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Whole exome sequencing (WES) has made the identification of causative SNVs/InDels associ-

ated with rare Mendelian conditions increasingly accessible. Incorporation of softwares allow-

ing CNVs detection into the WES bioinformatics pipelines may increase the diagnostic yield.

However, no standard protocols for this analysis are so far available and CNVs in non-coding

regions are totally missed by WES, in spite of their possible role in the regulation of the flank-

ing genes expression. So, in a number of cases the diagnostic workflow contemplates an initial

investigation by genomic arrays followed, in the negative cases, by WES. The opposite work-

flow may also be applied, according to the familial segregation of the disease.

We show preliminary results for a diagnostic application of a single next generation sequencing

panel permitting the concurrent detection of LOH and variations in sequences and copy num-

ber. This approach allowed us to highlight compound heterozygosity for a CNV and a sequence

variant in a number of cases, the duplication of a non-coding region responsible for sex rever-

sal, and a whole-chromosome isodisomy causing reduction to homozygosity for a WFS1 vari-

ant. Moreover, the panel enabled us to detect deletions, duplications, and amplifications with

sensitivity comparable to that of the most widely used array-CGH platforms.
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1 | BACKGROUND

The identification of the causative DNA lesion is central to genomic

medicine, although in most cases it is complicated by genetic hetero-

geneity, variable expressivity, and incomplete penetrance. The emer-

ging literature on digenic inheritance1,2 makes further challenging the

identification of disease-causing genes and variants.

The expectations created by precision medicine and the immense

funding dedicated to it worldwide have made urgent to get the

molecular diagnosis in genetic diseases, in order to entertain the

more appropriate therapeutic strategy for the patient, and any possi-

ble prevention in relatives and fetuses at risk.

Since the last 10 years, genomic arrays have represented the

first-tier analysis in different clinical conditions, both sporadic and

familial,3–5 allowing to detect Copy Number Variations (CNVs) or,

when SNP-specific probes are included in the platform, also regions

of copy-neutral loss of heterozygosity (cnLOH). The latter may be

responsible for a clinical condition if the affected region contains

either imprinted genes or at least one disease-variant, heterozygous

in 1 parent and reduced to homozygosity.6,7

More recently, Next Generation Sequencing (NGS) technologies

have made increasingly accessible the identification of both single

nucleotide variants (SNVs) and small insertions/deletions (InDels),

largely overcoming the problem of genetic and phenotypic

heterogeneity.8

However, among the 141 000 genomic lesions reported in the

Human Gene Mutation Database (HGMD), 10% consists of the total or

partial deletion or duplication of the disease-associated genes.9 Moreo-

ver, the association of a CNV with a loss of function or hypomorphic

SNV in the other allele accounts for a proportion of autosomal-

recessive diseases.10,11 Although whole-genome sequencing (WGS) is

able to provide information regarding point mutations and structural

abnormalities, the cost and the objective difficulty in interpreting the

numerous variants impair its application on a routine basis.

In contrast, the easier handling of the whole exome sequencing

(WES) data made it part of the diagnostic routine in many genetics

laboratories. Incorporation of the CNVs detection in the WES bioin-

formatics pipelines is more and more common, although no standard

protocols are so far available, and the accuracy of the CNVs call is

influenced by several factors, including the panel design, the sequen-

cing technology, the reads length, and the local sequence

context.12–14 Obviously, CNVs in non-coding regions are totally

missed by WES, in spite of their possible role in the regulation of

flanking genes expression.15

Therefore, in a number of laboratories an initial investigation by

genomic arrays is followed, in the negative cases, by WES analysis or

sequencing of specific panels of genes fitting with the proband

phenotype.

Thus, achieving a molecular diagnosis often involves multiple dif-

ferent investigations that are planned case-by-case based on the

more probable hypothesis. The availability of a single test, able to

identify at the same time most of the molecular causes of the genetic

disorders, would be of great advantage, allowing to reduce the num-

ber of tests, the final cost, and the reporting time-frame.

We conducted a validation study on a cohort of cases with previ-

ously identified genomic alterations, which was re-analyzed by using

a commercial target-enrichment kit, allowing the concurrent detec-

tion of CNVs, SNVs/InDels and LOH events. In most of these cases,

several tests had been applied before to reach a diagnosis, whereas

by using this approach we would have been able to highlight the

molecular etiology of the disease by a single experiment.

2 | MATERIALS AND METHODS

2.1 | Clinical details and previous molecular
investigations

The details for the reported cases are summarized in Table 1. Cases

1, 11 and 12 were prenatally diagnosed because of ultrasound

abnormalities. Cases 3, 4-6, 11, 13, 15, and 17 have been previously

described.16–22 Relevant data are available at DECIPHER (https://

decipher.sanger.ac.uk/index, see Table 1).

2.1.1 | Case 1

A 41-year-old woman was referred to genetic investigations at

20 weeks of gestation because of ultrasound abnormalities including

hypoplastic cerebellar vermis and corpus callosum agenesis. Conven-

tional cytogenetics showed a rearranged chromosome 8p, further

characterized by array-CGH (105 K) as: arr[hg19] 8p23.3p23.1

(73 810-6 914 026)x1, 8p23.1p11.1(12 557 768-43 527 906)x3 dn

(Figure 1). A 4.2 Mb deletion of 18q, arr[hg19] 18q21.33q22.1

(60 572 379-64 745 957)x1 mat, was also highlighted (not shown).

2.1.2 | Case 2

The patient, a 2-year-old male, was suspected to be affected by the

William-Beuren syndrome (MIM: #194050) because of supravalvular

aortic stenosis, mild psychomotor delay, periorbital fullness and

friendly behavior. Array-CGH (180 K) showed a 7q11.23 de novo

deletion: arr[hg19] 7q11.23(72 726 578-74 139 331)x1 dn (not

shown).

2.1.3 | Case 7

The newborn male was born spontaneously at 36 + 4 weeks of ges-

tation (Apgar 8/10 and 8/50). Birth weight and length were 3330 g

(25-50� centile) and 49.5 cm (25� centile), respectively and head cir-

cumference was 34.5 cm (50� centile). Bilateral arthrogryposis, invol-

ving both knees and elbows, and right cryptorchidism were noticed.

Kidney and brain echography were normal, whereas echocardiogra-

phy showed patent foramen ovale.

Two angiomas were noticed, a frontal one extended up to the

eyelids, and a nuchal one. Karyotype analysis on peripheral blood

lymphocytes, showed the presence in all the metaphases of a SMC

(supernumerary marker chromosome) that was classified, after array-

CGH (180 K, Figure 1) and FISH analyses, as a neocentric inv dup(17)

(p13.3): 47,XY,+mar.arr[hg19] 17p13.3(51 885-1 879 066)x4 dn. As

the average log2ratio the amplified region was 0.83, we could not rule

out that the marker was present in mosaic in the patient blood, at

least in 80% of the cells.
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TABLE 1 Details and molecular defects of the reported cases

id Clinical condition
Known molecular defect and

size of the CNVa
OneSeq analysis results and

size of the CNV
Identified
by Oneseq Ref

Case
1

Fetus with hypoplastic
cerebellar vermis and corpus
callosum agenesis

arr[hg19] 8p23.3p23.1(73 810-
6 914 026)x1,8p23.1p11.1
(12 557 768-43 527 906)x3
dn,18q21.33q22.1
(60 572 379-64 745 957)x1
mat; size: >30; 4.1 Mb

8p23.3p23.1(12 630-
7 220 339)x1, 8p23.1p11.1
(12 171 110-43 756 290)x3,
18q21.33q22.1(60 593 880-
64 776 663)x1; size: >30;
4.1 Mb

Y

Case
2

Williams-Beuren syndrome
[MIM #194050]

arr[hg19] 7q11.23(72 726 578-
74 139 331)x1 dn; size:
1.4 Mb

7q11.23(72 707 404-
74 138 389)x1; size: 1.4 Mb

Y

Case
3

46,XX DSD, SRY negative, with
ambiguous genitalia and
ovotestis

arr[hg19] 17q24.3(69 404 081-
69 872 909)x3 pat; size:
470 kb

17q24.3(69 433 066-
69 877 499)x3; size: 440 kb

Y Case 2 in Ref. 16;
DECIPHER id:
293615

Case
4

Familial adenomatous polyposis
[MIM #175100]

arr[hg19] 5q22.2(112 038 759-
112 296 071)x1, 19q13.42
(53 966 153-54 405 781)x3;
size: 260 and 440 kb

5q22.2(112 041 577-
112 252 150)x1, 19q13.42
(53 932 628-54 406 554)x3;
size: 211 and 470 kb

Y Case 6 in Ref. 17;
DECIPHER id:
337180

Case
5

Familial adenomatous polyposis
[MIM #175100]

arr[hg19] 5q22.2(112 174 106-
112 197 427)x1; size: 23 kb

5q22.2(1 271 792-1 202 336)
x1; size: 30 kb

Yb Case 4 in Ref. 17;
DECIPHER id:
340989

Case
6

Carney complex [MIM
#160980] and SMC
constituted by 2 extra copies
of 1p31.1 (amplification)

arr[hg19] 1p31.1(83 288 652-
84 890 437)x4 dn; size:
1.6 Mb

1p31.1(83 279 478-
84 917 765)x4; size: 1.6 Mb

Y Ref. 18; DECIPHER
id: 340991

Case
7

Facial dysmorphism,
arthrogryposis,
cryptorchidism, karyotype:
47,XY,+mar

arr[hg19] 17p13.3(51 885-
1 879 066)x4 dn; size:
1.8 Mb

17p13.3(449-1 880 205)x4;
size: 1.8 Mb

Y DECIPHER id:
340992

Case
8

Intellectual disability,
karyotype: 46,XX,del(2)/46,
XX,der(2)t(2,14)

arr[hg19] 2q37.3(241 591 565-
243 087 697)
x1,14q24.3q32.33
(78 504 178-107 287 446)
x2-3 dn; size: 1.5 and
28.7 Mb

2q37.3(241 558 491-
243 016 443)x1,
14q24.3q32.33(78 566 512-
106 950 884)x2 ~ 3; size:
1.5 and 28.3 Mb

Y

Case
9

46,XX[15]/47,XX,+22[31] arr[hg19] (22)x2�3; size:
>30 Mb

22q11.1q13.33(17 253 851-
51 176 309) x2-3; size:
>30 Mb

Y

Case
10

46,X,idic(Y)(q11.22)[31]/45,X
[6]

arr[hg19] Xp22.33 or Yp11.32
(61 091-2 689 364 or
11 091-245 925)
x2 ≈ 3,Yp11.31q11.22
(2 650 450-19 511 623)
x2 ≈ 3,Yq11.22(19 538 856-
59 335 869)x0; size: 16.9
and >39 Mb

Yp11.31q11.22(2 650 695-19
566 048)x2-3, Yq11.22 (20
808 947-58 986 878)x0;
size: 16.9 and >39 Mb

Y

Case
11

Fetus with abnormal
ultrasound and suspected
TAR syndrome [MIM
#274000]

arr[hg19] 1q21.1(145 413 388-
145 747 269)x1, size:
330 kb, and NM_005105.4:
c.-21G>A

1q21.1(145 382 958-
145 829 536)x1, size:
450 kb, NM_005105.4
(RBM8A):c.-21G>A**

Y Ref. 19

Case
12

Fetus with abnormal
ultrasound and suspected
TAR syndrome [MIM
#274000]

arr[hg19] 1q21.q(145 382 387-
145 833 025)x1, size:
450 kb, and NM_005105.4:
c.-21G>A

1q21.1(145 378 288-
145 829 536)x1, size:
450 kb, NM_005105.4
(RBM8A):c.-21G>A**

Y DECIPHER id:
340424

Case
13

Bartter syndrome, type 3 [MIM
#607364]

arr[hg19] 1p36.13(16 364 253-
16 387 572)x1, size: 23 kb,
and NM_000085.3:
c.1101G>A (p.T367*)

1p36.13(16 370 886-
16 383 605)x1, size: 13 kb,
NM_000085.3(CLCNKB):
c.1101G>A (p.T367*)

Y 5BE99 in Ref. 20

Case
14

Bartter syndrome, type 3 [MIM
#607364]

NM_004070.3(CLCNKA):c.(576
+1_577-1)_(2016+1_2017-1)
del; NM_000085.3
(CLCNKB):c.(?_-136)_(576
+1_577-1)del; c.446T>A(p.
Val149Glu)

1p36.13(16 354 404-
16 375 449)x1, size: 21 kb,

NM_000085.3(CLCNKB):
c.446T>A(p.Val149Glu)

Y DECIPHER id:
341010

Case
15

Cystic Fibrosis [MIM #219700] arr[hg19] 7q31.2(117 176 613-
117 243 758)x3, size: 67 kb,
and NM_000492.3(CFTR):
c.1521_1523delCTT

7q31.2(117 176 471-
117 246 978)x3, size: 70 kb,
NM_000492.3(CFTR):
c.1521_1523delCTT

Y Ref. 21

(Continued )
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2.1.4 | Case 8

This 5-year-old female patient was referred because of intellectual

disability. Conventional cytogenetics on peripheral blood lymphocytes

revealed a de novo unbalanced translocation with a derivative chro-

mosome 2 having a portion of chromosome 14q attached to its distal

long arm: der(2)t(2;14)(q27;q24.3). FISH analysis with a 2q subtelo-

meric probe (Vysis, Abbott, Abbott Park, Illinois) showed a mosaic

condition with a simple 2q terminal deletion in 70 metaphases and a

2q deletion in a derivative chromosome der(2)t(2,14) in 50 meta-

phases. Array-CGH (180 K) showed the presence of a homogeneous

2q distal deletion whereas the 14q24.3-qter region was characterized

by a log2 ratio of +0.44, suggestive of a mosaic duplication involving

about 70% of the DNA from blood: arr[hg19] 2q37.3(241 591 565-

243 087 697)x1,14q24.3q32.33(78 504 178-107 287 446)x2-3

(Figure S1, Supporting information).

2.1.5 | Case 9

The patient was ascertained at the age of 12 years because of severe

scoliosis. Her growth parameters have always been below the third

centile, and facial and body asymmetry with right hemibody hyperpla-

sia were evident. She showed facial dysmorphisms, renal fusion with

discoid kidney and ostium secundum atrial septal defect, surgically

treated at 7 years of age. She also showed hyper- and hypo-

pigmented skin lines.

Cytogenetic investigations were performed on both peripheral

blood lymphocytes and cultured skin fibroblasts. The blood karyotype

resulted to be 46,XX, whereas a trisomy 22 was found in two-third

of the fibroblast metaphases: 46,XX[15]/47,XX + 22[31]. Array-CGH

(180 K) from skin fibroblasts showed the trisomy 22 with an average

log2 ratio of +0.48 (Figure S1).

2.1.6 | Case 10

A 7-year-old boy was referred to our unit to re-examine a rearrange-

ment detected at prenatal cytogenetic investigations. He presented

with normal auxological parameters but a mild language delay requir-

ing the support of a speech therapist.

Fetal karyotype was 46,X,idic(Y)(q11.2).ish idic(Y)(q11)(DYZ3+

+,SRY++)[18]/45,X[4]/46,X,r(Y).ish r(Y). Conventional and molecular

cytogenetics (array-CGH 180 K, Figure S1) on peripheral blood

resulted: 46,X,idic(Y)(q11.2)[31]/45,X[6].arr[hg 19] Yp11.32q11.221

(11 091-19 511 263)x1 � 2,Yq11.222q12(19 538 856-59 335

869)x0.

2.1.7 | Case 12

A 24-year-old female, presented at 15 weeks of pregnancy because

of fetal phocomelia of the upper limbs, IUGR, bilateral clubfoot, hypo-

plastic nasal bone. The couple opted for a voluntary termination of

pregnancy.

Conventional cytogenetics on amniocytes showed a 46,XY kary-

otype. In the suspect of Roberts syndrome [MIM: #268300] the

ESCO2 gene was analyzed by Sanger sequencing showing normal

results. Array-CGH analysis (Cytochip 4 × 180 K BluGnome, Cam-

bridge, UK) highlighted a ≈ 450 Kb de novo deletion of chromosome

1q21.1 including RBM8A: arr[hg19] 1q21.q(145 382 386-

145 833 024)x1 (Figure 2), thus suggesting a diagnosis of TAR syn-

drome [MIM: #274000].

2.1.8 | Case 13

The patient [5BE99 in Ref. 20] was a 6-month-old girl, presenting

with growth retardation, poor appetite, polyuria, and vomit. Blood

and urine analysis suggested a salt waste and kidney lithiasis, con-

firmed by echography. A tentative diagnosis of Bartter syndrome was

performed and genetic investigations identified compound heterozy-

gosity for a CLCNKB c.1101G>A missense mutation and 1p36 dele-

tion of approximately 23 kb removing the entire gene. The latter was

detected by MLPA and further characterized by array-CGH (244 K):

arr[hg19] 1p36.13(16 364 253-16 387 572)x1 (Figure 3).

2.1.9 | Case 14

The patient was born at 37 weeks of gestation from a pregnancy

characterized by polyhydramnios. Immediately after birth, he received

endotracheal intubation, manual ventilation and oxygen therapy with

recovery of the general conditions. He presented with short stature,

axial hypotonia, vomiting and polyuria. Kidney echography was

normal.

A tentative diagnosis of Bartter syndrome was made. Genetic

analysis identified compound heterozygosity for a missense

c.446T>A mutation in CLCNKB and a deletion encompassing CLCNKA

exons 7 to 19 and CLCNKB exons 1 to 6 [NM_004070.3:c.(576

+1_577−1)_(2016 + 1_2017−1)del; NM_000085.3:c.(?_-136)_(576

+1_577−1)del], the latter detected by using MLPA.

2.1.10 | Case 16

This child, born from consanguineous parents, was referred because

of retinitis pigmentosa (RP, MIM: #268000) at the age of 4 years.

TABLE 1 Continued

id Clinical condition
Known molecular defect and

size of the CNVa
OneSeq analysis results and

size of the CNV
Identified
by Oneseq Ref

Case
16

Retinitis Pigmentosa [MIM:
#268000]

arr[hg19] 1q31.33
(197 434 389-197 455 060)
x0 pat mat, size: 21 kb

1q31.33(197 420 690-
197 458 350)x0, size: 38 kb

Yb DECIPHER id:
341013

Case
17

Wolfram syndrome [MIM
#222300]

NM_001145853.1:
c.1348_1350delinsTAG (p.
His450*)

c.1348_1350delinsTAG (p.
His450*) and chr4:49 792-
190 862 155 LOH

Y Ref. 22

Ref, Reference for the cases previously described
a For array-CGH results the defect is reported according to the ISCN nomenclature.
b The aberration was not detected by using standard parameters, but identified by a dedicated analysis.
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FIGURE 1 Array-CGH and sequencing results of cases with large rearrangements or supernumerary marker chromosomes. Upper panels, from

left to right: array-CGH profiles of the inv dup del(8p) in case 1, the amplification of 1p31.1 in case 6,18 and of 17p in case 7, both indicated by
arrows. For cases 6 and 7, an enlargement of the amplified region is provided, highlighting the log2 ratio average of +1. The lower panels show
the copy number profiles of the chromosomes of interest from the same cases, as analyzed by EXCAVATOR. Arrows indicate the amplifications
at 1p31.1 (case 6) and 17p13.3 (case 7). The log2ratio scale is shown on the left for each panel

VETRO ET AL. 5



Sequencing of a panel of genes related to this condition resulted neg-

ative. Array-CGH with a 180 K platform showed a homozygous dele-

tion of 1q including the RP gene CRB1: arr[hg19] 1q31.33

(197 434 389-197 455 060)x0* pat mat (Figure 4C).

2.2 | Conventional and molecular cytogenetic
analyses

We set up PHA-stimulated lymphocytes cultures of cases 3, 6-10,

and skin fibroblasts cultures of cases 6, 8 and 9. Karyotype analysis

was performed on GTG-banded metaphases according to standard

procedures. For cases 1, 11 and 12, conventional and molecular cyto-

genetic analysis was performed on fetal samples (cultured amniocytes

for cases 1, 11 and chorion villi for case 12) according to standard

procedures.

Array-CGH analysis was performed in all cases by using standard

105, 180 or 244 K arrays (Agilent Technologies, Santa Clara, Califor-

nia), as reported elsewhere.23 For case 12 a different platform was

used, according to manufacturer’s instructions (Cytochip 4 × 180 K

BluGnome).

2.3 | Sanger sequencing and MLPA analysis

Conventional capillary sequencing was applied in cases 11 to 15 and

17, by using standard methods to analyze the gene/s of interest, as

reported elsewhere.19–22 Primers and PCR conditions are available on

request. MLPA analysis was applied in cases 4, 5 and 13 to 15 by

using commercial kits (MRC-Holland, Amsterdam, The Netherlands),

as described.17,20 Case 15 was investigated by different techniques,

as described.21

2.4 | OneSeq Constitutional Research Panel Design

OneSeq Constitutional Research Panel (Agilent Technologies) is a

target-enrichment assay developed to detect simultaneously

genome-wide CNVs and cnLOH as well as coding SNVs/InDels by

NGS. The 28 Mb design includes: (1) the SureSelect Focused Exome

baits (16 Mb design targeting disease-associated genes from HGMD,

OMIM and ClinVar), (2) a set of genome-wide backbone baits with a

median probe space of 50 Kb, giving a 300 Kb functional copy num-

ber resolution, (3) a set of baits targeting genomic regions including

SNPs with a MAF (minor allele frequency) higher than 0.2, allowing

the detection of cnLOH at a minimum of 5 Mb resolution, and (4) a

set of baits enabling a >25-50 Kb resolution in disease-associated

ClinGen Regions.24 Design files are available at https://earray.chem.

agilent.com/suredesign.

2.5 | Library preparation and sequencing

gDNA was extracted from lymphocytes for all cases except 1, 11 and

12, where fetal DNA was extracted from cultured amniocytes or cho-

rion villi. Library preparation and target enrichment were performed

by using the SureSelectXT OneSeq Constitutional Research Panel kit

(5190-8702, Agilent Technologies). The SureSelectXT low input

FIGURE 2 Array-CGH and sequencing results of the 2 fetuses with TAR syndrome. A, array-CGH profile (Cytochip, BluGnome) of chromosome

1 in case 12 shows an approximate 450 kb deletion of 1q21.1 (upper panel, arrow) involving a number of genes, including RBM8A. An
enlargement of the deleted region is provided in the lower panel. A similar deletion was observed in case 11, whose array profile is illustrated in
Papoulidis et al19; B, Copy number profile of chromosome 1 from both cases as analyzed by EXCAVATOR; C, IGV screenshot shows the c.-
21G>A variant of RMB8A in both cases (in green, arrows). Grey bars represent the mapped reads aligned to the reference genome, whose
sequence is shown in the bottom (colored letters). A coverage plot is displayed in the upper part of each panel
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protocol version B.1 was adopted for all samples with few modifica-

tions: (1) DNA shearing was performed in 2 steps of 90 seconds

(Duty Factor 10%, Peak Incident Power 175, Cycles per Burst 200)

separated by a quick spin to collect droplets at the bottom of the

Covaris microTube (Covaris, Woburn, Massachusetts); (2) half (15 μL)

of the adaptor-ligated library was amplified for 8 cycles instead than

10 with the remaining half saved as a backup. Two reference DNAs,

OneSeq Reference DNA Male, 5190-8848 and OneSeq Reference

DNA Female, 5190-8850 (Agilent Technologies), were also prepared

and used as controls.

After hybridization and indexing, 8-samples pools were prepared

and sequenced by using a rapid run 2 × 100 bp paired-end protocol,

on the HiSeq2500 (Illumina, San Diego, California).

2.6 | Bioinformatics analysis and variants
interpretation

We used an in-house pipeline that implemented for CNVs analysis by

EXCAVATOR.25 Accordingly, reads were aligned to the human

genome reference (GRCh37/hg19). Data processing and variant

annotation was performed as previously reported.26 SNVs and InDels

were further filtered for those variants not overlapping the OneSeq

Constitutional Research Panel targeted regions within padding

regions of 200 bp at each target site. Selected SNVs/InDels were vis-

ually inspected by using the open-source tool Integrative Genomics

Viewer IGV 1.227 to confirm the quality of the alignment.

For CNV detection, data were analyzed by EXCAVATOR, a pub-

licly available tool, which uses log2 ratio of mapped read counts at

the exon (or target region) level between case/control samples, even

from different experiments, following a normalization for GC content,

genomic mappability and exon size. An extended version of segmen-

tation shifting level model (SLM), taking into account the distance

between consecutive exons, combines nearby exons with a similar

log2 ratio generating segments that are then classified following a 5-

state classification scheme (2-copy deletion, 1-copy deletion, normal,

1-copy duplication and multiple-copy amplification).

The Agilent software SureCall (v. 3.0.1.4) was also used to ana-

lyze paired-end FASTQ files from all the samples, under default

FIGURE 3 Results of the sequence analysis in compound heterozygous cases having a CNV and a SNV: Bartter syndrome (cases 13 and 14) and

cystic fibrosis (case 15). A, IGV screenshots: the 2 heterozygous variants in CLCNKB detected in cases 13 and 14 (arrows, c.1101G>A and c.446T>A),
respectively, and the heterozygous c.1521_1523delCTT variant of CFTR in case 15. B, The copy number profiles of chromosomes 1 and 7, with the

CNVs highlighted by arrows: for case 13 the array-CGH and the EXCAVATOR profiles are shown, whereas for cases 14 and 15 the EXCAVATOR
profile only is reported. In cases 13 and 14 Bartter syndrome is the consequence of a single nucleotide variant in CLCNKB and of a heterozygous
deletion removing part of the CLCNKA and CLNKB genes on the other allele. In case 15, a large duplication, involving exons 6b to 16, disrupts the
frame of the gene leading to the insertion of 8 amino-acid residues, followed by a premature stop codon, as reported elsewhere21
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FIGURE 4 Legend on next page.
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parameters. Reads were aligned to the reference genome (GRCh37/

hg19) using SureCall BWA-mem alignment tool. Post-alignment pro-

cessing includes a 100 bp region padding, removal of duplicates and

singletons (reads without a mate), followed by a normalization step

including GC and mappability corrections. CNVs were detected

comparing test sample to a sex-matched reference sample.

Detailed description of analysis processes is available in SureCall

help guide. Briefly, to minimize noise due to outliers, Surecall applies a

summarization method to get the central tendency of read distribu-

tions over the genomic regions covered by the OneSeq backbone.

Then, the software generates log2 ratios by dividing read depth of sam-

ple over reference for each interval for which breakpoints are com-

bined and ranked. Those intervals are candidates for amplification and

deletion calls. cnLOH are determined using the SNPs covered by the

backbone part of the design. SNVs and InDels are called using SureCall

SNPPET algorithm and variants are annotated by using the following

sources: ClinSNP_260912, ClinVarAnnotations, Cosmic_V61_260912,

gwasV1_ucsc_260912 and Hs_hg19_Gene_20110426_cds.

SNVs and InDels variants were filtered according to the usual

workflows,28 considering their frequency in the general population, the

indication of their disease-causing potential by in silico prediction tools,

and segregation analysis in family members, either affected or healthy

but potentially carriers. CNVs were evaluated for their gene content,

their frequency in the general population (http://dgv.tcag.ca/dgv/app/

home), and their possible overlap with those found in patients sharing

comparable clinical features, according to DECIPHER (https://decipher.

sanger.ac.uk) and ClinGen CNVs, (https://www.clinicalgenome.org/).

Variants nomenclature was generated according to the guidelines of

the Human Genome Variation Society (HGVS, http://www.hgvs.org/

mutnomen) referring to the following reference transcripts:

NM_005105.4 (RBM8A), NM_004070.3 (CLCNKA), NM_000085.3

(CLCNKB), NM_000492.3 (CFTR), and NM_001145853.1 (WFS1).

3 | RESULTS AND DISCUSSION

The number of sequencing reads passing mapping quality filters in

BAM files ranged from 80 to 110 million for all samples. Percent-

age of duplicate reads was from 6% to 9%. On-target reads

�100 bp were from 67% to 75%. Average read depth in target

regions was ×130, with >92% of target bases covered by 50 reads.

The average number of exonic non-synonymous or splice-site var-

iants was of 3612/sample, with an average of 159 variants/sample

with MAF < 0.01, according to the available databases. These num-

bers were in line with those expected for a smaller exons target

design with respect to a standard WES experiment (16 Mb vs

approximately 50 Mb design). The average number of CNVs per

sample was less than 5, comparable to that detected by 180 K

array-CGH platforms. Most of the CNVs were already reported in

the Database of Genomic Variants, or were inherited by a healthy

parent.

In all cases except 2, both EXCAVATOR and SureCall identified

the previously characterized causative genomic alteration. In contrast,

the ~30 kb heterozygous deletion of case 5 was called by SureCall

only, whereas the ~21 kb homozygous deletion in case 16 could be

detected only by manually looking at the aligned reads. The detailed

results are reported in Table 1.

3.1 | Disease-associated CNVs

In samples 1 to 4, 6 and 7, we correctly detected all the CNVs previ-

ously identified by array-CGH. These included large rearrangements

visible by conventional cytogenetics and SMCs (Figure 1, cases 1, 6

and 7), and microdeletions/duplications ranging from 260 kb (case 4)

to 1.4 Mb (case 2) (Figure S2A). Among them, the duplication of the

non-coding RevSex region located upstream of the SOX9 gene,

responsible for testis development in 46,XX individuals (case 3),16

would have been missed by conventional WES approach as well as

by low resolution array platforms.

In cases 6 and 7, the tetrasomic regions (copy number >3) due to

the presence of inverted duplicated SMCs29 were correctly classified

by our approach.

Cases 8 to 10 (Figure S1) had a mosaic condition consisting of a

variable percentage of cells bearing trisomy for a whole chromosome

(case 9) or only a portion of it (case 8 and 10). Somatic mosaicism for

both structural and SNPs variants is more and more recognized as an

important cause of disease. However, its detection may be problem-

atic for several reasons such as the absence or the low grade of cells

with the causative alterations in the examined tissue, which in most

of the cases is blood. Crucial parameters for the detection of struc-

tural mosaicism are the size (the larger the size, the more probably

the detection), the array platform (SNP- vs CGH-array), and the type

of CNV (gain vs loss). The use of proper software tools for mosaic

detection on approximately 1 million probes SNP chips grants a

detection sensitivity, for events of at least 2 Mb size, in approxi-

mately 10% to 90% of cells for loss and LOH events, and in approxi-

mately 20% to 80% of cells for the gain ones.30,31 In our cases, the

mosaic duplication was of a size much larger than 2 Mb and was

present in more than 50% of cells, as estimated by conventional

cytogenetics.

FIGURE 4 Single exon deletions: cases 5, 6 and 16. A, Screenshot of a 400 kb window from SureCall showing the approximate 30 kb deletion

spanning from the intron 14 of APC to the intron 4 of SRP19 (arrow); B, IGV screenshot of a 36 kb window corresponding to chr5:
112 168 000-112 205 000 in cases 1 (here used as an illustration of a normal profile in this region) and 5. In the latter a reduced coverage is
noticeable, as well as the presence of a read pair (arrow) with insert size of 30 597 bp, encompassing the breakpoints of the deletion. C, Array-
CGH profile of case 16 showing the homozygous 1q31.33 deletion, highlighted by arrows both in the chromosome (upper panel) and in the
gene (lower panel, shaded area) views. D, Screenshot of a ~8 Mb window from SureCall showing a region of LOH (shaded area) that includes
the CRB1 gene (arrow), ascribable to the consanguinity between the parents. E, IGV screenshot of a 51 kb window corresponding to chr1:
197 410 240-197 455 400 in cases 1 (normal profile) and 16. In the latter a red line highlights the absence of reads in the region chr1:
197 420 690-197 458 350
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3.2 | Genomic alterations associated with
autosomal-recessive conditions

In 5 patients/fetuses (cases 11-15, Figures 2 and 3) affected by

autosomal-recessive conditions the genomic alteration consisted of

compound heterozygosity, with a point mutation in one allele and a

deletion, ranging from 21 to 400 kb, in the corresponding region of the

other allele. This condition has been estimated in 2.2% of cases with a

recessive disease (n = 4/181), analyzed by WES32 and in about 6% of

the cystic fibrosis cases reported in HGMD, taken as an example of

autosomal-recessive disease. Further, in a patient (case 17, Figures S2B,

C), maternal isodisomy for chromosome 4 reduced to homozygosity a

heterozygous variant in the WFS1 gene, c.1348_1350delinsTAG.22 Uni-

parental disomy was estimated to account for 2.8% (n = 5/181) of

homozygous recessive diseases in the Yang et al. cohort.32 Studies by

SNP-arrays estimated that whole-chromosome isodisomy is very rare

and that in most of the cases the reduction to homozygosity in a single

chromosome is of the segmental type, with isodisomy regions inter-

spersed with others in heterodisomy.6

These cases were probably those most benefited by the OneSeq

assays, allowing to get the final molecular diagnosis in a single experi-

ment. In fact, in all these individuals the conclusive molecular diagno-

sis was only reached after several tests, including Sanger sequencing,

MLPA and genome-wide array analysis.

3.3 | Critical cases

The deletion in cases 5 and 16 was not detected by EXCAVATOR

under standard parameters but we were anyway able to pick-up and

characterize them at bp level, by SureCall (case 5) and/or manual

inspection of the reads (case 16) (Figure 4).

In case 5, a 30.4 kb heterozygous deletion spanning from the last

intron of APC to the intron 4 of SRP19 was originally detected by

array-CGH and the breakpoints mapped by Sanger sequencing.17

Since SRP19 is not a disease-associated gene, it is not enriched at

exon level in the OneSeq panel and the reads covering the last APC

exon were probably insufficient to provide enough coverage to cor-

rectly detect the deletion. Thus the CNV was not called at all by

EXCAVATOR, whereas SureCall could identify it, although by a log2-

ratio of −0.5, lower than expected one (−1). By manually inspecting

the reads mapping to chr5: 112 168 000-112 205 000 (hg19), a

reduced coverage of the deleted region was evident with respect to

the rest of the gene and to the other samples of the same experiment

(Figure 4A,B). Moreover, we identified a single read pair with insert

size of 30 597 bp, encompassing the breakpoints of the deletion

(Figure 4B, arrow), thus providing the junction breakpoint position at

base-pair resolution (chr5: 112 171 792-112 202 336). This last

observation suggests the need for further bioinformatics tools lever-

aging paired-read and/or split-reads information to detect gross

insertion and deletions.33,34

In case 16, a 21.2 kb homozygous deletion including the last

exon of CRB1 was identified by a 180 k array-CGH platform: arr

[hg19] 1q31.33(197 434 389-197 455 060)x0 pat mat (Figure 4C).

Both parents, coming from the same village of Sardinia, were hetero-

zygous carriers of the deletion.

Although SureCall indicated the presence of a large LOH region

(approximately 8 Mb) surrounding CRB1 (Figure 4D), the deletion was

not called. Manual inspection showed a complete lack of reads map-

ping in the region chr1: 197 420 690-197 458 350, including the

off-target ones (Figure 4E). In this case, no reads mapping on the

breakpoints were available.

4 | CONCLUSIONS

The purpose of our study was to investigate the ability of a single

test, based on target enrichment and NGS, to identify different types

of genomic lesions, including SNVs/InDels, LOH, and large deletions/

duplications not necessarily containing protein-coding genes.

Different approaches for CNVs detection from WES data have

already been reported, demonstrating an increased diagnostic yield

up to 6% (an average of 2%), that can be obtained without additional

direct laboratory costs, but by optimization of the data analysis.35

In our cohort, 3 cases (cases 1, 11 and 12) were fetuses with

severe ultrasound abnormalities requiring invasive sampling, cytoge-

netic and molecular investigations. Moreover, the condition affecting

other 7 cases might have been suspected prenatally (cases 2, 3, 7, 9,

13-15). In all these cases a targeted sequencing approach integrating

SNVs/InDels, CNVs and LOH analysis in a single NGS experiment,

would have had the undoubted advantage of a rapid diagnosis. These

findings further strengthen that our approach is particularly useful in

a prenatal setting, where the time-frame for a genetic diagnosis is

short.

In our cohort, the turnaround time from DNA extraction to data

analysis and reporting was on average 15 days that could be possibly

reduced by the novel approaches for faster library preparation. Since

the platform we used contains only genes whose variants associate

with known pathological conditions, the need for extended segrega-

tion studies in the family or in other families with similar pathologies

is negligible. This fact dramatically shortens investigation times over

the entire exome platforms, especially if parental and sibship DNA is

already available for Sanger analysis.

Genomic arrays are able to diagnose up to 10% of fetal malfor-

mations with normal karyotype,36,37 whereas the application of WES,

with or without CNV detection, has demonstrated a variable percent-

age of successful diagnosis in small cohorts of fetuses with ultra-

sound abnormalities.38,39

This study demonstrates that OneSeq was able to detect a wide

range of genomic events, largely overcoming the limitations for CNVs

detection by WES, mainly due to the uneven distribution of the

reads, restricted to exons. We obtained high-level concordance

between the 2 different pipelines we used, and between the size of

the CNVs identified by the array and OneSeq approach (Table 1).

Data analysis remains the major bottleneck of NGS in general and

CNV detection particularly.

As for the minimal resolution for CNVs analysis in diagnostics,

the panel we used, having a backbone resolution of 300 kb, is able to

detect CNVs of 400 kb or larger, as recommended by the ACMG

Standards and Guidelines for constitutional cytogenomic microarray

analysis.40
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This approach is a good compromise as long as WGS will be

available in diagnostics, thanks to lower costs and proper interpreta-

tion algorithms. Software development and standardization as well as

large prospective cohort studies are required to reinforce the benefit

of every possible panel allowing combined detection of CNV, SNV

and cnLOH.
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