indicates a heterozygous deletion of 9.3 Mb in individual RD_P77. c Circos plot illustrating the WGS
results in the same individual. Discordant read pairs between chromosomes 4 and 7 are shown as gray lines, and the deletion is shown in red
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non-recurrent (78%) (Table 2). The size of the dupli-
cations ranged between 474 bp and 36.4 Mb (Fig. 1,
Additional file 1: Table S1). All five recurrent duplica-
tions were detected by CNVnator. The recurrent du-
plications included two contiguous gene syndromes,
the 22q11.21 duplication syndrome (MIM 608363; two
individuals) and the 16p11.2 duplication syndrome
(MIM 614671) (Additional file 1: Table S1). Two du-
plications were part of complex rearrangements and
are discussed below. Of the 16 unique simple duplica-
tions, 13 (81%) were found by TIDDIT, allowing for
determination of the positioning of the duplicated seg-
ments. It was found that all those duplications were in
tandem (Table 2, Additional file 1: Table S1).

Trisomies
Three of the individuals in cohort 1 harbored chromo-
somal aneuploidies, one case with a mosaic trisomy 9
(RD_P167), one with trisomy 21 (RD_P25), and one with
trisomy X (RD_P101) (Additional file 1: Table S1). In all
cases, the trisomy was detected by CNVnator and veri-
fied with the coverage track provided by TIDDIT [46,
67]. In individual RD_P167, the mosaicism level was es-
timated to be ~ 46% with CMA and karyotyping showed
it to be present in ~ 29% (15/51) of analyzed metaphases.
The WGS data confirmed the presence of a mosaic tri-
somy 9 present in ~ 46% of cells.

Complex rearrangements
Three rearrangements in the validation cohort were
known to be complex from the molecular cytogenetics
analysis: RD_P22 (DEL-NML-DEL), RD_P07 (DEL-NML-
DEL-NML-DUP), RD_P05 (DEL-DUP-DEL) (DEL; dele-
tion, NML; normal, DUP; duplication) (Additional file 1:
Table S1), and in an additional five individuals (5/68, 7%),
the WGS analysis identified unexpected complexities
compared to the original molecular cytogenetic results.
These five unexpectedly complex cases included two

DEL-INV-DEL rearrangements (RD_P54, RD_P26) and
two DUP-NML-DUP rearrangements (RD_P106, RD_
P105). The results from those eight cases have been re-
ported previously in an article focused on the detailed
characterization of clustered CNVs [68].
In addition, a 9.3-Mb de novo deletion on chromo-

some 4 turned out to be part of a reciprocal transloca-
tion between chromosomes 4 and 7 (RD_P77) (Fig. 1,
Additional file 1: Table S1). The reciprocal translocation
was confirmed with breakpoint junction PCR that con-
firmed the presence of both junctions. The breakpoint
junction analysis of the rearrangement (t(4;7)(q33;p21.3))
revealed non-templated insertions of 8 and 5 nucleotides
in both junctions and no microhomologies, consistent
with non-homologous end-joining (NHEJ), the most
prevalent formation mechanism underlying reciprocal
translocations [27, 69] (Additional file 2: Figure S4).

Implementation of WGS-SV calling in monogenic rare
diseases increases the diagnostic yield
Next, we explored the diagnostic yield of gene-focused SV
analysis in 156 patients referred for genetic investigation
due to a clinical suspicion of monogenic disease. At the
Karolinska University Hospital, we have since 2015 used
WGS in individuals with a clinical suspicion of monogenic
diseases to screen for SNVs and INDELs in multi-gene
panels created by in silico filtering of the WGS data. Here
we sought to implement SV calling focused on variants
within the patient-specific in silico panel. In this way, we
identified 12 clinically relevant SVs (8%): eight deletions,
two duplications, one inversion, and one complex re-
arrangement with two deletions and an inversion (DEL-
INV-DEL) (Table 3, Fig. 2) increasing the diagnostic yield.

A founder duplication in LAMA2 is the cause of
neuromuscular disease in two unrelated individuals
An identical homozygous duplication of exon 30 in
LAMA2 was found in two seemingly unrelated individuals

Table 2 Overview of the 80 validated CNVs detected by CMA and WGS in 68 patients

Type Found by TIDDIT Found by CNVnator Found by CMA

Deletions

Recurrent [7] 0 (0%) 7 (100%) 7 (100%)

Non-recurrent [47] 39 (83%) 44 (94%) 43 (91%)

Total [54] 39 (72%) 51 (94%) 50 (93%)

Duplications

Recurrent [5] 0 (0%) 5 (100%) 5 (100%)

Non-recurrent [18] 15 (83%) 16 (89%) 15 (83%)

Total [23] 15 (65%) 20 (87%) 21 (91%)

Trisomies

Total [3] 3 (100%) 3 (100%) 3 (100%)

CMA chromosomal microarray, WGS whole-genome sequencing
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of the same ethnic origin (RD_P394, RD_P395; Table 3)
with muscular dystrophy. The duplication was not found
in DGV, The Genome Aggregation Database (gnomAD)
[70], or the SweFreq SVDB databases. LAMA2 (located on

chromosome 6q22–23) consists of 65 exons and encodes
the protein merosin. The WGS data showed signals con-
sistent with a tandem duplication, which conceptually will
produce one normal copy of exon 30 followed by a

Fig. 2 A complex DEL-INV-DEL rearrangement identified by WGS causes severe epilepsy. a Screenshot of the deletions and inversion from
the Integrative Genomics Viewer (IGV) in individual RD_P393. Short-read whole-genome sequencing (WGS) detected two clustered deletions of
630 kb (SCN3A, SCN2A, CSRNP3, GALNT3) and 121 kb (SCN1A), respectively. The genomic segment of normal copy number state in-between the
deletions (139 kb, TTC21B) had been inverted. Both inversion breakpoint junctions are shown with the green and blue bars corresponding to
discordant reads with mates located on the other side of the inversion. b Screenshot of DEL-INV-DEL rearrangement confirmed by array
comparative genomic hybridization (array-CGH). Screenshot from the Cytosure Interpret Software. The deletions in the rearrangement were
confirmed using array-CGH. c Breakpoint junction sequences. Sequence analysis of the breakpoint junctions revealed insertions in both junctions
of 38 bp and 59 bp, respectively (pink). Substantial parts of the insertions had been templated from sequences involved in the rearrangement
(underlined), suggestive of a replicative error as the underlying mechanism of formation. L1 repetitive elements were present in two of the
breakpoints but did not form any fusion L1 elements. Lowercase letters indicate deleted sequences
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frameshift and a stop codon after 35 aberrant residues.
Immunohistochemical antibody staining of merosin in
muscle biopsies from both patients showed absence of the
protein, consistent with a loss-of-function mutation and
conforming to a diagnosis of autosomal recessive muscu-
lar dystrophy (MIM 607855) [71].

A heterozygous deletion on 2q27 causes dominant skeletal
dysplasia
In individual RD_P400 (Table 3), CMA and WGS ana-
lysis identified a maternally inherited 282-kb deletion on
chromosome 2q27 affecting three genes, the entire
COPS7B, NPPC, and exons 1–5 of DIS3L2. The patient
had disproportionate short stature, brachydactyly E, and
small hands and feet. Her phenotype is summarized in
Additional file 2: Document S2. Recently, two unrelated
families were reported with heterozygous missense vari-
ants in NPPC segregating with a short stature and small
hand phenotype, very similar to that of our patient and
her mother, have been described [72] (Additional file 2:
Document S2). Further, NPPC plays an important role in
endochondral ossification through regulation of chondro-
cyte proliferation and differentiation in the cartilaginous
growth plate [73]. It binds and stimulates the cGMP pro-
duction of the NPR2 receptor and is through that pathway
involved in the pathogenesis of relatively common skeletal
dysplasias such as achondroplasia (MIM 100800) and
acromesomelic dysplasia, Maroteaux type (MIM 602875).

A complex intrachromosomal rearrangement disrupting
three epilepsy genes
A DEL-INV-DEL rearrangement was identified by WGS
in individual RD_P393, a girl with developmental delay
and severe epilepsy. A detailed clinical description is
available in the supplemental information (Add-
itional file 2: Document S2). Due to a clinical suspicion
of monogenic disease, WGS was performed and filtered
for genes involved in inborn errors of metabolism as well
as epilepsy without identifying a causative genetic vari-
ant. The WGS data was then analyzed for structural var-
iants using the FindSV pipeline, and the results showed
a de novo complex rearrangement on chromosome
2q24.2 including two heterozygous deletions separated
by an inverted fragment. The two deletions were visible
by CMA and directly affected four genes (SCN1A,
SCN2A, SCN3A, and CSRNP3) (Fig. 2a, b, Table 4). The
proximal deletion was 628 kb, and the proximal break-
point disrupted intron 1 of SCN3A and the distal break-
point were located 28 kb upstream of GALNT3, with a
complete heterozygous loss of GALNT3, SCN2A, and
CSRNP3. The distal deletion was 121 kb, with the prox-
imal breakpoint 28 kb downstream of SCN1A and the
distal breakpoint in intron 1 of SCN1A. Finally, the 139
kb genomic segment located in-between the deletions

had been inverted resulting in a DEL-INV-DEL pattern
(Fig. 2). Analysis of the breakpoint junctions revealed
partially templated insertions of 38 bp and 59 bp, re-
spectively (Fig. 2c). The insertions did not originate from
the sequences in direct proximity of each junction, in-
stead parts of the insertion in junction 1 originated from
junction 2 sequences, and parts of the insertion in junc-
tion 2 originated from junction 1 sequences (Fig. 2c).
One breakpoint disrupted SCN1A in intron 1 and an-
other breakpoint disrupted SCN3A in intron 1, with no
surrounding repetitive sequences. The remaining two
breakpoints did not disrupt any protein coding genes
but were located in repetitive regions belonging to the
L1 family (L1MC4a and L1MA4). No L1 fusion elements
were created as a result of the rearrangement.
To summarize, this individual is a carrier of a struc-

tural variant that leads to loss of function in three dis-
tinct Mendelian epilepsy genes. Both deletions and
duplications, involving each of SCN1A, SCN2A, and
SCN3A, have been presented previously in cases with se-
vere epileptic encephalopathies and developmental delay
[74, 75]. In the case presented here, the deletions dis-
rupted SCN1A and SCN3A and resulted in a complete
loss of SCN2A (Fig. 2, Table 3, Table 4). The clinical
presentation is coherent with Dravet syndrome (MIM
607208), usually caused by mutations involving SCN1A;
however, the phenotypic variability in SCN1A mutation
carriers is wide [76]. In addition, mutations in SCN2A
also cause epileptic encephalopathy (MIM 613721) and
missense variants in SCN3A have been implicated in
focal epilepsy in children [77].

Prospective study of comprehensive WGS analysis in 100
cases referred for CMA
Finally, we performed a prospective pilot study where
the first 100 cases referred to the Department of Clinical
Genetics (Karolinska University Hospital, Stockholm,
Sweden) for CMA in 2017 were analyzed in parallel with
WGS. The obtained WGS data were processed for large
SVs (> 10 kb), for genome-wide and small SVs (> 2 kb),
and for SNVs and INDELs in 887 genes linked to intel-
lectual disability (Additional file 2: Document S1). For
individuals with additional clinical symptoms, custom in
silico gene panels were created using HPO terms and
data were processed for small SVs in the same way as
for the ID gene panel. Next, small (> 2 kb) intragenic
SVs were assessed in the both gene panels. Finally, we
applied the ExpansionHunter analysis pipeline [30] to
identify large expansions of STRs in 17 genes.

Detection of copy number variants
The CMA analysis identified, in 14 patients, a total of 15
CNVs that were classified as pathogenic (n = 10), likely
pathogenic (n = 3), and variants of uncertain significance
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(VUS) (n = 2) (Table 4). Six rearrangements were recur-
rent known microdeletion syndromes: 7q11.23 deletions
(RD_P407, RD_P408), 8p11.22 deletion (RD_P409),
15q13.2q13.3 deletion (RD_P412), 16p11.2 deletion
(RD_P413), and 22q11.21 deletion (RD_P415) while the
remainder were non-recurrent/private rearrangements.
All of these CNVs were also detected by WGS. In
addition, in individual RD_P417, the WGS-SV analysis
detected a 3.7-kb homozygous deletion of exon 2 in
C12orf65 confirming a diagnosis of autosomal recessive
spastic paraplegia 55 (SPG55) (MIM 615035) (Table 4).
This deletion was not called by CMA due to insufficient
probe coverage (no probes within the deleted regions).

Comparison of WGS-SVs to CNVs detected by CMA
After the array-CGH data was analyzed with standard
clinical setting (three consecutive aberrant probes; log2
ratio cutoff − 0.65 for deletions and 0.35 for duplica-
tions), a total of 2282 deletions and duplications were
called in the 100 patients in cohort 3 (Additional file 3:
Table S2). The median number of CNV calls was 22
(quantile (Q)1 18; Q3 26) with a median size of 51 kb
(Q1 24 kb; Q3 122 kb). The corresponding numbers
from WGS, after filtering for size (> 10 kb intergenic,
and > 2 kb intergenic) and frequency (< 0.5% AF in Swe-
Freq SVDB, < 1% in the internal SVDB), were a median
number of 28 (Q1 20; Q3 36) and the median size of 17

Fig. 3 Three cases with complex genomic rearrangements resolved by WGS. a A schematic drawing of the 4q25q35.2 unbalanced translocation
in individual RD_P406. The duplicated segment of 81 kb (green) is inserted into the p-arm of chromosome 2 directly before the telomeric
sequences. A 27-kb deletion on chromosome 2 (orange) is visible in the WGS data. The dashed line represents the links from chromosome 4 to
chromosome 2. To the right, the insertional duplication rearrangement is shown through karyotyping with the derivative chromosome 2
indicated by a red arrow. b A schematic drawing of the 3q25.32q26.1 insertional duplication in individual RD_P405 as in a. The duplicated
segment of 2.23 Mb is inserted into chromosome 13, and a genomic segment of 69.6 kb on chromosome 13, adjacent to the insertion, has been
inverted. To the right, FISH analysis using probes RP11-209H21SG (green) and RP11-203L15SO (red) located within the rearranged region on
chromosome 3. In addition to two signals from chr 3q25.32q26.1, an extra signal is present on chromosome 13 (white arrow) verifying the
location of the duplicated segment. c A schematic drawing of the r(18) present in individual RD_P414 as in a. To the right, the ring chromosome
is shown through karyotyping
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kb (Q1 6 kb; Q3 70 kb). Comparison of the output data
files show that the filtered WGS-SVs only overlap with
9.1% of the CMA calls (208/2282), and if we remove the
frequency filter, the overlap increases 34.8% (794/2282)
(Table S2). The CMA variants not detected by WGS
were smaller, median 38 kb (Q1 19kb, Q3 98kb), com-
pared to those also found with WGS, median 84 kb (Q1
41kb, Q3 154kb). In addition, the percentage of duplica-
tions among the CMA variants found by WGS was 52%
versus 75% among the variants not found by WGS.

WGS reveals the presence of derivative chromosomes and
solves their genomic structure
In case RD_P414, the investigations with CMA identified
two deletions on chromosome 18: 1.64Mb on the ter-
minal p-arm and 15Mb on the terminal q-arm. Follow-
up investigation with chromosome analysis showed that
the rearrangement was in fact a ring chromosome
present in 100% of the cells. In the same individual,
blinded WGS analysis was able to detect the two dele-
tions, characterize the rearrangement breakpoint

junctions, and fully resolve the derivative chromosome
structure (Fig. 3, Table 4, Additional file 2: Figure S4).
In two cases harboring duplications, the WGS analysis

not only detected the presence of a duplication but also
revealed that one duplication was part of a cryptic un-
balanced translocation and the other was an insertional
translocation. In individual RD_P406, an 81-Mb terminal
duplication (4q25qter) had been inserted onto the p-arm
of chromosome 2 directly before the telomeric se-
quences. WGS also uncovered a 27-kb deletion on
2p25.3pter not seen by CMA indicating that this was in
fact an unbalanced translocation between chromosome
4q and chromosome 2p (Fig. 3, Table 4, Additional file 2:
Figure S4). The breakpoint junction had a four-
nucleotide non-templated insertion in the junction, and
sequence microhomology was low.
In individual RD_P405, a 2.23-Mb duplication of

3q25.32q26.1 was inserted into chromosome 13 (13q31.1).
In addition, it was found that there were two breakpoints
on chromosome 13, the genomic segment of 69.6 kb be-
tween them had been inverted, and the duplication origin-
ating from 3q25.32q26.1 was inserted into the proximal

Fig. 4 A short tandem repeat expansion in ATXN7 is identified by WGS. a The pedigree and number of ATXN7 CAG repeats are illustrated under
each individual. b The PCR-amplified CAG-repeat data from the father shows one normal sized allele and one expanded allele (top
chromatogram). In the bottom chromatogram, the results from the affected child are shown. c Integrative Genomics Viewer (IGV) screenshot of
the data obtained from FindSV shows the first indication of an ATXN7 abnormality. The aberrant signal was initially interpreted by the program as
an insertion of sequence from chromosome 18 (right) into ATXN7 (left)

Lindstrand et al. Genome Medicine           (2019) 11:68 Page 15 of 23



breakpoint junction. This was only detected through
WGS (Fig. 3). A total of three breakpoint junctions were
identified in this patient, and the junctions showed little to
no microhomology, no insertions, and no deletions
(Table 4, Additional file 2: Figure S4).
Taken together, the breakpoint junctions from both

patients harboring insertional duplications revealed no
evidence for DNA replication errors, which has been the
proposed mechanism underlying the formation of dupli-
cations in several cases [68, 78, 79].
In summary, three out of 100 individuals (3%) with in-

tellectual disability referred for CMA carried derivative
chromosomes with additional complexities detected and
resolved by WGS.

Single nucleotide variation
The WGS data was next processed for SNVs and
INDELs in a panel of 887 genes (Additional file 2: Docu-
ment S1) as well as in custom panels created from HPO
terms matching the individual patients’ phenotypes. This
way, heterozygous SNVs implicated in autosomal dom-
inant disease were identified in six patients (6%), of
which five were classified as likely pathogenic and one as
pathogenic. Compound heterozygous or homozygous
SNVs implicated in autosomal recessive disease were
identified in seven patients (7%), of which one was

classified as VUS, three as likely pathogenic and three as
pathogenic. No X-linked variants were identified
(Table 4).

WGS diagnoses a lethal form of ataxia type 7 through a
repeat expansion in ATXN7
Next, we assessed the presence of STRs in 17 genes.
A likely pathogenic repeat expansion in ATXN7 was
identified in individual RD_P431 (Table 4). In brief,
this was the second child born to unrelated parents.
She was treated in the intensive care unit due to
hypotonia, cardiac failure, and metabolic acidosis and
died at the age of 10 months. The father had poor vi-
sion and balance problems but no molecular diagnosis.
The detailed clinical description is available in the sup-
plemental information (Additional file 2: Document
S2). WGS was performed and filtered for genes in-
volved in inborn errors of metabolism without identify-
ing a causative genetic variant. Upon reanalysis of this
case, no suspected pathogenic SNV, INDEL, or SV was
identified. However, both FindSV (TIDDIT) and Expan-
sionHunter indicated an aberrant signal from the
ATXN7 locus. The presence of a CAG STR was con-
firmed using PCR with fragment length analysis includ-
ing triplet primed PCR. The detected number of

Fig. 5 Prader-Willi syndrome caused by maternal isodisomy. Homozygosity for SNPs on chromosome 15 from WGS data in individual RD_P432.
The fraction of homozygous SNPs is shown on the Y axis and the position on chromosome 15 on the X axis. The position of SNRPN is indicated
with an arrow. Each gray dot represents the fraction of homozygous SNVs in 10 kb regions. The green line indicates the fraction of homozygous
SNV across the entire chromosome, and red lines indicate autozygous regions predicted by rhocall
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repeated CAG units was 233 in individual RD_P431
and 46 in the father confirming the diagnosis of Spino-
cerebellar ataxia 7 (SCA7) in both (MIM 164500)
(Fig. 4).

Maternal isodisomy is visible in the WGS data
Genomic DNA from individual RD_P432 (from cohort
3) was analyzed with methylation-specific MLPA that
showed a methylation pattern in the 15q11.2q13 re-
gion consistent with a diagnosis of Prader-Willi syn-
drome (MIM 176270). Genotyping of 10 polymorphic

markers located across chromosome 15 (from 22.9 to
49.3 Mb) in the patient and her mother suggested the
presence of chromosome 15 maternal uniparental di-
somy (UPD) for the region 22.9–33.7 Mb. We were
able to confirm this finding by assessing the B-allele
frequency of SNPs on chromosome 15 in the WGS
data. This analysis also confirmed that this was a case
of segmental isodisomy (Fig. 5, Table 4).
Excluding the variants classified as VUS, the diagnostic

yield in 100 unselected cases referred for CMA was 27%
compared to 12% with array only (Fig. 6).

Fig. 6 Genetic architecture of a mixed cohort referred for diagnostic analysis. Each slice of the pie chart represents one individual in the 100
prospective cases analyzed by both chromosomal microarray (CMA) and whole-genome sequencing (WGS) where a causal genetic variant was
identified. Type of variants is indicated by colors (UPD, red; repeat expansion, orange; homozygous deletion, light green; heterozygous deletion,
dark green; duplication, purple; compound heterozygous SNV, light blue; homozygous SNV, blue; heterozygous SNV, dark blue). Additional
complexity is indicated by a * and CNVs detected by WGS first with a ¤
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Discussion
Previous studies have suggested that short-read WGS
could be a first-level test in individuals with neurodeve-
lopmental delay and intellectual disability [80]. Here we
show that WGS with regular coverage (30×) indeed cap-
tures the complex genetic variation underlying rare dis-
eases in an unselected mixed cohort referred for genetic
testing. Altogether, we found that 27% of these individ-
uals harbored clinically relevant genetic variants that
could be detected by WGS. In addition, the WGS ana-
lysis provided clinically important information by resolv-
ing the structure of the derivative chromosomes and
revealing additional complexities.
Our data demonstrates that short-read WGS performs

well for CNV detection from small intragenic variants to
large chromosomal rearrangements. By applying mul-
tiple callers with complementary characteristics [45, 46],
we successfully detected all 92 known SVs in our three
cohorts as well as 11 previously undetected events. We
previously compared the performance of the SV callers
TIDDIT [46], Manta [81], CNVnator [45], DELLY [82],
Fermikit [83], and Lumpy [84] and found that TIDDIT
and CNVnator are complementary and offer high preci-
sion and sensitivity on large SV [46]. This was confirmed
by a recent evaluation of the performance of 69 SV de-
tection algorithms including TIDDIT and CMVnator
[85]. Therefore, we chose to combine the TIDDIT and
CNVnator callers, enabling the detection of a wide range
of variants while using a limited amount of computa-
tional resources. Overall, CNVnator [45] failed to detect
five aberrations: three deletions (RD_P62, RD_P63, RD_
P64) and two duplications (RD_P123, RD_P139) all
below 8 kb in size (Additional file 1: Table S1). This
highlights that the coverage analysis has limitations in
detecting such small CNVs. In contrast, TIDDIT [46]
successfully identified all those small CNVs but were un-
able to call the recurrent events (n = 16). This is ex-
plained by the mechanism underlying the formation of
those rearrangements, non-allelic homologous recom-
bination between repeat structures flanking the CNV.
Hence, the breakpoint junctions cluster in those repeats,
and since TIDDIT uses split reads and discordant pairs
to call an event, the read length (151 bp) and insert size
(~ 350 bp) of short-read WGS are not enough to bridge
the repetitive regions.
Of note, effective SV screening from WGS is highly

dependent on the availability of high-quality frequency
databases representing population background variation
(and sequencing artifacts) which are essential for the se-
lection of rare potentially disease-causing variants. We
filtered the data against our internal database of ~ 400
individuals as well as the SV database from the 1000
Swedish genomes [6] that were analyzed with the same
bioinformatic tools used here. After filtering for size (>

10 kb genome wide and > 2 kb in target genes) and fre-
quency (SweFreq SVDB < 0.5%, internal SVDB < 1%), we
ended up with a manageable number of SV calls (me-
dian 38, average 54; standard deviation 48) that were
moved forward to clinical interpretation. The standard
deviation could be explained by some individuals of
non-Swedish origin and sequencing quality.
The other main obstacle hampering the utility of WGS

for SV screening in routine clinical diagnostics is
visualization of the structural variants called by WGS. To
overcome this, we developed vcf2cytosure [56], a program
that converts VCF files with structural variations to the
“.CGH” format. The output files are subsequently
uploaded into the CytoSure Interpret Software, generally
used for visualization of array-CGH data at our clinic (ex-
amples of output data visualized in this way are shown in
the supplemental data; Additional file 2: Fig. S3). Through
this approach, we facilitated the clinical interpretation of
the WGS-SV data by non-bioinformaticians.
The 15 additional diagnoses provided by WGS com-

pared to CMA included one homozygous exonic deletion,
one STR, one UPD, and 12 SNVs (six heterozygous, four
homozygous, and two compound heterozygous) (Table 4).
In all cases, obtaining a diagnosis will have an immediate
impact by providing more accurate information to the 15
families, enabling both carrier detection and prenatal test-
ing. Embryo diagnostics will be possible for the nine cou-
ples with a high recurrence risk; seven with autosomal
recessive cause of disease and two with autosomal domin-
ant. In several cases, the molecular diagnosis leads to im-
proved patient care and management, such as the father
of RD_P431 with SCA7, and for others, the number of ne-
cessary hospital visits was decreased.
In aggregate, our data show that WGS has the po-

tential to be a single test for the detection of the
many different genetic variation types underlying rare
diseases. However, for each variant class (SVs, SNVs,
STRs, ROH, and mosaic events), it is important to
understand the limitations of the test. For the calling
of SNVs and INDELs, WGS has already shown high
sensitivity and specificity [86], but both SVs, STR,
and ROH analysis need to be further studied in larger
cohorts. Hence, due to a lack of data on sensitivity
and specificity of WGS for calling SVs, STRs, and
ROH, it is important to remember that a normal re-
sult is still hard to interpret and we suggest that all
such cases are clinically assessed and if necessary, of-
fered additional testing.
Our evaluation here of WGS-SV analysis in a clinical

setting has provided several important insights. First, the
detection of 107 disease-causing CNVs (Table 2, Table 3,
Table 4, Additional file 1: Table S1) illustrates that WGS
can be used to detect disease-causing CNVs of different
sizes and types. Second, comparing the WGS-SVs in
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cohort 3 to all the CNVs called by CMA in the same in-
dividuals, we find that the two methods not only pro-
duce different amounts of variants but also that only
one third of the polymorphic CNVs called by CMA are
present in the WGS files (Additional file 3: Table S2).
This is problematic, however, we cannot be entirely
sure as to which calls are true, since the WGS data is
compared to array-CGH data which is derived from
relative quantification. Furthermore, the CMA calls not
detected by WGS are smaller (median 38 kb vs 84 kb
for CNVs detected by WGS) and prone towards dupli-
cations (75% vs 52% in CNVs detected by WGS) sup-
porting the notion that these are indeed technical
artifacts in the CMA data.
The data presented here also illustrate that screening

for STRs and ROH using WGS is a feasible and fruitful
approach increasing the number of patients with a defin-
ite molecular diagnosis. We consider it clinically relevant
to perform these analyses in patients with unexplained
intellectual disability. Clinical labs already perform tar-
geted testing for the FMR1 repeat expansion (FRAX,
MIM 309548) and UPD 15 (Angelman syndrome, MIM
105830; Prader-Willi syndrome, MIM 176270) in such
cases. If this information is obtainable in the WGS data,
it should also be analyzed.
The mosaic trisomy 9 in individual RD_P167 show

similar levels of mosaicism by CMA and WGS, and
the discrepancy with FISH is likely a culture artifact.
The sensitivity of WGS to detect mosaicism still
needs to be further evaluated and will most likely de-
pend on the coverage, the caller(s) used, and the spe-
cific chromosome affected. Both size and quality of
the reference genome as well as GC content will most
likely influence the performance. In a previous publi-
cation, we assessed the detection rate of a simulated

trisomy X and show that it can be detected confi-
dently down to 10% with 30× WGS [67].
The diagnostic yield obtained here (27%) using

WGS as a first-tier diagnostic test should be com-
pared to previous studies obtaining over 30% diagnos-
tic yield after SNV analysis of WES data [17]. Since
WGS is free from the capture biases that may affect
WES and offers the possibility to detect more types
of variants (i.e., balanced chromosomal rearrange-
ments, small CNVs affecting single exons, repeat ex-
pansions, and deep splice variants), one might expect
a higher diagnostic yield. However, the diagnostic
yield of WES may range from 8 [87] to 60% [88], de-
pending on the selection criteria and whether
proband-only or familial WES was performed [15].
Here we studied a randomly selected cohort of 100
individuals referred for CMA to our center and we only
sequenced the probands. After this first screening analysis,
the negative cases with a high probability of a genetic
cause may be offered trio WGS analysis. In this way, we
expect the diagnostic yield to rise, mainly due to an in-
creased detection rate of de novo missense mutations in
known disease-causing genes but also due to a higher
power to detect variation in new undescribed disease-
causing genes as well as in non-exonic regions of estab-
lished genes.
As has been shown previously [29, 78, 89, 90], our

data confirms the notion that structural variants are
important contributors also to Mendelian diseases
(12/156, 7.7%). The LAMA2 duplication identified in
RD_P394 and RD_P395 may represent a founder mu-
tation. As we assess structural variation in more indi-
viduals, both healthy and clinically affected, the true
frequency of rare founder SVs will also be revealed.
This is important and needs to be taken into

Table 5 Complex rearrangements detected in the current study

Case Cohort Type Chromosome(s) Phenotype

RD_P22 Cohort 1 DEL-NML-DEL 5 NDD

RD_P54 Cohort 1 DEL-INV-DEL 17 NDD

RD_P07 Cohort 1 DEL-NML-DEL-NML-DUP 1 NDD+

RD_P05 Cohort 1 DEL-DUP-DEL 2 Internal malformations

RD_P26 Cohort 1 DEL-INV-DEL 21 NDD+

RD_P105 Cohort 1 DUP-NML-DUP 7 NDD

RD_P106 Cohort 1 DUP-NML-DUP 14 NDD

RD_P77 Cohort 1 DEL-T 4, 7 NDD+

RD_P393 Cohort 2 DEL-INV-DEL 2 Epilepsy

RD_P405 Cohort 3 DUP-INS 3, 13 Growth retardation

RD_P406 Cohort 3 DUP-INS 4, 2 NDD, microcephaly

RD_P414 Cohort 3 Ring chromosome 18 NDD

DEL deletion, NML normal, INV inversion, T translocation, INS insertion, NDD neurodevelopemental disorder, NDD+ syndromic NDD
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consideration as we transition to whole-genome diag-
nostic sequencing.
Several cases in the three studied cohorts harbored

known or unexpected complex structural variants. The
high accuracy of WGS allowed us to map the breakpoint
junctions with nucleotide resolution and study muta-
tional signatures. In the validation cohort, in addition to
eight cases of complex intrachromosomal rearrange-
ments that were reported previously [68], a 9.3-Mb de
novo deletion on chromosome 4 detected in individual
RD_P77 was in fact part of a reciprocal translocation be-
tween chromosomes 4 and 7 (Fig. 1; Additional file 1:
Table S1, Additional file 2: Document S2). The break-
point junction analysis revealed no microhomology and
non-templated insertions of random nucleotides, indica-
tive of NHEJ repair of double-strand breaks. The com-
plex 2q24.3 rearrangement involving three Mendelian
epilepsy genes identified in individual RD_P393 (Fig. 2,
Table 3) showed templated insertions in both breakpoint
junctions, causing two small segments of 11 bp and 13
bp each to be duplicated. The mutational signatures sug-
gest a replicative error as the mechanism of formation,
such as fork stalling and template switching (FoSTeS)
[91]. Finally, in the 100 individuals included in the pro-
spective cohort, one ring chromosome (RD_P414) one
unbalanced translocation (RD_P406), and one insertional
translocation (RD_P405) were resolved (Fig. 3). Each one
of the three cases is of a distinct type, and no conclusive
underlying mechanism was highlighted from the break-
point junction analysis.
The ability to outline structural rearrangement con-

nectivity pictures also adds support for the use of WGS
as a first-line test in intellectual disability. We have
shown previously that this information is important for
a proper interpretation of intragenic duplications [78]
as well as complex genomic rearrangements (CGRs)
[68]. CGRs were a common finding in all three cohorts
(8/68; 1/156; 3/100) highlighting that in cases with a
genetic disease caused by an SV, the probability of de-
tecting a complex rearrangement is substantial; 12/96
SVs were detected in all three cohorts (12.5%) (Table 2,
Table 3, Table 4, Table 5). In a cohort of 100 patients
with intellectual disabilities not previously studied by
any technique, WGS detected derivative chromosomes
accompanied by additional complexities in 3%. Even in
individuals with clinical symptoms not expected to be
caused by CNVs (such as the cases in cohort 2), the
probability is not negligible (0.6%). This type of infor-
mation would not be provided by most other technolo-
gies including CMA.
De novo CGRs, which may be seen as two or more de

novo CNVs in the genome, can be observed in ~ 2% of
patients with clinical indication to undergo array studies
[92] and are more common in some loci associated with

genomic disorders. In MECP2 duplication syndrome
(MIM 300260) at Xq28 [93, 94] and Pelizaeus-Merzbacher
disease (MIM 312080) due to increased PLP1 copy num-
ber at Xq22 [94–96], specific CGRs account for up to 30%
of the pathological SVs. In autosomal loci, those CGRs
represent a lower number of pathological SVs (< 20%)
[97, 98], although technical ascertainment may explain
lower detection. Even apparently “simple” non-recurrent re-
arrangements may actually consist of complex breakpoint
junctions formed by multiple insertions of short templated
segments (< 100 nucleotides), which was shown in 27 to
35% of simple CNV junctions in disease-associated loci as
well as polymorphic CNVs [99]. Moreover, inversions,
which cannot be detected by arrays, are associated with
CGRs in 84 [100] to 100% of the cases [94, 95, 99].

Conclusions
In conclusion, our data show that WGS robustly not
only captures SNVs but also performs well for the detec-
tion of disease-causing CNVs and has the potential to
detect STRs, ROH, and chromosomal rearrangements.
These findings demonstrate that WGS may be used as a
single test instead of performing two separate analyses
to detect SVs and SNVs, such as CMA followed by
WES, in addition to targeted analyses for specific repeat
expansions and UPDs. Even though further studies are
necessary to fully understand the limitations of WGS
and how to interpret a normal result, for clinics already
using clinical WGS for SNV analysis, the added value of
mining the data for additional types of disease-causing
mutations is high.
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