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Abstract: Background: Neurological disorders are a highly heterogeneous group of pathological
conditions that affect both the peripheral and the central nervous system. These pathologies are char-
acterized by a complex and multifactorial etiology involving numerous environmental agents and ge-
netic susceptibility factors. For this reason, the investigation of their pathogenetic basis by means of

traditional methodological approaches is rather arduous. High-throughput genotyping technologies,

ARTICLE HISTORY including the microarray-based comparative genomic hybridization (aCGH), are currently replacing

classical detection methods, providing powerful molecular tools to identify genomic unbalanced struc-
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Accepted: March 13, 2018 Methods: In this report, we comprehensively describe the design method, the procedures, validation,
DOI- and implementation of an exon-centric customized aCGH (NeuroArray 1.0), tailored to detect both
10.2174/1389202919666180404105451 single and multi-exon deletions or duplications in a large set of multi- and monogenic neurological

diseases. This focused platform enables a targeted measurement of structural imbalances across the

human genome, targeting the clinically relevant genes at exon-level resolution.

Conclusion: An increasing use of the NeuroArray platform may offer new insights in investigating
potential overlapping gene signatures among neurological conditions and defining genotype-
phenotype relationships.
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1. INTRODUCTION more recently Copy Number Variations (CNVs) and gene
dosage alterations have emerged as critical elements for the
development and maintenance of the nervous system [1].
CNVs (gain or loss of genomic material larger than 1 Kb)
are very common across the human genome, constitute a
prevalent source of genomic variations [2], and are known to
contribute to familiar or sporadic neurological diseases, such
as neuropathies, epilepsy forms, autistic syndromes, psychi-
atric illnesses and neurodegenerative diseases [3-8]. Just to
mention a few examples, frequent duplications of the amy-
loid precursor protein gene (APP) or CNVs involving genes
tightly related to amyloid-f peptide pathways have been de-
tected in patients with Alzheimer’s Disease (AD) [9-12]. In
Parkinson’s Disease (PD), a single PARK2 gene loss seems
to increase the risk of PD [13], while a-synuclein gene
(SNCA) copy-number gains have proved to play a major role
in the disease severity of PARKI [3, 14]. Some rare CNVs

Neurological disorders are multifactorial debilitating pa-
thologies of the nervous system affecting hundreds of mil-
lions of people worldwide. The etiology of this heterogene-
ous group of diseases relies on a large spectrum of elements
including genetic, epigenetic, and environmental contribu-
tions that are still far from being fully encoded. Despite the
complex molecular mechanisms underlying such kind of
diseases, the intensive efforts of the scientific community
and the significant and rapid advancement of biotechnolo-
gies are fueling several steps towards the elucidation of the
genetic components.

While Single Nucleotide Changes (SNPs) were consid-
ered for a long time the major disease-driving mutations,
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have been also associated with Amyotrophic Lateral Sclero-
sis (ALS) susceptibility, such as the DPP6 locus and the
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15q11.2 locus containing the NIPAI gene [15]. Moreover,
different type of phenotypes can arise from dosage variations
of the same gene: for example, two clinically distinct disor-
ders can be caused by dosage variations of PMP22 gene, like
the Hereditary Neuropathy with liability to Pressure Palsies
(HNPP) which is caused by a 1.5-Mb deletion spanning the
same region tandem duplicated in most Charcot-Marie-Tooth
(CMT) 1A disease cases [16].

In the past decades, the detection of CNVs and abnormal
gene dosage has been based on traditional methodologies
such as karyotyping, quantitative PCR, Multiple Ligation
Probe Analysis or Southern blot. These approaches had some
limits: they were time-consuming, labor-intensive, required
multiple phase steps and severe equipment costs, and above
all, did not offer a complete genomic overview of structural
imbalances at sufficiently high resolution. Since a few years
now, the employment of the whole-genome high-resolution
aCGH platforms for detecting deletions or duplications has
extensively grown. The application of the aCGH technology
has dramatically enhanced and refined the detection of mul-
tiple CNVs of variable size, offering at the same time high
resolution, high reproducibility, and scalability for an exten-
sive genome-wide mapping of DNA alterations [17-21]. This
biotechnology is now recognized as the first-tier clinical di-
agnostic test for individuals with developmental disabilities
or congenital anomalies [22]. In addition, several customized
high-density aCGH, suitably designed to focus on specific
clinically relevant chromosomal locations have been devel-
oped [21, 23-28]. This approach has been already applied to
different human diseases including neuromuscular diseases,
cancer, autism, epilepsy, multiple sclerosis, mitochondrial
and metabolic disorders [20, 29-38].

In this report, we describe the design and development of
a customized exon-centric aCGH (hereafter called NeuroAr-
ray 1.0), tailored to detect exonic deletions and duplications
in a large panel of genes involved in the most common
molecularly diagnosed neuromuscolar diseases: AD and
other dementias, PD, ALS, Epilepsies, Rett Syndrome
(RTT), Autosomal dominant and recessive Limb-Girdle
Muscular Dystrophy (LGMD), Muscular Duchenne (DMD)/
Becker Dystrophy (BMD), Hereditary Spastic Paraplegia
(HSP), Spinocerebellar Ataxia (SCA), Neurofibromatosis
(NF), Tuberous sclerosis (TSC), Peripheral Neuropathy (PN)
and Stroke. Our report shows the advantages of a customized
platform in terms of findings, time, and costs compared to
other commercial approaches, as well as for the detection of
new potential genetic biomarkers that may play roles in un-
derstanding the common linking mechanisms underlying
neurological disorders.

2. MATERIALS AND METHODS
2.1. Gene Selection and aCGH Design Strategy

Our customized NeuroArray aCGH platform was built to
permit a high-density probe coverage in the coding region of
clinically relevant genes associated with major and fre-
quently observed neurological disorders (AD and other de-
mentias, PD, ALS, Epilepsies, RTT, LGMD, DMD/BMD,
HSP, SCA, NF, TSC, PN and Stroke).

The selection of genes included in the array, relied on our
extensive expertise in clinics and genetics of neurological
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diseases and on updated literature data, has been extended to
the entire currently known sets of disease-linked genes col-
lected in specific public databases available online, such as
ALlZgene  (http://www.alzgene.org/), PDgene (http:/
www.pdgene.org/) and ALSgene (http://www.alsgene.org/).
The set of selected genes embraces known and putative risk
factors, disease-causing genes, and other related genetic re-
gions affected by different types of mutations have been de-
scribed in our previous work [39].

The array design was carried out by using the web-based
Agilent SureDesign Software (Advanced Design Wizard
option), version 1.2.1.15 (Agilent Technologies, Santa Clara,
CA). This web application allows to define regions of inter-
est and select the “best-performing” probes from the High-
Density (HD) Agilent probe library. Chromosomal coordi-
nates of all RefSeq genes were extrapolated from open-
source databases, Biomart (http://www.biomart.org/) and
UCSC Genome Browser according to Human Feb. 2009
Assembly (GRCh37/hgl9) (http://genome.ucsc.edu). Exon
coordinates of neuro-related genes were selected and format-
ted using a homemade R script [40] and then uploaded on
SureDesign. Candidate probes were scored and filtered using
bioinformatics prediction criteria for probe sensitivity, speci-
ficity, and responsiveness under appropriate conditions. We
also selected a limited number of probes (2337) with the
SureDesign Genomic Tiling option to cover regions inade-
quately represented in the Agilent database. A total amount
of 40,973 probes with a median probe spacing of 355 bp
were enriched in the coding regions of 1,632 genes. All
probes were chosen with similar characteristics: isothermal
probes, with melting temperature (Tm) of 80°C and probe
length of about 60-mers. Further details about the number of
total exon/targets and probes from HD library or Genomic
Tiling and other characteristics of NeuroArray (e.g., median/
average probes spacing, target coverage percentage, etfc.)
have been described in our previous work [39].

Biological probes were randomly distributed in the
8x60K array format that allows to contemporary process
eight samples in a single experiment. For the purposes of
raw data quality control and normalization processes, a set of
1262 normalization or ‘backbone’ probes and a set of 5000
(5 x 1000) replicate probes were also added to the array de-
sign, following manufacturer’s instructions. Microarray
slides were produced using Agilent’s Sure-Print Inkjet tech-
nology (Agilent Technologies, Santa Clara, CA).

2.2. Clinical Samples Selection

To validate the NeuroArray, we selected DNA samples
from individuals previously subjected to gene dosage or
CNVs detection through Multiplex Ligation-dependent
Probe Amplification (MLPA), qPCR or other commercially
available whole-genome aCGH. In addition, DNA of pa-
tients with neurological phenotypes and an incomplete mo-
lecular diagnosis were referred for NeuroArray molecular
cytogenetic testing. In total, 40 samples were tested on Neu-
roArray platform.

2.3. Microarray Experiment

Genomic DNA was extracted from peripheral blood lym-
phocytes using the EZ1 DNA Blood extraction kit (Qiagen,
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Hilden, Germany) by Biorobot EZ1 following manufac-
turer’s recommendations (Qiagen, Hilden, Germany). Highly
concentrated DNA was checked for quality using the Nano-
Drop spectrophotometer (Thermo Scientific, Wilmington,
Delaware, USA). Array experiments were performed as rec-
ommended by the manufacturer (Agilent Technologies,
Santa Clara, CA). DNA test and a reference of the same sex
(Euro Reference, Agilent Technologies, Santa Clara, CA),
both at the concentration of 500 ng, were double digested
with Rsal and Alul for 2 hours at 37°C. After heat inactiva-
tion of the enzymes at 65°C for 20 min, each digested sam-
ple was labeled by random priming by using the genomic
DNA Enzymatic Labelling Kit (Agilent Technologies, Santa
Clara, CA) for 2 hours using Cy5-dUTP for patient DNAs
and Cy3-dUTP for reference DNAs. Labeled products were
column purified by using the SureTag DNA Labeling Kit
Purification Columns (Agilent Technologies, Santa Clara,
CA). After probe denaturation and pre-annealing with Cot-1
DNA, hybridization was performed at 65°C with rotation for
24 hr. After two washing steps, the array was scanned by
SureScan scanner (Agilent Technologies, Santa Clara, CA)
at 3 microns. Array data were extracted from scanned images
using Feature Extraction software (Agilent Technologies,
Santa Clara, CA) and underwent a quality control step in
order to check signal intensities and background noise. In
particular, the following evaluation metrics were used to
pass our quality control test: Derivative Log Ratio Spread
<0.30, signal intensity >200, background noise of both chan-
nels < 25, and signal to noise >30.

2.4. Data Analysis

The analysis and visualization of array data were per-
formed using CytoGenomics software v.2.9.2.4. (Agilent
Technologies, Santa Clara, CA). We used the Aberration
Detection Method 1 (ADM-1) algorithm to identify all ab-
errant intervals in a given sample with consistently high or
low log ratios based on a statistical score. The statistical
score was calculated on the average log ratios of the probes
and the number of probes for region. To make a positive
call, our threshold settings for the aCGH analysis method
were 6.0 for sensitivity, 0.25 for minimum absolute average
log ratio and three as a minimum number of probes in the
region.

2.5. Validation

Ad hoc quantitative real-time polymerase chain reaction
(qPCR) assays were performed to validate some genomic
imbalances detected by the NeuroArray. Primers flanking the
putative exonic imbalances were designed using the Primer-
Blast tool (http://www.ncbi.nlm.nih.gov/tools/primer-blast/)
as described [41]. A reference gene was used for normaliza-
tion. Each qPCR assay was performed in triplicate using the
LightCycler 1.5 (Roche Diagnostics, Germany). The relative
quantification was measured using the AACt method that
requires a healthy control sample (diploid) as a calibrator in
all amplifications [42]. In particular, as calibrator control, we
used the same DNA reference hybridized in the NeuroArray
experiments. PCR products were visualized by agarose gel
electrophoresis.
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3. RESULTS
3.1. Disease Related Gene-panels Selection

To comprehensively analyze CNVs embracing genes
linked to neurological diseases, we designed a customized
oligonucleotide array here called NeuroArray. The group of
diseases chosen for the NeuroArray design encompasses
heterogeneous clinically neurological disorders, requiring
genetic tests for clinical diagnosis. Specifically, we chose to
focus on AD and other dementias, PD, ALS, Epilepsies,
RTT, LGMD, DMD/BMD, HSP, SCA, NF, TSC, PN, and
Stroke. Genomic DNA regions selected for the array design
overlap with both causative and/or susceptibility genes pre-
viously linked to one or more neurological diseases. In the
end, the NeuroArray design included a total amount of 1,632
human genes with a total coverage of exonic targets of 94%,
as reported in our previous work [39]. In the next sections,
we will summarize the major features of the disease-related
targeted genetic-panels. It should, however, be kept in mind
that the following disease-related groups are made only for
simplicity purposes, considering that neurological disorders
are often characterized by a continuum spectrum of genetic
and phenotypic variations. A graphical representation of se-
lected pathologies and the number of disease-linked genes
used for NeuroArray customization is showed in Fig. (1).

3.1.1. Dementias

AD is the most common irreversible, progressive cause
of dementia in the elderly, characterized by a gradual loss of
memory and cognitive decline. Genetic variability is a key
factor in the development and progression of AD, accounting
for approximately 58-79% of phenotypic variation [43].
While mutations in APP, PSENI, and PSEN2 are known to
primarily cause early-onset AD (age at onset<60 years), the
leading genetic risk factor for the more common late-onset
AD (age at onset>60 years) is the APOE &4 allele [43]. In the
last years, the advancement of genome-wide scanning meth-
odologies has enabled the identification of a number of pre-
viously uncharacterized CNVs that might play a role in AD
[44]. We selected AD-related genes from ALZGene database
(release April 2011), including at the end a total amount of
641 genes and 9118 exonic regions.

Frontotemporal Dementia (FTD) is much less common
than AD, but it is particularly frequent in patients younger
than 65 years [45]. FTD term encompasses a group of neuro-
logical diseases characterized by progressive deficits in be-
havior, executive function, or language. Genetics represents
an important risk factor for FTD: family histories of demen-
tia are reported in up to 40% of cases of frontotemporal lobar
degeneration, although a clear autosomal dominant inheri-
tance accounts for only 10% of cases [45]. Interestingly,
there is growing evidence of overlapping clinical, neuropa-
thological and genetic features between FTD and other neu-
rological diseases, including ALS. Indeed, it has been dem-
onstrated that mutations in some ALS-related genes, such as
CI90ORF72, MAPT, and GRN, account for about 60% of all
cases of inherited frontotemporal lobar degeneration. Further
rare forms of FTD are also caused by mutations in other
ALS-related genes, including TARDBP, FUS, VCP, or
CHMP2B genes, emphasizing the close relationship between
these two pathologies [45]. All common and ALS-related
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Fig. (1). Clinically relevant genes selected for the NeuroArray customization. Graphical representation showing the number of clinically
relevant genes involved in neurological diseases and included in the aCGH NeuroArray. The largest number of genes belongs to Alzheimer’s

disease’s panel, followed by Parkinson’s disease and Epilepsy forms.

FTD-causing genes (including 7 genes and 82 exons) were
covered in the NeuroArray design.

3.1.2. Movement Disorders

A set of neurological conditions selected for NeuroArray
customization belongs to the class of movement disorders.
PD is the most common, affecting approximately 1% of the
population older than 65 years of age worldwide [46]. Clini-
cally, PD patients present the classic tetrad of motor symp-
toms: low-frequency resting tremor, bradykinesia, rigidity of
the skeletal muscles and postural instability. These major
symptoms derive from the profound and selective loss of
dopaminergic neurons in the substantia nigra pars com-
pacta, coupled with the accumulation of eosinophilic intra-
cytoplasmic aggregates termed Lewy bodies [46]. Although
mutations in five main genes (SNCA, LRRK2, PARK2,
PINKI, DJI) have been identified as responsible for the
dominant or recessive form of the disease, in the last years,
thanks to genome-wide linkage scans and exome sequencing,
researchers have discovered dozens of further loci, genes and
risk factors that seem to contribute to PD [47-49]. By using
PDgene database (Release February 2013), we selected for
the PD-panel a total amount of 505 genes, including 6826
exons. The application of this specific panel has been deeply
discussed in a previous paper [39].

ALS is a genetically heterogeneous disorder that shows a
characteristic dichotomy of familial forms (10%), typically
displaying Mendelian inheritance patterns, and isolated or
sporadic ALS (90%) characterized by a multifactorial nature
in which multiple genetic variants, each of small effect,
combine with environmental triggers and risk factors [50].
Although identification of disease-linked mutations has
played an important role in our understanding of ALS patho-
physiology, the molecular mechanisms and precise genetic
causes of ALS remain to be clarified. For the NeuroArray
design, we included 110 genes in the ALS-panel, globally
selected from ALSgene database, encompassing the major
disease-causing genes (e.g., SODI, ALS2, SETX, SPGIl,
FUS, VAPB, ANG, TARDBP, FIG4, OPITN, ATXN2,
UBQLN2, PGRN, PFNI, DCTNI and C9ORF72) as well as
several potential genetic risk factors [51].

SCA comprises a large group of heterogeneous neurode-
generative disorders inherited in an autosomal dominant,
recessive or X-linked fashion. SCA conditions are character-
ized by progressive cerebellar ataxia with oculomotor dys-
function, dysarthria, pyramidal signs, extrapyramidal signs,
pigmentary retinopathy, peripheral neuropathy, cognitive
impairment and other symptoms [52]. Several forms of SCA
are currently known and are classified according to the clini-
cal manifestations or genetic nosology. Moreover, thanks to
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the widespread clinical use of NGS, a large number of
pathogenic genes underlying SCAs have been characterized
[53]; among them, a small number contains pathogenic mu-
tations that can be detected by the aCGH technology. We
included in the NeuroArray design a panel of 52 genes re-
lated to both dominant and recessive forms of SCAs, cover-
ing a total amount of 1012 exonic regions.

HSP is a syndromic designation for a clinically and ge-
netically heterogeneous group of inherited neurodegenerative
or neurodevelopmental disorders in which the main neuro-
logical symptoms and signs are lower limb spasticity and
weakness [54]. HSPs are classified according to the clinical
phenotype, pattern of inheritance, or pathophysiological mo-
lecular mechanism. The genetic basis of HSPs is complex
with more than 70 genetic subtypes involving all patterns of
Mendelian inheritance (autosomal dominant, autosomal re-
cessive, X-linked) and maternal mitochondrial transmission
[54]. Among the HSP-related genes, we included in Neu-
roArray a list of 45 targets.

3.1.3. Episodic and Paroxysmal Disorders

Epilepsy is a disorder of the brain characterized by an
enduring predisposition to generate epileptic seizures and by
the neurobiological, cognitive, psychological, and social
consequences of this condition [55]. Different families of
disorders, having in common an abnormally increased pre-
disposition to seizures, belong to epilepsy [55, 56]. The im-
portance of genetics in the etiology of epilepsy has been
widely confirmed in the last decades, involving both CNV
and de novo mutations [56-61]. For the NeuroArray design,
we have selected 452 genes with 7089 exonic targets in-
volved in different epileptic forms. In particular, it allows the
detection of CNVs of a large set of autosomal and X-linked
genes involved in epilepsy.

3.1.4. Myopathies

Muscular dystrophy is a group of inherited diseases char-
acterized by a primary structural or functional impairment of
skeletal muscle. The most well-known are DMD and BMD,
both caused by mutations in the dystrophin-gene [62]. The
human DMD gene, the largest of our genome, is located in
chromosome X and contains 79 exons spanning 2.2 Mb.
Currently, the molecular diagnostic of DMD/BMD relies on
the analysis of deletions/duplications performed by commer-
cial aCGH, MLPA, and, more recently, by NGS panels [63].
Although these methods have provided relevant technical
and diagnostic implications, these often fail to detect and
characterize precisely the nature of rare, complex rearrange-
ments associating duplications and triplications of several,
non-consecutive exons. In this regard, our NeuroArray plat-
form allows an exon-focused evaluation of structural imbal-
ances at a higher resolution than whole-genome commer-
cially available platforms, and lowers the costs of an “exon
by exon” analysis through PCR-based approaches, represent-
ing a valuable, cost-effective tool for high throughput DMD
molecular diagnosis as well as for definition of elu-
sive DMD gene mutations.

LGMD encompasses a highly heterogeneous group of
muscle disorders, affecting voluntary muscles of the hip and
shoulder areas [64]. The genetic classification of LGMD is
becoming increasingly complex since this acronym has also
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been used for a number of other myopathic disorders with
overlapping phenotypes [64]. Today, the list of genes to be
screened is too large for the gene-by-gene approach and it is
well suited for targeted NGS or array panels including any
gene strictly associated with the clinical picture of LGMD.
Here, we selected 28 LGMD-related genes associated with
both autosomal dominant and recessive forms of diseases.

3.1.5. Peripheral Neuropathies

Inherited peripheral neuropathies are among the most
common genetic neuromuscular disorders worldwide. Their
diagnosis is challenging due to their genotypic and pheno-
typic variability, but while different mutations in PMP22 are
the cause of HNPP [65], CMT disease (the most common
PN form) is associated with mutations or CNVs in numerous
genes, mainly encoding proteins involved in the develop-
ment and functionality of Schwann cells and peripheral ax-
ons [66]. Although measuring the PMP22 duplication in
CMT patients is still a reasonable diagnostic test, the increas-
ing availability and affordability of genome-wide technolo-
gies has ramped up gene discovery and drastically changed
genetic screening strategies [67]. In NeuroArray, we in-
cluded a PN-related genes set counting a total amount of 41
genetic targets.

3.1.6. Neurocutaneous Syndromes

NF and TS, both type 1 and type 2, are genetic phakoma-
toses syndromes, also known as neuro-genodermatoses,
mainly characterized by cutaneous lesions, as well as periph-
eral or central nervous system neoplasms [68]. Like the ma-
jority of hereditary cancer syndromes, NF and TS are both
autosomal dominant in inheritance [69]. NF affects one in
3,000 persons while TS occurs in one in every 30,000 to
50,000 births. Although the penetrance is high for both these
diseases, new cases of NF and TS have frequently been as-
sociated with de novo mutations [70, 71]. In order to better
investigate the role of CNVs in these two diseases, we in-
cluded in the NeuroArray platform in addition to the two
main genes associated with TS (7SCI and 7SC2) those sur-
rounding and including NFI and NF?2 loci [72]; in particular
for NF1 they seem to be responsible for more severe clinical
phenotypes [73, 74].

3.1.7. Other Neurological Diseases

In addition to above discussed disease-related gene pan-
els, the NeuroArray platform includes a number of genes
related to other neurological disease characterized by well-
characterized genetic backgrounds (i.e., stroke and RTT).

Stroke is the third leading cause of death worldwide, af-
ter heart disease and all forms of cancers, and represents an
important cause of age-related cognitive decline and demen-
tia [75]. Both genetic and environmental risk factors contrib-
ute to damaging cerebral blood vessels and, consequently,
cause stroke [75]. Approximately 20% of strokes are hemor-
rhagic, while the remaining 80% are classified as ischemic
strokes. Several CNVs seem to contribute to both hemor-
rhagic and ischemic stroke [75]. Here, we included 38 genes
overall related to both types of stroke.

RTT is a rare genetic postnatal neurological disorder of
the gray matter of the brain that almost exclusively affects
females (it rarely affects male patients). The clinical features
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include small hands and feet and a deceleration of the rate of
head growth. Repetitive stereotyped hand movements, such
as wringing and/or repeatedly putting hands into the mouth
are also noted. Genetically, RTT is caused by mutations in
the gene MECP?2 located on the X chromosome (which is
involved in transcriptional silencing and epigenetic regula-
tion of methylated DNA), and can arise sporadically or from
germline mutations [76]. Atypical RTT variants involve mu-
tations in CDKL5 or FOXGI genes [76]. These three genes
were included in NeuroArray design.

3.2. Comparison Between NeuroArray and Other CNV
Detection Methodologies

Our comparative validation process has demonstrated
that NeuroArray was able to detect both micro and macro
genomic imbalances previously characterized by MLPA,
qPCR or other commercially available whole-genome aCGH
platforms. The array was also able to refine better the ge-
nomic intervals involved in the imbalances (inner start-stop
coordinates). In the following sections, we will show some
representative examples of NeuroArray tests compared to
other CNV detection techniques.

3.2.1. NeuroArray vs. Commercial Whole-genome aCGH

The DNA sample of patient #1 was referred to our labo-
ratory for molecular testing of SPG7, a gene localized on
chromosome 16q24.3, and whose mutations are responsible
for the onset of the autosomal recessive spastic paraplegia 7.
We firstly sequenced the DNA sample for the entire genetic
region of SPG7, detecting a heterozygous single point muta-
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tion in the exon 11, inherited from the mother’s side. Since
the recessive nature of this neurological disease, we also
performed a double CNVs analysis by using both the com-
mercially available whole-genome Agilent SurePrint G3
Human CGH Microarray 8x60K slide and the NeuroAdrray
platform. The first test on the commercial whole-genome
aCGH did not show any structural imbalance in the SPG7
gene, because of the few probes covering this region. As
shown in Fig. (2), in the 8x60K slide format, there are just
three probes covering SPG7 gene (the exon 10 of the shorter
isoform and two additional intronic regions respectively).
Our customized NeuroArray design was able to detect a het-
erozygous deletion of the exons 2 and 3 of SPG7 (Fig. 2),
because of the higher density probes targeting SPG7 exons.
This deletion was subsequently confirmed in both proband’s
and father’s genomes by MLPA test with a concordance of
94% with NeuroArray (Kit P213-A2).

3.2.2. NeuroArray vs. MLPA Assay

The DNA sample of patient #2 was referred to our labo-
ratory to confirm the clinical diagnosis of Neurofibromatosis
type 1, a disorder caused by inactivating mutations in the
17q11.2-located Neurofibromin 1 (NFI) gene. This gene
contains 58 exons spanning approximately 282 kb of ge-
nomic DNA and encodes neurofibromin protein. The point
mutations analysis of NF'/ in the DNA sample resulted nega-
tive. To detect the deletion/duplication in the NF'1 gene, two
different MLPA kits (SALSA MLPA P081/082 and P122-C1
by MRC-Holland, Amsterdam, The Netherlands) were used.
A whole-gene heterozygous deletion comprising the deletion
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@ [ Agilent SurePrint G3 Human CGH Microarray 8x60K ]
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@ [ NeuroArray design J
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SPG7
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Fig. (2). NeuroArray vs. commercial platforms. A: The human SPG7 gene is located on chromosome 16q24.3, spanning 49.3 Kb of ge-
nomic DNA. B: This gene produces two different transcripts, the longest of which encompasses 17 exonic regions. Both transcripts are illus-
trated in the figure and are indicated by the NCBI Accession Number on the right. SPG7 exons are represented in the figure by black boxes
and are numbered consecutively. The dashed line represents intronic regions. C: Distribution of oligonucleotide probes on the commercially
available whole-genome Agilent SurePrint G3 Human CGH Microarray 8x60K. D: Distribution of oligonucleotide probes in the entire exo-
nic regions of SPG7 gene in the customized NeuroArray design. E: Detection of heterozygous exonic deletion in SPG7 gene in a patient with
Hereditary Spastic Paraplegia 7. NeuroArray showed the deletion of the exon 2 and 3 of SPG7 gene, later confirmed by MLPA assay.
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of UTP6 and SUZI2, two genes telomeric to the NFI gene,
was detected. The NeuroArray test has confirmed the het-
erozygous deletion (844 kb, Chr.17 from 29,483,057 to
30,327,458), encompassing NFI and further neighboring
genes (Fig. 3), with a concordance of 98% with MLPA as-
say. Deletions >700kb in this region have been described in
patients with atypical NF'/ microdeletion and are often char-
acterized by a more severe phenotype compared to patients
with intragenic NF/ mutations [73].

3.2.3. NeuroArray vs. Real-time PCR

The DNA sample from patient #3 was referred to our
laboratory for molecular testing of sporadic ALS. The ge-
netic screening of major ALS known genes SODI,
C90ORF72, FUS, TARDBP, and ANG was negative. The test
on NeuroArray has revealed heterozygous deletions within
the following three regions: i) 64,184 Kb deleted on Chr.2
(cytoband 2p14) embracing VPS54 gene (Fig. 4, panel A);
ii) 5,1 Kb in the cytoband 2q24 including the SCN74 gene
(Fig. 4, panel B) and iii) a region on Chr.3 (2.5 Mb from
cytoband 3p11.2 to 3p11.1) embracing CHMP2B and further
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overlapping and neighboring genes (Fig. 4, panel C). The
qPCR assay performed on exon 4 of VPS54, exon 3 of
SCN7A4 and exon 5 CHMP2B was able to confirm the dele-
tion with 100% of concordance. It is interesting to note that
genetic/genomic aberrations of these genes have been al-
ready associated with ALS pathogenesis [77-80]. In particu-
lar, a heterozygous deletion in the CHMP2B gene has al-
ready been implicated in ALS pathogenesis [15], as well as
in other related neurodegenerative disorders, including FTD
[81, 82]. However, in contrast to the previously reported data
[79], our ALS case showed weakness and muscular atrophy
in both upper limbs with onset in the upper limbs and was
without features of FTD. The oligo-genic nature of the dis-
ease leads us to interpret these imbalances carefully as causa-
tive of the patient's phenotype and further studies are needed
to explore their role in the pathogenesis of ALS.

4. DISCUSSION

The aCGH biotechnology is widely used to detect unbal-
anced chromosomal changes, including both large and
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Fig. (3). Detection of NF1 gene and neighboring genes deletion in a patient with Neurofibromatosis type I. NeuroArray confirmed the
deletion of the tumor-suppressive NF1 gene, previously detected by two MLPA kits (SALSA MLPA P081/082 and P122-C1 by MRC-
Holland, Amsterdam, The Netherlands). Furthermore, it revealed a larger deletion including further overlapping or neighboring genes. On the
left is represented chromosome 17. NeuroArray aCGH data visualization and analysis obtained from CytoGenomics software are shown in
the middle panel. The red area represents the deleted region. On top of the panel, the size of the deletion and the chromosomal locus are indi-
cated. Red and blue dots represent the log?2 ratios for the relative hybridization intensities of each spotted probe. The dots with an average
log2 ratio around -1 indicate a heterozygous deletion. On the right, probe coverage of MLPA Kkits is graphically represented. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the web version of this paper.)
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Fig. (4). Detection of three single-gene deletions (VPS54, SNC74, and CHMP2B) in a patient with ALS. NeuroArray has revealed the
heterozygous deletion of three genomic regions encompassing three known ALS-related genes in an ALS patient. In particular, the regions
included: i) 64,184 Kb deleted on Chr.2 (cytoband 2p14) embracing VPS54 gene (Panel A); ii) 5,1 Kb in the cytoband 2q24 including the
SCN7A4 gene (Panel B) and iii) a region on Chr.3 (2.5 Mb from cytoband 3p11.2 to 3p11.1) embracing CHMP2B and further overlapping and
neighboring genes (Panel C). The qPCR assay, performed on exon 4 of VPS54, exon 3 of SCN74 and exon 5 CHMP2B, has confirmed Neu-
roArray findings. For each gene is reported the comparison between NeuroArray aCGH results (left) and the corresponding measurement by
real-time quantitative qPCR (right). NeuroArray aCGH data visualization and analysis were performed by CytoGenomics software. Resultant
Real-Time qPCR standard curves for detection of each gene and related calibrator controls are shown; cycle number (axis X) is blotted
against fluorescent signal (axis Y) obtained in every cycle at the end of the annealing step.

submicroscopic deletions and duplications across the human
genome, and aCGH applications to screen common benign
and rare pathogenetic CNVs are extensively growing [20,
29-33].

Targeted aCGH present several advantages over other
available molecular methods, such as Southern blotting,
MLPA, qPCR and Sanger sequencing [83]. Each of these
methods is a gold-standard test when applied to monogenic
disorders. However, when applied to multigenic pathologies
(such as neurologic disorders), these methods require higher
equipment costs, time, steps and personnel [33]. In contrast,
the targeted aCGH is a rapid, comprehensive, relatively in-
expensive, highly sensitive and accurate method for simulta-
neously detecting single- and multiexon deletions and dupli-
cations in numerous genes on a unique common platform.
For this reason, several aCGH have been already imple-
mented for the detection of intragenic copy number changes
involved in several human diseases including neuromuscular
diseases (NMDs), cancer, autism, epilepsy, multiple sclerosis
and mitochondrial and metabolic disorders [20, 29-35]. In
addition, the utility of a custom-designed exon-targeted oli-
gonucleotide array to detect intragenic copy number changes
has been demonstrated in patients with various clinical com-
plex phenotypes, among which neurological ones [24], and

has been commercialized for post-natal diagnosis (Agilent
Technologies, Santa Clara, CA).

In this study, we have designed, validated, and imple-
mented a focused exon-centric aCGH array as a molecular
tool to detect CNVs and abnormal single-gene dosage in a
large set of clinically relevant chromosomal locations linked
to multiple neurological diseases. The customized NeuroAr-
ray offers some considerable advantages: it allows an exon-
focused evaluation of structural imbalances in clinically
relevant genes at a higher resolution than whole-genome
commercially available platforms, and lowers the costs of an
“exon by exon” analysis through PCR-based approaches,
providing at the same time an extensive window of further
potentially involved genetic alterations. Although the use of
a 180k format would have guaranteed the interrogation of
thousands of CNV regions simultaneously in a single ex-
periment at higher level of resolution and coverage, the
8x60K platform has proven to be suitable for high-resolution
analysis and it is also reasonable from an economic point of
view, offering the possibility to hybridize eight samples si-
multaneously.

The routinely use of dedicated high-throughput genotyp-
ing platforms as our NeuroArray could offer new opportuni-
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ties for both research and clinics: i) the large-scale screening
of genes involved in neurological diseases could become a
way to explore the potential genetic overlapping among dif-
ferent neurological conditions [84]; ii) the simultaneous de-
tection of multiple genes involved in the nervous system
diseases could aid to refine the genotype-phenotype correla-
tions, offering a method to cluster genetic alterations com-
monly responsible for a specific phenotypic characters (such
as dementia, motor impairment, cognition, efc.).

Despite the ultimate goal of the NeuroArray platform
design is to provide a comprehensive coverage of neurologi-
cally relevant genes at exon-level resolution, the low density
of normalized or “backbone” probes in intergenic regions
might make breakpoint boundary characterization more dif-
ficult. Moreover, as others aCGH-based platform, NeuroAr-
ray is not able to detect nucleotide repeat expansions (e.g.,
C90ORF72 or ATXN2 genes), which are known to be genetic
determinants of SCA or ALS, as well as balanced structural
chromosomal abnormalities. Another potential limitation of
the platform refers to the mosaicism conditions. As previ-
ously reported, the aCGH technology allows detecting low-
grade as well as submicroscopic mosaics (<10%) [85, 86].
Anyway, the possibility to reach a correct identification of a
low-represented mosaic depends on several factors (i.e., the
DNA quality, the algorithm used for analysis, the platform
design itself). Exon-targeted high-resolution oligonucleotide
arrays (such as our NeuroArray) have been used to detect
low represented mosaicism conditions, but the good success
could be related to the size of the region involved [87]. To
overcome all these limitations, we are planning to design
NeuroArray 2.0 in order to refine the probe coverage in
skipped genomic regions, including additional widely-spaced
backbone probes providing coverage across the whole ge-
nome and (where necessary) the intronic flanking regions
and the alternatively spliced cassette exons [88-91].

During the last few years, the scientific community is
having a debate on the overcoming of aCGH for CNVs de-
tection using Whole-Exome Sequencing (WES) and power-
ful tools for data analysis, showing that WES seems to have
reached good results compared with some whole-genome
aCGH formats but not yet with exon-targeted aCGH [37, 38,
92-96]. According to this, custom-designed exon-focused
aCGH can be used alone or complement next-generation
sequencing data, either in detection or in validation.

Taking all these considerations, we believe that our Neu-
roArray will serve as a powerful analytic tool for the investi-
gation of genetic factors associated with neurological dis-
eases, overcoming some limits of commercially available
whole-genome aCGH platforms and PCR-based methodolo-
gies, complementing or validating also next-generation se-
quencing results. In particular, the NeuroArray platform
could be helpful in enhancing molecular diagnosis of neuro-
logical disorders, mainly for familial or sporadic cases with
uncertain or not completely conclusive diagnostic outcome,
elucidating inherited potential or de novo structural altera-
tions that may constitute candidate drivers, therapeutic tar-
gets, and prognostic biomarkers for these multifactorial, and
often incurable, diseases. We fully expect this array to be-
come a starting point for the genetic analysis of neurologic
disorders, given its relevant and up-to-date genotyping con-
tent as well as its low cost.
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CONCLUSION

The custom designed NeuroArray 1.0 represents a robust
molecular testing tool for the detection of genomic abnor-
malities linked to neurological diseases. Compared to com-
mercially available tests (such as PCR-based assays or
whole-genome commercial platforms), it offers at lower
costs a targeted resolution, and allows to measure in more
detail structural or dosage alterations in clinically relevant
exonic-regions., The use of customized platform such as our
NeuroArray 1.0 may offer, in future years, further informa-
tion about the genetic overlapping of different neurological
conditions and could aid to refine the genotype-phenotype
correlations.

LIST OF ABBREVIATIONS

aCGH = Comparative Genomic Hybridization Array
AD = Alzheimer’s Disease

ALS = Amyotrophic Lateral Sclerosis

BMD = Becker Muscular Dystrophy

CNVs = Copy Number Variations

DMD = Duchenne Muscular Dystrophy

FTD = Frontotemporal Dementia

GWAS = Genome-Wide Associations Studies

HNPP = Hereditary Neuropathy with Liability to
Pressure Palsies

HSP = Hereditary Spastic Paraplegia

LGMD = Limb-Girdle Muscular Dystrophy

MLPA = Multiplex Ligation-dependent Probe Am-
plification

NF = Neurofibromatosis

NGS = Next Generation Sequencing

PD = Parkinson’s Disease

PN = Peripheral Neuropathy

qPCR = Quantitative Polymerase Chain Reaction

RTT = Rett Syndrome

SCA = Spinocerebellar Ataxia

SNP = Single Nucleotide Polymorphism

TSC = Tuberous Sclerosis

WES = Whole-Exome Sequencing
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