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Various groups of neurological disorders, including movement disorders and neuromuscular diseases, are clinically and genetically
heterogeneous. Diagnostic panel-based exome sequencing is a routine test for these disorders. Despite the success rates of exome
sequencing, it results in the detection of causative sequence variants in ‘only’ 25-30% of cases. Copy number variants (CNVs), i.e.
deletion or duplications, explain 10-20% of individuals with multisystemic phenotypes, such as co-existing intellectual disability,
but may also have a role in disorders affecting a single system (organ), like neurological disorders with normal intelligence. In this
study, CNVs were extracted from clinical exome sequencing reports of 4800 probands primarily with a movement disorder,
myopathy or neuropathy. In 88 (~2%) probands, phenotype-matching CNVs were detected, representing ~7% of genetically
confirmed cases. CNVs varied from involvement of over 100 genes to single exons and explained X-linked, autosomal dominant, or -
recessive disorders, the latter due to either a homozygous CNV or a compound heterozygous CNV with a sequence variant on the
other allele. CNVs were detected affecting genes where deletions or duplications are established as a common mechanism, like
PRKN (in Parkinson'’s disease), DMD (in Duchenne muscular dystrophy) and PMP22 (in neuropathies), but also genes in which no
intragenic CNVs have been reported to date. Analysis of CNVs as part of panel-based exome sequencing for genetically
heterogeneous neurological diseases provides an additional diagnostic yield of ~2% without extra laboratory costs. Therefore it is
recommended to perform CNV analysis for movement disorders, muscle disease, neuropathies, or any other single-system disorder.
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INTRODUCTION

Movement disorders (i.e., dystonia, ataxia, spastic paraplegia and
Parkinson’s disease), muscle disease (i.e, myopathies, muscular
dystrophies and myasthenic syndromes) and neuropathies (i.e.,
hereditary motor neuropathy, hereditary sensory and autonomic
neuropathy, and polyneuropathies) are groups of neurological
disorders that affect millions of people worldwide. The prevalence
and age at onset of these disorders vary widely, and a
monogenetic etiology plays a larger role in some of these (e.g.,
ataxia or muscular dystrophy) than in others (e.g., Parkinson’s
disease). The prevalence of genetic forms of movement disorders,
muscle disorders and neuropathies are estimated at up to 5
individuals per 100,000 [1-3].

Currently, diagnostic yields obtained by whole exome sequen-
cing (WES) in individuals with these neurological disorders are
approximately 25-30% [4-6]. Although, a part of these individuals
will have an acquired cause, this percentage suggests that
causative variants are not detected in the majority of these
individuals. Copy Number Variants (CNVs) may be responsible for
a part of the missing etiology in these disorders, but their
contributions are unknown at the moment. CNVs are defined as

deletions, insertions, duplications with a size larger than 50 base
pairs [7]. While CNVs in different sizes are found as a cause of
disease, these are also present in unaffected controls [7].
Therefore, CNVs can be classified from benign to pathogenic,
depending on their gene content, breakpoints and occurrence in
affected individuals versus controls [7-9]. The cumulative pheno-
typic effect of more than one Mendelian gene in large CNVs,
known as contiguous gene deletion syndromes, are associated
with multisystemic phenotypes often with co-existing intellectual
disability and/or multiple congenital anomalies. Therefore,
genome-wide analysis of CNVs by genomic microarray-based
tests or cytogenetic tests such as karyotyping has become a
standard procedure for these more multisystemic phenotypes and
explains 10-20% of these cases [8, 10].

Single system phenotypes, such as movement disorders, muscle
diseases or neuropathies, are generally not routinely subjected to
genome-wide CNV analyses. The rationale has been that such
phenotypes are likely caused by smaller events (i.e., affecting a
single gene) that may not be detected by genome-wide copy
number tests. Targeted tests for CNVs, such as multiplex ligation-
dependent probe amplification (MLPA), are more commonly
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performed in these single system phenotypes, but dependent on
availability and often based on an educated guess of which
gene(s) to test.

The last decade, however, reliable tools have been developed to
detect CNVs directly in WES data [11]. The expanded use of clinical
exome sequencing, and these possibilities of performing CNV
analyses with the same data, boosted the routine detection of
(genome-wide) CNVs in individuals with single organ phenotypes.

Here, we retrospectively investigated the detection of CNVs
from exome sequencing data in a cohort of 4800 individuals with
movement disorders, muscle disease, and neuropathies by
analyzing their clinical exome sequencing reports. We show that
CNVs contribute to ~7% of the identified genetic causes of these
neurological disorders.

SUBJECTS AND METHODS

Affected individuals

CNVs were extracted from 4800 clinical exome sequencing reports of the
period 2012 to 2020. Only reports concerning individuals with a clinical
suspicion of a hereditary movement disorder, muscle disorder or
neuropathy were considered. Reports were from the Human Genetics
department of the Radboud university medical center in Nijmegen or the
Clinical Genetic department of the Maastricht University Medical Center.
These hospitals are allocated as partners in European Reference Networks
for neuromuscular and rare neurological disorders (Euro-NMD and Euro-
RND, respectively). No restrictions on age at onset, clinical symptoms or
suspected inheritance pattern were made, except for the cases with
Parkinson disease, where only individuals with either an onset below age
45 years or an affected first degree relative were considered for testing.
From each family, only one affected individual (proband) was included for
exome sequencing, though in some cases, trio-sequencing (with healthy
parents) was done.

Exome sequencing and data analysis

Exome sequencing was performed as previously described [12]. To
summarize, capture of exons was done using an Agilent SureSelect
Human All Exon 50 Mb Kit (V4 / V5, Santa Clara, CA, USA) and sequencing
was performed using an lllumina Hiseq 2000 or 4000 (San Diego, CA, USA).
Read mapping and variant calling were done using BWA (mapping) and
GATK (calling, version). A filter for one of the following gene panels was
applied for analysis: movement disorders (current version 327 genes),
muscle disorders (current version 164 genes), neuropathies (current
version 149 genes) and/or Parkinson disease (current version 36 genes).
The complete lists are available from our website (https:/
order.radboudumc.nl/genetics/rapid-exoom-sequencing) except for the
Parkinson disease panel: Supplementary Table 1). The variants described
in this paper were submitted to the LOVD (https://databases.lovd.nl); ID’s
are present in the supplementary tables 2-4.

CNV calling, annotation and interpretation

CNV analysis in WES data was performed by center as previously described
[11] using the CoNIFER algorithm (http://conifer.sourceforge.net/) [13].
CNVs with an absolute Z-score greater than 1.7 were considered for
analysis. To reduce false calls due to potential batch effects, analyses are
performed using the most recent sex-matched samples as controls
(n =250). CNVs were annotated based on the number of RefSeq exons
affected, the frequency of CNVs within the cohort, and filtered for disease
genes from the respective disease panel(s).

The cut-off value for the CoNIFER variant list is restricted to three or
more exons. Nevertheless, one or two exon CNVs are present in the raw
data and visualized in Integrative Genome Viewer (IGV, Broad Institute,
Massachusetts, USA) [14]. In the workflow, the full dataset (all chromo-
somes view) is analyzed in the IGV browser to detect these small CNVs. In
some cases, genes with a high CNV count described in disease, such as
PRKN, were visually inspected for small CNVs (one or two exons) in more
detail. The same is true for recessive genes with one heterozygous SNV call.
CNVs affecting only one or two exons, as well as CNVs that were just above
the noise level on visual inspection, were validated using MLPA or SNP-
based array analysis. MLPA was performed according to the manufacturer’s
protocols, using the following kits: P052-D2 (PRKN gene), P279-B2
(CACNATA gene), P165-C2 (SPAST gene), P099-C3 (GCH1 gene), P306-B1
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(SPG11 gene), P213-B2 (SPG7 gene), P1116-B1 (SGCG gene) and P033-B3
(PMP22 gene) kit (MRC-Holland, Amsterdam, the Netherlands). Where
applicable, CytoScan HD or CytoScan XON arrays (Thermo Fisher Scientific,
Waltham, MA, USA) were used to validate events. Whole genome
sequencing for the TTN case was performed by Beijing genome institute
(China). Intragenic or single gene CNV's were, similar to single nucleotide
variants, classified using ACMG/AMP guidelines for the interpretation of
sequence variants [15]. CNV's affecting multiple genes were classified
primarily using the ACMG/ClinGen guidelines for constitutional copy
number variants [16].

A multidisciplinary team of (pediatric) neurologists, clinical geneticists
and clinical laboratory geneticists was involved in determination of the
plausibility of detected variants to be involved in the phenotypes of the
affected indiviuals.

RESULTS

Individual cohort and CNV analysis

A total of 4800 clinical exome sequencing reports of probands
with a suspected genetic primary neurological disorder were
searched for both CNVs and single nucleotide variants (SNVs). For
these reports, exome data were filtered using one or more gene
panels for movement disorders (including hereditary spastic
paraplegia, ataxia, dystonia and Parkinson’s disease), muscle
disease (e.g., myasthenic syndromes, myopathies and muscular
dystrophies) or (poly)neuropathies. The analysis of variants in the
coding sequence, including extended splice site variants
(+/—8), resulted in the detection of (likely) causative variants in
1289 (~27%) of probands, comparable to previous reports by our
group and others [4-6].

CNV analysis in WES data of the same cohort of 4800 affected
individuals, using CoNIFER [13] or upon visual inspection, resulted
in the detection of 88 disease-associated deletions or duplications
(Supplementary Tables 2-4 and supplementary Fig. 2). Only CNVs
compatible with the individual's phenotypes were reported.
Accordingly, ~2% of individuals in this cohort had a (likely)
pathogenic CNV. The highest percentage of CNVs from the total of
variants was detected in the individuals with neuropathies (3.8%),
followed by movement disorders (2%), and muscle disease (1.2%)
(Supplementary Fig. 1). In the entire cohort, CNVs constitute ~7%
(88/ (1289 + 88)) of the obtained genetic diagnoses.

CNVs detected in individuals with movement disorders

The majority of 2,527 probands with a movement disorder had
hereditary spastic paraplegia (42%), cerebellar ataxia (30%) or
dystonia (16%), and a minority had early-onset or familial
Parkinson’s disease (2.5%), or a combination of these movement
disorders (9.5%). In the movement disorders cohort, 50 CNVs were
detected (Fig. 1A, Supplementary Table 2 and Supplementary
Fig. 2). Seven of the 50 CNVs were associated with established
pathogenic contiguous gene deletions or duplication syndromes,
including a recurrent deletion or duplication in 22q11.2, 16p11.2
or 15911.2q13.1 (Prader-Willi / Angelman syndrome region). Two
illustrative examples (AD2 and AD15, Supplementary Table 2) both
contain the GNAL gene (Fig. 2), involved in dystonia type 25. Both
individuals manifested dystonia. individual AD15 had dystonia and
dysarthria, and a deletion of ~3 Mb (no known contiguous gene
deletion syndrome, but within the chromosome 18p deletion
syndrome region). AD2 has a ~14Mb terminal deletion in the
short arm of chromosome 18 and additional features of facial
dysmorphisms and psychomotor delay compatible with the 18p
deletion syndrome [17]. This, suggests that at least one other gene
in the extended region of 9 Mb is responsible for the additional
features of the 18p deletion syndrome.

The remaining 43 CNVs detected in individuals with movement
disorders affected single or multiple genes (up to 50). CNVs of exons
of the SPG11 gene were most common (n =7), due to a founder
deletion of the exons 31-34 [18-20]. In three individuals, this
founder allele was detected without a second variant to explain the
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affecting the adjacent COL4A1/COL4A2 and CACNB4/SCN1A/SCN2A genes, respectively. B CNVs were either detected in the heterozygous
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Fig.2 CNVs affecting the GNAL gene. Integrative genome viewer screenshot showing the normalized number of exome sequence reads of

the p-arm of chromosome 18 from two probands (AD2, AD15). Data

points below and above the normalized median are in blue and brown,

respectively. The genes located in the p-arm of chromosome 18 are indicated in the lower panel at their respective positions. Genes involved

in autosomal dominant Mendelian disorders are boxed in red.

recessive inheritance despite thorough examination of MLPA and
WES data. CNVs within the PRKN gene, either homozygous or
compound heterozygous with sequence variants on the other allele,
were a common cause of early-onset/familial Parkinson’s disease
(n=5) [21]. In contrast to the large contiguous gene deletions, PRKN
variants in these individuals involved only one or a few exons of the
gene (Fig. 3). These variants were mostly detected upon visual
inspection of the CoNIFER bed file data, and confirmed by MLPA.
Multiple CNVs affecting SPG7 (n = 4), CACNATA (n = 3), SGCE (n = 3),

SPRINGER NATURE

NKX2-1 (n = 2) and SPAST (n = 2) were detected in individuals with
episodic ataxia, dystonia, or spastic paraplegia, respectively
(Supplementary Table 2). Two heterozygous, partial deletions of
the GALC gene were detected, both detected in combination with a
missense variant, in two unrelated individuals with variable
phenotypes. Due to the clinical variability of Krabbe disease [22],
a confirmation with a metabolic test is needed.

The remaining 14 CNVs were detected in a single proband each
and affected the B4GALNT1, COL4A1/COL4A2, CACNB4/SCN1A/
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Fig. 3 Small CNVs of the PRKN gene. Integrative genome viewer screenshot (left panel) showing the normalized number of exome sequence
reads of the 11 exons of the PRKN gene (indicated in blue bars, bottom) of six individuals with Parkinson disease (AR23-AR28). Data points
below and above the normalized median are in blue and brown, respectively. CNVs affecting one or multiple exons of the PRKN gene are
indicated by red boxes. Fidelity of the CNVs was confirmed by Multiplex ligation-dependent probe amplification (MLPA, right panel). Data
points within and beyond the thresholds of normal (diploid) are in green/blue and red, respectively. The MLPA probes corresponding to the

exons 3-6 are indicated by arrowheads.

SCN2A, CACNAI1G, DDHD2, FARS2, GCHI1, GNAL, ITPR1, KCTD7,
PANK2, PDHX, SYNE1 or TANGO2 genes.

The 50 CNVs detected in the movement panel are classified as
pathogenic (n = 42), or likely pathogenic (LP) (n = 6), or as variant
of uncertain significance (VOUS) (n = 2) (Supplementary table 2).

Twenty-three of these CNVs were associated with autosomal
dominant inheritance and 27 with autosomal recessive inheritance
(Fig. 1B). CNVs in the 27 autosomal recessive genes were detected
in the homozygous state in five probands or heterozygously
present in combination with another variant in 14 probands,
although we did not always have the opportunity to test whether
the variants were in trans orientation. Eight affected individuals
had only one heterozygous CNV, and no second variant detected,
in a recessive gene. The presence of a second variant in each of
these eight individuals is not excluded. Possibly, variants may not
have been detected by WES (i.e., intron or promoter variants).
Alternatively, these individuals may have symptoms of another
origin (genetic or other).

Seven of the 50 CNVs are gains (Supplementary Table 2), of
which the pathogenicity is generally more difficult to determine as
it is more difficult to predict their effect on gene function,
depending on the underlying mechanism (duplication, insertion,
direct or inverted). However, the recurrent duplication in 22q11.2
(individual AD1) and the 15gq11.2q13 region (individual AD5) are
well-known microduplication syndromes involved in variable and
incomplete penetrant neurological disorders [23, 24]. For the
15911.2913 region, cytogenetic follow up is needed to establish
whether it is a duplication or a supernumerary marker chromo-
some [25]. Additionally, triplosensitivity (an extra copy) of COL4A1/
2 (AD8) and SCN1A/2A (AD9) and duplication of PRKN exons (AR24)
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are considered (likely) pathogenic as these were described in
multiple affected individuals by others [26-28].

In total, 48 of the 50 variants in the movement disorders cohort
were (likely) pathogenic and explain the phenotype in 38
individuals. eight variants (8/48), though (likely) pathogenic, did
not directly result in a molecular diagnosis because a second
variant in a recessive gene could not be identified (AR6-8, 13-16
and 27). Two individuals (2/48) had a pathogenic CNV with a
possibly matching phenotype (two 16p11.2 deletions known to
cause neurological phenotypes with marked reduced penetrance).
Finally, two variants (2/50) were considered variants of uncertain
significance (AD13, AR9).

CNVs detected in individuals with a muscle disease

A total of 1880 probands in the cohort of muscle disease
individuals had (limb-girdle) muscular dystrophies (26%), myopa-
thies (24%), exercise intolerance (19%) or hyperCKemia and/or
rhabdomyolysis (12%), or other muscular problems (19%). In this
group of 1880 individuals, 23 CNVs (1.2%) were detected (Fig. 4A,
Supplementary table 3 and Supplementary Fig. 2).

Three of the 23 individuals had a recurrent contiguous gene
deletion or duplication syndrome: 22q11.2 (BD1 and BD2) and
16p13.11 (BD3) involved in variable and incomplete penetrant
neurological disorders [23, 29]. Three other CNVs affected multiple
genes (probands BD4, BD8, and BX1). Each of these three CNVs
contained one likely causative disease gene: SMCHD1, PMP22, or
MTM1, involved in facioscapulohumeral muscular dystrophy-2
(digenic inheritence with the D4Z4 permissive haplotype),
Charcot-Marie-Tooth disease 1A, and X-linked myotubular myo-
pathy, respectively. In proband BR1, the heterozygous deletion did
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Fig.4 Copy number variants from probands with muscle disease. A 23 CNVs affect either multiple genes (contiguous gene del/dup syndrome)
or single genes (indicated at the pie slices). Within the ‘9 different single genes’ is also one event affecting multiple genes (including SLC16A3,
CHAT, OGDHL) in a single proband. B CNVs were either detected in X-linked disorders (XL), in the heterozygous state in dominant disorders
(AD), in recessive disorders with or without second variants (indicated), or in the homozygous (indicated) state. The numbers of affected

probands (n) are indicated.

not contain dominant disease genes, but three recessive genes
(SLC38A1, CHAT and OGDHL) with a muscle phenotype: congenital
myasthenic syndrome type 21 or type 6, or Yoon-Bellen neurode-
velopmental syndrome, respectively. It is uncertain whether any of
these three genes is the cause of the phenotype of BR1.

The most CNVs affecting a single gene in the muscle disease
cohort were detected in the DMD gene (n=7, including
manifesting females), related to X-linked Duchenne or Becker
muscular dystrophy. This is not surprising given the fact that this is
one of the largest genes in the human genome and pathogenic
CNVs are common in DMD [30]. Two CNVs were detected in the
TTN gene (that codes for the largest protein in the human body) in
which a second variant was demonstrated in both individuals (BR6
and BR7). BR6 had a pathogenic deletion of 35 exons and a
missense variant of uncertain significance, while BR7 and his
sibling were compound heterozygous for a stop-gain variant and a
duplication of the exons 51-122 (Fig. 5A, B, Supplementary
Table 3)). Whole genome sequencing was performed showing that
this variant was a tandem duplication within the TTN gene
(Fig. 5C), which was confirmed by Sanger sequencing of the
breakpoint (Fig. 5D). A tandem duplication of this size, though
predicted to result in an in-frame transcript, is very likely to disturb
the gene’s function and is thus considered to be likely pathogenic.

Two other intragenic CNVs were found in the COL6A3 gene, one
deletion and one duplication (BD6 and BD7). Parental testing
showed that the deletion in individual BD6 occurred de novo.
Since this is also predicted to be an in-frame deletion of the Von
Willebrand factor domain of the protein, it is compatible with a
dominant negative effect and thus considered pathogenic. No
further follow-up analysis was possible for the CNV of a part of the
COL6A3 gene (BD7), so this variant remains classified as variant of
uncertain significance despite the likely match with Ullrich /
Bethlem myopathy. In another six probands (BD5, BD8, BR2, BR3,
BR4, BR5) CNVs affected the CAPN3, PMP22, GAA, LARGE1, NEB, or
SGCG gene, respectively.

Of the 23 CNVs detected in the muscle disease cohort, the vast
majority (n = 17) were classified as pathogenic, followed by three
likely pathogenic (LP) variants and 3 VOUS (Supplementary table 3).

SPRINGER NATURE

In the muscle disease panel, many CNVs were associated with
X-linked inheritance mainly due to variants in the DMD gene
(hn=17/23). Eight (8/23) were involved in autosomal dominant
inheritance and seven (7/23) with autosomal recessive inheritance
(Fig. 4B). Of the seven CNVs associated with autosomal recessive
inheritance, the deletion in the SGCG gene was detected
homozygously and two other affected individuals with a CNV in
TTN showed a second variant in the same gene. In four individuals,
no second variant could be detected in recessive genes
(Supplementary Table 3). Second variants may be present but
remained undetected by WES (i.e. intron or promoter variants), or
the individuals may be affected due to other (genetic) reasons.

Twenty of the 23 CNVs in the muscle disease cohort were (likely)
pathogenic and explain the phenotype in 16 probands. The
remaining four (likely) pathogenic variants (4/20) did not directly
result in @ molecular diagnosis because a second variant in a
recessive gene was not detected, or is a variant of uncertain
significance. Finally, three CNVs were of uncertain significance,
even though they were found in individuals with matching
phenotypes, because they constituted duplications (COL6A3 and
LARGET) and one was an intragenic in-frame deletion of a gene
with both dominant and recessive inheritance patterns (CAPN3).

CNVs detected in neuropathies

From a total of 393 probands, the majority having a (poly)
neuropathy, 15 (4%) had a CNV (Supplementary Table 4 and
Supplementary Fig. 2).

Pathogenic duplications and deletions of the PMP22 gene
(n=13) due to a recurrent duplication or deletion in 17p12,
respectively, were most often detected (Supplementary table 4;
Fig. 6 showing a representative duplication and a representative
deletion). Duplications of PMP22 are associated with Charcot-
Marie-Tooth disease type 1A, whereas deletions cause distal
hereditary motor neuronopathy type VIIB. Nonhomologous
recombination between low copy repeats are a well-known
mechanism causing PMP22 CNVs [11, 31] and explains the
similarity of the break points in the individuals DNA. Two other
CNVs affected the genes DCTNT or FARS2. DCTNIT variants
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duplication (dup) and a nonsense variant (p.Arg4022*) are indicated. C Part of the intron 122 and intron 50 reference sequences and their
positions by coding DNA reference (top), their complement sequence (arrow head) and BAM files from whole genome sequencing data
showing reads spanning the breakpoint of the tandem duplication in complement orientation. D Part of the intron 122 and intron 50
reference sequences (top) and Sanger sequencing electropherograms showing the breakpoint positions of the tandem duplication in forward

orientation (NM_1333784.4).

described to date cause disease by diminishing microtubule
binding and lead to intracytoplasmic inclusions [32]. Since
haploinsufficiency due to a deletion would not have that effect,
the CNV of DCTNT1 is regarded a variant of uncertain significance.
FARS2 variants cause autosomal recessive spastic paraplegia. As no
second (possible) pathogenic FARS2 variant was detected in this
individual (CR1), the molecular diagnosis was not established,
although we cannot rule out the presence of a second variant not
detected by WES (Supplementary Table 4).

DISCUSSION

We detected CNVs in 88 affected individuals (1.8%) from our
clinical cohort of 4800 probands with a likely genetic diseases in
which a movement disorder, muscle disease or neuropathy were
the dominant phenotypes. Previously, we detected 1289 single
nucleotide variants (including variants of uncertain significance in
matching genes; 26.9%) in this identical cohort. Thus, CNVs
contribute to ~7% of the identified genetic diagnoses in this
cohort. The fact that we detected multiple variants in genes where
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deletions or duplications are established as a common mechan-
ism, like PRKN, DMD and PMP22 [21, 30, 31] suggests that copy
number detection from WES is a reliable tool.

These data reveal that CNV detection from WES is worthwhile
for movement disorders, muscle disease, neuropathies, or any
other single system disorder, like vision disorders or renal disease.
Additionally, we have shown the additive value of CNV analysis
from WES by detecting deletions in genes that have not or rarely
been reported to contain CNVs (like B4GALNTT or SYNET).
Moreover, these findings indicate that the analysis of copy
numbers from WES is beneficial for affected individuals since it
will increase the yield of variant detection without extra laboratory
costs and will result in the detection of CNVs that otherwise would
have remained obscure.

Surprisingly many ‘large’ CNVs are identified in the
neurological cohort

Since the cohort predominantly consists of individuals with an
single system neurological disorder, we expected to mainly find
CNVs affecting single genes. Nevertheless, we observed 41 gene
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Fig. 6 CNVs affecting the PMP22 gene. Integrative genome viewer screenshot showing the normalized number of exome sequence reads of
the PMP22 locus (gene exons indicated in blue bars) gene. Data points below and above the normalized median are in blue and brown,

respectively. The CNVs are indicated by a red box.

deletions or duplications affecting more than one gene. From
these, ten caused contiguous gene deletion/ duplication syn-
dromes (i.e. syndromes caused by cumulative effects of more than
one gene). The detection of contiguous gene deletion/duplication
syndromes in individuals within the movement or muscle disorder
cohort is partly explained by an initial onset of hypotonia in
neonates or young children that have not presented the full
phenotype yet. The initial symptoms prompted a request for one
of the neurological disorders gene panels, but resulted in the
detection of large CNVs, such as those causing the 22q11.2
duplication syndrome or Prader-Willi syndrome. These individuals
have developed or will likely develop a multisystem phenotype
over time [33, 34].

Other large deletions, however, do lead to more pure clinical
phenotypes. For example, individual AD15 has a large contiguous
gene deletion containing 28 genes, but only manifested dystonia and
dysarthria due to haploinsufficiency of the dystonia-related GNAL
gene located in this deletion (Fig. 2, Supplementary Table 2). The
other 27 genes are thus less likely to cause a disorder due to
haploinsufficiency. In fact, none of these 27 genes are listed as an
OMIM dominant disease gene. Similar observations are made for
three other contiguous gene deletions: the deletion of >20 genes,
including NKX2-1 in a proband with balance problems, myoclonus,
chorea and dystonia; a deletion of SGCE among 15 other genes in a
proband with myoclonic dystonia; and a deletion affecting seven
genes including SMCHD1 in a individual with muscular dystrophy
only. Considering the fact that large CNVs are also detected as normal
variation [7], it seems indeed a matter of gene content and the
underlying mechanism of disease (i.e. haploinsufficiency vs. dominant
negative or recessive) whether a CNV has no effect, causes an single
system disorder, or a contiguous gene deletion / duplication
syndrome due to the cumulative effect of multiple gene defects.

Another remarkable finding is the duplication of tandem copy
genes in two cases. The first is the duplication of both the COL4AT
and (partial) COL4A2 genes in a affected individual (AD8) with
multiple cerebral infarctions leading to neurological problems
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including movement disorders and speech problems. Haploinsuffi-
ciency of each gene, COL4AT or COL4A2, is sufficient to cause brain
small vessel disease (OMIM 175780 and 614483). It is uncertain what
mechanistic effect this specific duplication has, albeit simultaneous
duplication of the complete COL4AT and COL4A2 genes has been
described in brain small vessel disease [26]. Similarly, individual AD9
has dystonia and seizures and a duplication encompassing three
genes, CACNB4, SCN1A and SCN2A, each responsible for epilepsy
syndromes with or without movement disorders. It is unclear
whether the simultaneous duplication of these three genes causing
similar or overlapping phenotypes will result in a more severe
phenotype or earlier onset.

CNVs in recessive disorders

CNVs in 35 probands affected recessive disease genes. Six of those
were homozygous, while 16 probands had a CNV in combination
with a single nucleotide variant compatible with recessive
inheritance (Supplementary Tables 2—4). The remaining 13 had,
however, no second (pathogenic) variant to complete a definite
genetic diagnosis, despite extensive analysis using targeted
resequencing, array CGH and analysis of rare coding variants.
Possibly, some of those may have second variants that have
remained undetected because they reside in introns or promotors
and other regulating sequences [35], or represent more exotic
variants like exon inversions or insertion of mobile elements [36].
Emerging techniques such as (long-read) whole genome sequen-
cing or transcriptome sequencing may reveal such variants in the
future [35, 37].

Alternatively, the heterozygous variants in recessive genes may
not be related to the disorder in these individuals and, yet
undetermined, causative variants in other genes or even
nongenetic causes may exist.

‘Missing’ gene defects

The incorporation of CNV detection in our cohort has increased
the diagnostic yield by 1.8% accumulating with single nucleotide
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variants to 30.5%. Given the fact that a genetic cause was suspected
in all the individuals in this cohort, we are still missing the majority of
causative variants. Despite the extra yield described here, smaller
CNVs, especially those smaller than three exons, may be missed by
CoNIFER. CNVs may also be missed in regions not covered either due
to poor sequencing or mapping/calling difficulties, as is the case for
the triplicated regions in the NEB and TTN genes. New callers may be
helpful to better detect CNVs in the future. Other types of variants
may also be missed, like variants affecting proper translation (like
copy neutral structural variants or mobile element insertions).
However, large scale genome sequencing efforts have not shown
significant increases in diagnostic yields [38]. Other concepts, like
multigenic inheritance [39], somatic variants that are not present in
blood cells [40], or dominant inheritance in genes previously
established as recessive, will be the future challenge to increase
diagnostic yields.

In conclusion, we here show that CNV analysis from exome data
is important to detect a part of the missing gene defects in
neurogenetic disorders and a valuable tool for virtually any gene
panel approach based on exome sequencing. Nevertheless,
diagnostic labs will also have to strive to increase diagnostic
yields by innovative approaches to find the genetic causes in the
remaining group of unsolved cases.
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