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Abstract

Objectives: A comparison of the individual genomes within a species demonstrates that structural variation, including Copy
Number Variation (CNV), is a major contributor to phenotypic diversity and evolutionary adaptation. CN'Vs lead to the deregu-
lation of gene expression and could account for the development of a number of genomic disorders. Thus, the development of
efficient, rapid and accurate CNV screening is of fundamental importance. We report a method that enables the simultaneous
determination of the copy numbers of different genetic targets as well as the discrimination among highly similar/almost identi-
cal DNA sequences that differ by only one single nucleotide variant.

Methodology: The PCR co-amplification and single-base extension technologies are used to identify the copy number of
target sequences, the primary spinal muscular atrophy-determining gene, SMN1, and the disease modifier gene, SMN2, in a
cohort of 160 subjects previously genotyped with MLPA-based and qPCR-based techniques. The copy numbers of SMN1/
SMN2 were relative to a reference sequence of known genomic copy number (Albumin and Factor VIII genes).

Results: We developed an efficient and accurate quantification platform which can be adopted as an alternative to other tech-
nologies for CNV evaluation, like as MLPA-based or qPCR-based techniques. In addition, our method has proved effective in
resolving a diagnostic event by questionable result in using the previously mentioned technologies.

Conclusions: The reliability, low-cost and potential for high-throughput make our method suitable for screening large popula-
tions as well as for use as a tool in clinical settings for genetic diagnosis/prognosis.
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Introduction

Copy Number Variations (CNVs) are a form of genomic di-
versity involving DNA sequences >50 bp that are present in the
genome in a variable number of copies [1]. In plants, CNVs are
involved in resistance to biotic [2,3] and biotic stresses [4] and un-
derlie the plant’s growth and development [5,6]. In domesticated
animals, CN'Vs have been associated with different morphological
traits as well as with a variety of diseases and developmental dis-
orders [7]. In humans, CNVs are a primary source of genetic varia-
tion [8], with up to 20% of the genome exposed to CNV [9,10], and
approximately 35% of the genes encompassed totally or partially
by a CNV [11]. Many human disease conditions have been iden-
tified that are either caused by CNVs or that have a relative risk
that is increased by CNVs [12-16]. The extent to which CNVs are
likely to contribute to the diversity of human phenotypes, includ-
ing “Single Gene Defects”, genomic disorders and complex dis-
eases has been increasingly recognised, and CNVs are now widely
recruited for genome-wide association studies, with the aim of
assessing their influence on human disease causation/susceptibil-
ity [12,17,18]. A number of different tools have been developed
to assess CNV. Nevertheless, some of the current techniques that
are used for gene dosage determination in molecular diagnostics
have several limitations and disadvantages. Cytogenetic analysis
and Southern blotting are time-consuming and require a dedicated
laboratory and large amounts of DNA. The shortcomings of other
approaches, including Fluorescent In Situ Hybridisation (FISH)
[19], Comparative Genomic Hybridisation-Based Microarray Ap-
proaches (CGH) [20,21] quantitative real-time PCR [22], Flores-
cence-Labelled CE [23] and Multiplex Ligation-Dependent Probe
Amplification (MLPA) [24] usually manifest significant false-
positive rates and require an increased handling time and cost,
while the recently introduced Next Generation Sequencing (NGS)
approach presents substantial computational and bioinformatics
challenges [1].

Here, we describe a method for determining the CNV within
a genome. This method combines multiplex-PCR and Single Base
Extension (SBE) genotyping, providing an efficient and reliable
method to analyse gene deletions and duplications. The specific
multiplex PCR protocol involves the amplification of the target
locus/loci with an unknown copy number and reference locus/loci
with a known copy number in a single reaction followed by SBE
genotyping and Capillary Gel Electrophoresis. The CNVs are de-
termined by calculating the ratios of the target signal over refer-
ence signal for a test sample and by comparing these ratios to those
obtained using a control sample(s) for which all of the copy num-
bers are known. A comparison of these relative ratios results in a
dosage quotient, indicating the copy number of the target region in

the test sample. We introduce this method and verify its robustness
and versatility by applying it as a diagnostic protocol for detecting
SMNI deletion/conversion and for further determining the copy
numbers of the SMN1 and SMN2 genes that are involved in Spinal
Muscular Atrophy (SMA). SMA is a severe neuromuscular dis-
ease characterized by the degeneration of alpha motor neurons in
the spinal cord, which results in progressive muscle weakness and
paralysis [25]. The SMN1 gene that is located in a complex region
of chromosome 5q13 [26] in 95% of SMA cases is deleted [27]. A
nearly identical gene, SMN2, which differs due to a few nucleotide
changes [28], plays no role in SMA. Nevertheless, because SMN2
codes for the same protein product as SMNI1, although at much
lower rate, and can be present in multiple copies within the ge-
nome, SMN2 is considered to be a disease modulator that decreas-
es the severity of the SMA phenotype in a dose-dependent manner
[29]. We selected the SMA genetic locus to validate this method
because it is a well-characterized disease-causing locus for which
SNP identification and CNV quantification have relevant diagnos-
tic and/or prognostic roles. Furthermore, we take advantage of a
DNA cohort of SMA-affected subjects and carriers that most of
them have already been well-genotyped in our laboratory by other
semi-quantitative and reference methods [30,31]. This new meth-
od of gene copy numbers evaluation gave undoubted results for
all individuals tested, including a male subject for whom the Real-
Time and the MLPA methods had given questionable results.

Materials and Methods

Subjects

We genotyped the DNA samples of 160 subjects. All of the
DNAs of the subjects were previously characterised for SMN1
and SMN2 copy numbers by multiplex real-time PCR [30] and by
MLPA [31].

Nucleic Acid Extraction

The genomic DNA was isolated from the peripheral blood
leukocytes by a PurageneTM DNA Purification Kit (Gentra Sys-
tems, Milan, Italy), according to the manufacturers protocol. The
DNA concentration was determined using a Nano Drop 1000
Spectrophotometer (Thermo Scientific, Milano, Italy).

Primer Design

The PCR primers that flanked the marker polymorphisms
in exon 7 and in exon 8 of the target SMN genes as well as the
primers that were used to amplify reference genes Albumin (ALB)
on chromosome 4 and Coagulation Factor VIII (F8) on chromo-
somes X, were designed by using Primer3 (http://www-genome.
wi.mit.edu/cgi-bin/primer/primer-3www.cgi). The primers were
designed to have similar melting temperatures and different PCR
product lengths, as is optimal for multiplex PCR. The SBE prim-
ers were designed to terminate amplification one nucleotide before
the nucleotide of interest and with different lengths to avoid peak
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overlaps and interferences. Both of the SBE oligonucleotide that
were used to detect nucleotide substitutions between the SMNI1
and SMN2 genes were reverse primers designed on the (-)-strand.
Thus, the oligonucleotide that was used to detect the C and T resi-
dues in exon 7 incorporated G for SMN1 and A for SMN2, while
the oligonucleotide that was used to detect the G and A residues in
exon 8§ incorporated C for SMN1 and T for SMN2. All of the PCR
and SBE primer sequences are included in (Table 1).

Primer nume
SMN_exon7 _for

SMN_exon7_ rev

5°-3" sequence
TGTCTTGTGAAACAAAATGCTT
CACTTTCATAATGCTGGCAGA

SMN_cxon8_for CCACTAAAGAAACGATCAGACAGA

SMN_exon8 _ rev TTTTCTCAACTGCCTCACCA
ALB_for CCGTGGTCCTGAACCAGTTA
ALB_rev CTCCTTCTCAGAAAGTGTGCAT
FR_for . TGGCATGGAAGCTTATGTCA
F8_rev AGGGAGCATAGTCCCAGTCC

SMN _exon7 _sbe
SMN_exon8_sbe
ALB _sbe
F8_she

AATGTGAGCACCTTCCTTCTTTTTGATTTTGTCT
GTGCTGGCCTCCCACCCCCACC
CTGCACAGAATCCTTGGTGAACAGGCGACC
AGCTTATGTCAAAGTAGACAGCTGTCCAGAGGAAC
CCAAC

Table 1: PCR and SBE primer sequences.
Multiplex PCR and SBE

The multiplex PCRs were performed in a final volume of 25
ul. We combined the template (30 ng of genomic DNA) with the
KAPA2G Fast HS Ready Mix PCR Kit Premix (Kappa Bio sys-
tems, Wilmington, MA, USA) and locus-specific primers (10 uM
each; Sigma Aldrich), as recommended by the KapaTaq protocol.
The thermo-cycling conditions consisted of an initial denaturation
step of 95°C for 2 min., followed by 26 cycles of 95°C for 15s, 56°C
for 15s and 72°C for 7s, with a final extension step at 72°C for 30s.
According to the manufacturer’s instructions, 3 pl of PCR prod-
ucts were incubated with Exo-SAP IT (Amersham Biosciences)
prior to the primer extension reaction. Primer extension was car-
ried out with the SNaP shot Multiplex Ready Reaction Mix (Ap-
pleraBiosystem). The reaction was performed in a total volume of
10 pl, containing 3 pl of cleaned PCR products, 1 pl of SNaP shot
premix, 1 pl each of 0.2 uM SBE primers and 2 pl of nuclease-free
H,O. The primer extension thermo-cycling conditions consisted of
26 cycles of 96°C for 10s, 50°C for 15s and 60°C for 30s.

Following the primer extension, the reactions products were
purified by SAP (Amersham Biosciences), according to the manu-

facturer’s instructions. The cleaned products were combined with
0.2 pl of GeneScan-120 LIZ Size Standard Mix and 9.8 pl of form
amide and run on Applied Bio systems 3730 DNA Analyzer (Ap-
plied Bio systems). The peaks of dye intensities corresponding to
extensions of the SBE primers were determined by inspecting the
output from the ABI 3730 DNA Analyzer.

Data Analysis

The quantification of the SMNland SMN2 copy numbers
was performed independently for exon 7 and exon 8 by dividing
the height of each gene-specific peak by the sum of the 2 endog-
enous control peaks (F8 and ALB). The ALB gene on chromosome
4 is present in 2 copies per diploid genome. F8 on chromosome X
is present as a single copy gene per male diploid genome. The ratio
was then compared, separately for males and females, to the ratios
obtained from the three control samples with known SMNI1 and
SMN2 copy numbers to obtain a dosage quotient that indicated the
copy number of each SMN gene.

Results

We used the PCR co-amplification and SBE technologies to
determine the copy number of a target sequence of an unknown
genomic copy number relative to a reference sequence of a known
genomic copy number. Briefly, upon target and reference sequence
co-amplification, the excess dNTPs and primers were removed by
Shrimp Alkaline Phosphatase (SAP) and exonuclease treatment.
The SBE of a primer that was specific for the target sequence as
well as of a primer that was specific for the reference sequence
was carried out in the presence of fluorescently labelled ddNTPs.
The unincorporated fluorescent ddNTPs were then removed by
SAP, and the extension products were readily identified using a
DNA sequence detector. The quantification of the target sequence
is achieved by the comparison of the target fluorescent signal ver-
sus the reference signal, exploiting the fundamental concept that
the accumulation of fluorescence is proportional to the amplifica-
tion of genomic regions. We utilised qualitative and quantitative
capacities of this method by applying it as a diagnostic protocol
for the identification of SMA carriers and for the characterisation
of affected individuals, concurrently establishing the copy number
of the primary SMA-determining gene SMNI and the potential
disease modulator gene SMN2. The assay was applied to a cohort
of 160 individuals with different SMN1 and SMN2 copy numbers,
including 88 apparently healthy individuals from the general pop-
ulation, 14 SMA-affected patients and 58 SMA carriers (Table 2).
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Number Genotype Expected total Measured tatal exon? measured exond measured Expected
of (SMINI:SMNZ) copy number «copy number SMN1/SMN2ratio  SMNI/SMNZratio  SMNI/SMN2
subjects (SMNI+SMNZ) (mean + 50) (mean + D) (mean + 5D) ratio
5 2:0 2 2.28+0.22
4 11 2 2114017 1.07 £0.03 1.1040.02 1.00
20 1:2 3 3.08 +0.29 0.52+0.03 0.54 + 0.06 0.50
a0 21 3 3.02+0.32 2.05+0.06 2.00+0.02 2,00
Erd 13 ] 3.87+0.34 0.34+0.03 0.35+0.02 0.33
36 2:2 1 3.97+031 1.09 +0.04 1.114£0.03 1.00
2 31 4 4154021 3.02+0.10 295+ 005 3.00
5 23 H 5.03+0.21 0.62+0.03 0.67 £ 0.06 0.66
2 14 5 4.85+0.39 0.26+0.01 0.22£0.02 0.25
9 0:3 3 3124014
4 04 4 4.45+0.22
1 05 5 5224020
Table 2: A cohort of 160 individuals with different SMN1 and SMN2

copy numbers.

Base pair exchanges, C-to-T at position +6 in exon7
(c.840C>T) and G-to-A in the un translated region of exon8 (Bur-
glen et al. 1996) [32] were used to distinguish between the two
SMN genes (Figure 1A), while the regions of the ALB and F8
genes were used as internal references (Figure 1A and Materials
and Methods). We unambiguously identified the SMN1 and SMN2
peaks as well as the reference peaks from the genotyping outputs
(Figure 1B).
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Figure 1A: SBE genotyping performed for target SMN genes and the
reference Albumin and Factor 8 genes. For target SMN genes genotyped
residues were C/T at position +6 in exon 7 and G/A at position +236 in
exon 8. For reference Albumin (ALB) and Factor8 (F8) genes, genotyped
residues were A at position +102 in exon 12 and T at position +52 in exon
8, respectively. Arrows represent SBE primers.

P158 (M) P152 (M)
exon? 2/2 exon? 1/2
exon@ 2/2 exon@ 1/2
: 33 ¢ ° 4 & 8 dx []
ii° o i 3% 3
exons exon 7 " emondl exon 7
P147(F) PL36 (F)
exon? 2f0 [ exon 7 1/2
oxong 2/0 | | i exan® 1/2 Lt
= = = |- g 3 ¥ £
i R g B 53
euoni exon 7 exont exon 7
PEs (M) Fi£1 (M)
exon7 0f4 exon7 1/3
wxond 0f4 exon® 1/3 J
g 3 g € ¥ 8§ g2 2
. : 1 §° &
“exon8 Exon 7 exonll e=ony
P8O (F) PB6 (F)
exon7 012 exen? 113
exon s 1/2 J exon® 22 |\
FE - L e g s =z =
S | i 1% 23
pr—y exon 7 exond exon?

Figure 1B: SBE genotyping of multiplex PCR analysis from healthy
controls, SMA patients and carriers with different SMN1/SMN2 ratios.
SMN1 and SMN2 in exons 7 and 8 as well as ALB and F8 are indicated in
colour code under respective peaks in sequencing outputs. Sample name,
gender and SMN1/SMN2 copy numbers, separately reported for exon 7
and exon 8, and are indicated on the left side of each output. F = female;
M = male; Individuals P80 (affected subject) and P86 (healthy carrier)
experienced gene conversion of SMN1 to SMN2 in exon 7. Males have
only one copy of the F8 gene since it is on chromosome X.

Two independent references were used simultaneously to
avoid biases due to possible individual variations in the copy num-
ber of one reference sequence. Because ALB on chromosome 4 is
present in two copies per diploid genome and F8 on chromosome
X is present in two copies in females and in a single copy in males,
we examined the reliability of our system by looking at the rela-
tive ratios of the two reference signals across males and females.
The ALB/FS ratios found in males (1.85 + 0.10) were consistently
doubled with respect to those found in females (0.98 = 0.12), un-
derlining the reliability and the quantitative nature of the assay. In
addition, the fixed relative ratios between the two reference sig-
nals across individuals indicated stability in their copy numbers,
confirming them as suitable references in all of the samples. It is
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important to note that the reference sequence can be any genomic
region with stable copy numbers. Control samples with known
SMN1/SMN2 copy numbers (1/1, 1/2, 1/3, 2/2, 2/1 and 3/1) were
run alongside the test samples. First, the controls were used to
determine the proportionality between SMN1 and SMN2 relative
signal intensities, separately for exon 7 and exon 8, showing the
linearity of the assay in response to the varying copy numbers of
the two SMN genes (exon7 R2=0.9915 and exon8 R2=0.9653) and
further confirming the quantitative nature of the assay. Second,
the target-to-reference ratios in the control subjects allowed for
the assessment of the SMN1 and SMN2 copy numbers in the test
samples with an unknown SMN dosage. The copy numbers of the
SMNI1 and SMN2 genes in the Test samples (T) compared to those
of the Control samples (C) were calculated separately for males
and females by the following equations:

Peak heights SMN1 (T)/[ALB+F8(T)] and Peak heights
SMN2(T)/[ALB+F8(T)]

Peak heights SMN1(C)/ [ALB+F8(C)] Peak heights SMN2(C)/
[ALB+F8(C)]

This comparison resulted in a dosage quotient that indicated
the copy number of each SMN gene in the test sample. For each in-
dividual, we quantified the SMN1 and SMN2 dosage independent-
ly for exon7 and exon 8, enabling the identification of the gene-
conversion events that result in the creation of a hybrid SMN gene.
The gene conversion of SMN1 to SMN2 in exon 7 is one cause of
SMA. The +6 C-to-T substitution in SMN2 exon 7 decreases the
activity of an exotic splice enhancer and alters the splicing pattern
so that the SMN2 mRNA excludes the exon 7 sequences. Conse-
quently, SMN2 produces insufficient amounts of the full-length
SMN transcript and protein to rescue the SMA phenotype [26,28].
However, the conversion of SMN2 to SMNI1 in exon 7 could be
used as a therapeutic approach for SMA [34]. By identifying in-
dividuals with unequal SMN1/SMN2 ratios in the two exons we
were able to distinguish between the hybrids genes derived from
conversion events. Individual P86 had an SMN1/SMN?2 ratio of
1:3 for exon7 and 2:2 for exon8, while individual P80 had a ratio
of 0:3 in exon 7 and 1:2 in exon 8 (Figure 1B), indicating a conver-
sion from SMN1 to SMN2 in exon7. Due to this conversion, indi-
viduals P86 and P80 became an SMA carrier and an SMA-affected
individual, respectively.

We analysed each sample at least three times obtaining anal-
ogous results, demonstrating the reproducibility of our detection
system for gene dosage determination (Table 2). The measured
copy numbers were in accordance with the genotypes that were
previously determined by real-time PCR [30] and MLPA [31],
proving that we can successfully assign all genotypes with dif-
ferent SMN1/SMN2 gene copy numbers, including SMN1/SMN2
ratios equal and not equal to one. We initially designed SBE oligo-
nucleotide on the (+)- and (-)-strands for to detect nucleotide sub-
stitutions in exon 7 and exon 8 of the SMN genes as well as sev-

eral oligonucleotide to genotype different ALB and F8 residues.
This oligonucleotide were used in various combinations to obtain
the optimal output pattern, i.e., comparable peak heights and clear
peak separation to avoid interference due to overlapping signals
(data not shown). All of the tested combinations gave distinct,
well-separated peaks; however, for some combinations, there was
a large discrepancy in the signal intensities favouring one peak (up
to 20-fold).We were always able to correctly determine the copy
number of both of the SMN genes. Good peak separation was ob-
tained using SBE oligonucleotide that differed in length by at least
3 nucleotides.

Discussion

Here, we report a molecular tool for the targeted detection
and characterisation of CNVs. At our knowledge we describe for
the first time a PCR co-amplification and SBE-based technology
in determining the copy number of a target sequence of unknown
genomic copy number relative to a reference sequence of known
genomic copy number. The quantification of the target sequence
is achieved by comparing the target fluorescent signal versus the
reference signal, exploiting the fundamental concept that the ac-
cumulation of fluorescence is proportional to the amplification
of genomic regions. This method can be used to simultaneously
determine the copy numbers of several different targets as well
as to discriminate among highly similar/almost identical targets
that differ by only one SNP, establishing their copy numbers. To
fully exploit the potential of this method, we validated it by geno-
typing the human SMA locus, one of the most complex loci in
terms of determining the correct CNV configuration due to the
extreme similarity of the two SMN genes, making simultaneous
and reliable SMN1 and SMN2 quantification quite challenging.
A previous method based on the principle of primer extension
has been developed for genotype determination at the SMN locus
[35]. However, this method is more laborious and time-consuming
than the method we describe here. Indeed, this previous method
is based on two independent multiplex and complementary PCRs
before the primer extension reaction, including a competitive PCR
requiring a known amount of pre-constructed internal controls.
Furthermore, this method identifies the SMN1/SMN2 ratio refer-
ring only to exon 7 of both genes; therefore, this method is not
able to detect the conversion of SMN1to SMN2. The method we
report allows for the complete genotyping of the SMN locus by
the concurrent identification of SNPs in exon 7 and exon 8 of the
two SMN genes and of arbitrary residues in ALB and F8, which
were selected as reference genes. We were able to accurately es-
tablish the copy number of the primary SMA-determining gene
SMNI and the potential disease modulator gene SMN2 in a cohort
of 160 individuals with different SMN1 and SMN2 copy numbers.
The cohort had already been well-genotyped in our laboratory by
other semi-quantitative and reference methods [30,31]. We suc-
cessfully identified all of the carriers and correctly determined the
copy numbers of the SMN2 gene in the SMA patients. The precise
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assessment of the SMN2 copy number is particularly important, as
it could have a prognostic relevance for affected subjects [29] and
as SMN2 is a common target in gene therapy [34]. In our assay,
the fluorescence intensities appeared to be dose-dependent, never
reaching a plateau, allowing us to unambiguously distinguish even
between individuals with 4 copies (Figure 1B) and 5 copies (data
not shown) of the SMN2 gene. We were also able to identify the
hybrid genes derived from the gene conversion events of SMNI to
SMN2, which is valuable for carrier identification and for diagnos-
ing SMA patients.

Our assay was highly reliable with the potential for high-
throughput and low-cost; therefore, this assay is suitable for clini-
cal diagnostics as well as for the screening of large populations in
allele-specific and CNV distribution studies. As primer extension
followed by sequencing is a classic approach for SNP detection,
our method also allows for concurrent SNP genotyping. The assay
is based on the recognition of a specific fluorescent signal, circum-
venting sequence/probe cross-hybridisation that could contami-
nate the final analytical results, as in MLPA-based and real-time
PCR-based methods. In addition, the availability of more than one
method for CNV quantification in diagnostic procedures could be
useful to avoid erroneous diagnoses due to somatic mosaicism
and/or polymorphisms at the primer site.

Our method can be directly used as a diagnostic genotyping
test for the quantification of the SMN1land SMN2 genes in SMA
families and in the general population, allowing for the identifica-
tion of carriers at reproductive risk and providing insight into the
frequency of gene conversion events. In general, the simultane-
ous assessment of SNPs and CNVs increases the resolution of the
assay to the nucleotide level, allowing for the detection of very
small aberrations. This detection ability could contribute to basic
research as well as to routine diagnostics. Therefore, we believe
that this method can be applied for the rapid detection of trisomy
syndromes and micro deletions as well as of micro duplication
syndromes, including Trisomy 13, Down syndrome, Di George
syndrome and autism spectrum disorders. The assay described
here could be further applied to the validation of CNVs that are
discovered by genome-wide screening methods. Furthermore, this
methodology could be directly applied in gene expression studies
to quantify the steady-state mRNA levels of a target gene(s) or
of different alleles of a target gene(s) by expressing these mRNA
levels relative to those of an internal control RNA (Radovic, un-
published observations).

The evaluation of both the variation in gene expression and
the variation in allelic expression within and among individuals/
populations is of fundamental value in biomedical research, where
it may lead to the discovery of the causative genes of common
hereditary diseases and their mechanism of action [36]. Coupling
genotyping to gene expression studies could reveal the existence
of direct and/or indirect mechanisms that require further dissection

to appropriately elucidate a particular phenotype. In conclusion,
we report a rapid and simple quantitative assay that allows for the
identification and allele-specific characterisation of CNVs. The as-
say has the potential for high-throughput, as 96 samples can be
analysed in only a few hours, and it is a cost-effective tool. In addi-
tion, the assay we describe here could be easily employed in gene
expression studies, allowing for the quantitative and allele-specific
expression screening of a large number of genes, providing insight
into questions of crucial importance to our understanding of the
genomics of gene regulation.
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