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Abstract

on SMA in Venezuela.

Background: Spinal muscular atrophy (SMA) is mostly caused by homozygous deletions in the survival motor
neuron 1 (SMNT) gene. SMN2, its paralogous gene, is a genetic modifier of the disease phenotype, and its copy
number is correlated with SMA severity. The purpose of the study was to investigate the number of copies of the
SMNT and SMN2 genes in a Venezuelan population control sample and in patients with a presumptive diagnosis of
SMA, besides estimating the frequency of mutation carriers in the population.

Results: SMNT and SMN2 gene copies were assessed in 49 Venezuelan dweller unrelated normal individuals and in
94 subjects from 29 families with a SMA presumptive diagnosis, using the quantitative PCR method. A SMN1T
deletion carrier frequency of 0.01 and 0.163 of homozygous absence of the SMN2 gene were found in the
Venezuelan control sample. Deletion of SMNT exon 7 was confirmed in 15 families; the remaining 14 index cases
had two SMNT copies and a heterogeneous phenotype not attributable to SMN deletions. Based on clinical features
of the index cases and the SMN2 copy number, a positive phenotype-genotype correlation was demonstrated. No
disease geographical aggregation was found in the country.

Conclusion: The frequency of carriers of the deletion of exon 7 in SMNT in the Venezuelan control population was
similar to that observed in populations worldwide, while the frequency of 0 copies of the SMN2 gene (16.3 %)
seems to be relatively high. All these findings have pertinent implications for the diagnosis and genetic counseling
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Background

The SMN locus (Survival of motor neuron, OMIM
#600354, #601627) is located within a large inverted dupli-
cation on chromosome 5q13. Normal individuals have two
genes encoding SMN protein that are arranged in tandem
on each chromosome: SMNI (telomeric copy) and SMN2
(centromeric copy). Both genes share more than 99% nu-
cleotide identity, differing only by five nucleotides. The pro-
tein encoded by the SMN genes is a RNA-binding protein
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required for the assembly of small nuclear ribonucleopro-
tein (snRNP) complexes involved in pre-mRNA splicing,
with high expression levels in the motor neurons of the
spinal cord.

Although both genes produce equal transcript amounts,
a large proportion of SMN2 transcripts lack exon 7, due
to the ¢.840 C>T nucleotide transition (rs1164325688) in
exon 7 which causes its skipping, resulting in a truncated,
less stable, and poorly functional protein.

Homozygous deletion of the entire SMNI gene or loss
of its exon 7 causes spinal muscular atrophy (SMA,
OMIM #253300), a recessive inherited neuromuscular dis-
ease characterized by muscle weakness and atrophy due to
the progressive degeneration and loss of the motor
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neurons of the anterior horn in the spinal cord (lower
motor neurons), producing a system-wide atrophy of skel-
etal muscles. Patients with SMA are classified into four
subtypes, based on the disease severity and age of onset:
type I, the most severe infantile SMA, or Werdnig-
Hoffmann disease; type II or infantile chronic SMA; type
III, juvenile SMA, or Wohlfart-Kugelberg-Welander dis-
ease; and type IV or adult-onset Kufs SMA disease.

Absence of the SMN1 gene is partially compensated by
SMNZ2; however, its lesser functional protein cannot fully
replace the SMN protein function. Loss of SMN1 exon 7
can occur by gene conversion from SMNI to SMN2, and
this conversion event causes a variable number of copies
of SMN2 in individuals, ranging from O to 5 or more.
There is an inverse correlation between disease severity
and number of copies of SMN2 [1, 2]; a SMN2 higher
copy number results in a less severe phenotype [3].

The disease-prone mutation prevalence is higher
among European Caucasoids, with a carrier frequency
estimate of 1/47, followed by, Asian Indians 1/52, Asians
1/59, “Hispanics” 1/68, and African Americans 1/72 [4].
In Venezuela, a carrier frequency of 1/72 has been re-
ported among gamete donors from a fertility clinic in
two sisters whose ancestors came from Spain and from
Italy [5]. To date, copy number variation of both genes
in the admixed Venezuelan populations is still unknown.

Herein we report the results of qPCR quantification of
the SMNI and SMN2 genes in geographically heteroge-
neous Venezuelan population sample, as well as in SMA
random families.

Methods
Sample
A quantitative analysis of SMNI and SMN2 genes was
performed in 94 individuals from 29 previously unselected
non-related families, during the period of years 2002-
2018; with a clinical diagnosis of presumptive spinal mus-
cular atrophy, which were referred to the Laboratory of
Human Genetics (LHG) at the Venezuelan Institute for
Scientific Research (IVIC) for molecular diagnosis and
genetic counseling; and in 49 unrelated control individ-
uals, 47 of which had ancestors born in Venezuela, from
different country states representing the main geograph-
ical regions: Andean, Occidental, North-Central, Eastern,
and the Central Plains, as follows: Téchira (n = 3), Trujillo
(n = 1), Zulia (n = 1), Falcén (n = 5), Lara (n = 3), Anzoé-
tegui (n = 2), Bolivar (n = 2), Yaracuy (n = 1), Carabobo (n
= 9), Aragua (n = 3), Capital District (Caracas) (n = 10),
Barinas (n = 2), Gudrico (# = 5), and two who had ances-
tors born in Colombia (Bucaramanga and Cucuta).

The precise place of birth of remote ancestors was
established for each index case, and a family history was
recorded for phenotype and age of onset of symptoms.
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Patients sample size was self-determined by the num-
ber of referred unrelated presumptive SMA subjects.
Control individuals were extracted from the general
population, which were pair-matched with the former,
according to their similar (state) geographic place of
birth.

The study was conducted according to the ethical
standards of the Helsinki Declaration. Verbal consent
was obtained from the parents of the patients to perform
the diagnostic genetic testing. DNA samples of control
individuals were included in the study, according to the
institutional Bioethics Committee approval protocol; ref-
erence number GH-2261/27-11-2011.

DNA isolation and quantification
After voluntary informed consent from the research sub-
jects, a 5mL blood sample was withdrawn, EDTA-Nay
anti-coagulated, and the DNA was extracted by a saline
method [6]. In some instances, prenatal diagnosis was
performed in DNA extracted from amniotic fluid, using
a Proteinase K protocol. A control sample with matched
number of pregnancy weeks was always included.

DNA concentration was measured using a fluores-
cence photometer (Qubit °, Invitrogen); each sample was
diluted to a final DNA concentration of 3 ng/pL.

Quantitative real time PCR of SMNT and SMN2

For the estimation of SMNI and SMN2 copy numbers, a
quantitative real-time PCR protocol was used based on
primers that specifically amplify SMNI and SMN2 genes.
Primers designed by Feldkotter et al. [1] were selected to
distinguish between both genes, based on the nucleotide
differences in exon 7 at position 6 and intron 7 at pos-
ition +214 [1]. As a DNA canonical sequence reference,
exon 12 of the human serum albumin locus (ALB) was
chosen [7]. Reactions were performed using a SYBR®
Green-based qPCR.

The homozygous absence of SMN1 exon 7 was subse-
quently confirmed with the Dra I restriction enzyme, ac-
cording to van der Steege et al. [8], since there is a strict
cis allelic disequilibrium of an allele A in both mutation
¢.*239G>A, responsible for the SMNI exon 7 deletion
and the Dra I enzyme digestion of SNP rs1361078560
(c.*216G>A).

Gene dosage analysis

The analysis was performed by the comparative Cr
method [9] using the Cr values obtained with the Eco
software (Illumina). Patients, carriers, and unrelated un-
affected individual samples were analyzed together with
a calibrator sample in every assay. The relative gene copy
numbers were estimated by the 27%4T expression
(Livak’s method) [9].
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Segregation analysis

Microsatellite markers D5S610, D5S435, and D5S1556
[10, 11] were selected to assess the deletion segregation in
one family with three consecutive generations of affected
individuals. Genotyping was performed through conven-
tional PCR, followed by polyacrylamide gel electrophor-
esis, and the fragments were revealed with silver nitrate.

Data analyses

General data analyses (average, standard deviation, Pearson’s
correlation coefficient, Chi-square test) were performed
using the statistical function tool of Microsoft” Excel.

A discriminant equation for quantitative values [12]
was developed to calculate the cutoff value of 274" be-
tween 1 and 2 gene copy categories, using the mathem-
atical expression L = [(Xc) (SDne) + (Xne) (SDc)]/SDnc
+ SDc, where Xc is the arithmetic mean of the 27441
values of the obligatory carriers, SDyc is the standard
deviation of the 27**“T values of the healthy non-carrier
individuals, Xyc is the arithmetic mean of non-carrier
2788CT values, and SDc is the standard deviation of the
obligatory carrier 27247 values.

The equation compares the 27T values of the ob-
ligatory deletion carriers (parents of patients with the
homozygous deletion of SMNI) with the range of values
of individuals with 2 copies of SMIN1.

Results

The number of families included in the study represents
the random prevalence figure of SMA along 16 years. All
families had remote ancestors born in the country, ex-
cept for 2 mentioned instances from different foreign
geographical regions.
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SMA clinical diagnosis

Fifteen index cases out of 29 studied families showed
full, typical clinical signs of the disease: hypotonia, EMG
findings and/or muscle biopsy compatible with SMA,
poor fetal movements during pregnancy, weakness/loss
of cephalic support, and symmetrical limb muscle weak-
ness; additional findings varied according to the age of
onset of the disease. All the remaining index cases (aged
between 3 months and 14 years old, being 80% of them
below 5 years of age) had severe hypotonia accompanied
by diverse non-specific clinical signs of SMA.

Quantitative analysis

The results obtained according to the quantitative ana-
lyses showed that the ranges of 27**“" values did not
overlap with those corresponding to each category of
gene copy numbers. Table 1 shows the range of values
of 2724¢T of SMNI and SMN2 genes in non-related con-
trol individuals. One out of those 49 analyzed subjects
(98 chromosomes) was considered to be a carrier (het-
erozygous) for the SMNI deletion, with a value of
2744CT _ 0,35; giving an estimated allelic frequency of
0.01 in the Venezuelan sample.

Thirty-seven individuals (75.5%) were unequivocally
classified as carriers of two copies of the SMNI gene,
two individuals (4.1%) were classified as carriers of 3
copies of SMNI, two as carriers of 45 copies, and one
with a value of 27T eventually corresponding to a
dose of 6 copies of that gene.

Results for the SMN2 gene showed that 27 subjects
(55.1%) carried a single copy of the gene, 7 individuals
(14.3%) possessed 2 copies, and 5 (10.2%) had 3 copies.
A sample number considered high (16.3%, 8 subjects)
had no copies of SMNZ2; in them, the values of 27AACT

Table 1 Number of copies of SMNT and SMN2 genes in the Venezuelan population sample

AACT

Gene Estimated number of copies Ranges of values of 2™ SD Number of individuals (n = 49) Frequency (%)

SMNT1 1 0.35 - 1 20
Tor2(® 0.66-0.72 - 6 122
2 0.83-1.10 0.14 37 755
3 1.36-1.38 0.01 2 4.1
4or5 242-2.88 023 2 4.1
6or7 3.30 - 1 20

SMN2 0 0 - 8 16.3
1 0.26-0.53 0.13 27 55.1
Tor2(¥ 0.67-0.74 - 2 4.1
2 0.82-1.20 0.19 7 14.3
3 1.35-1.70 0.18 5 10.2

The relative gene copy numbers were estimated by the 2722°T expression (Livak’s method) [8]; for two gene copies, its value is expected to be around 1; in
deletion carriers (one gene copy), it is about 0.5, and in homozygous deletion individuals, it is 0

SD standard deviation
*Uncertain values for classification of gene copy numbers
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were equal or very close to 0.00, indicating the homozy-
gous absence of the gene.

In the control sample (Table 1), there were 6 border-
line cases in which the classification into one or two
gene copy category could not be a priori unequivocally
established. In them, the average values of 2 4¢T
(0.687) did not overlap however with that of the obliga-
tory carrier parents figure (0.43) of the affected subjects.
Nonetheless, the upper limits in the ranges were very
close, so it was necessary to establish the cutoff value of
each category calculating it through the use of a discrim-
inant equation. A threshold value L = 0.66 was esti-
mated, which permitted to classify those individuals
within the most probable gene copy number category.
That is, with values below 0.66, it was considered likelier
to belong to the carrier range (1 gene copy), and with
values above it, it was likelier to belong to the range of 2
copies. Therefore, according to this final classification,
the estimated frequency of carriers of 2 SMN1 copies in
the Venezuelan control sample was 87.8%.

The use of an additional technique as multiplex
ligation-dependent probe amplification (MLPA) could
validate this classification.

All fourteen index cases without typical clinical find-
ings of SMA had two copies of the SMN1I gene. In them,
the etiology of the hypotonia was diverse but not attrib-
utable to a lower motor neuron impairment; thus, fur-
ther differential diagnoses were assessed.

Three out of the fifteen families in whom a molecular
confirmation of SMA was established were consultand
parents whose first child had died in the first months of
life, with severe hypotonia and typical signs of SMA, but
in whom a DNA diagnosis of the disease had not been
previously made. All of them resulted to carry a single
copy of SMNI. In 11 families, SMA was confirmed in
the index case by homozygous deletion of exon 7 of
SMNI (Table 2). In total, 16 individuals with this geno-
type were detected. Table 3 shows the clinical features
of those patients. Only in one instance, a patient with
typical clinical signs of the disease did not have a homo-
zygous SMNI exon 7 deletion; he had instead 2 SMNI

Table 2 Averages of 27247
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copies but no SMN2 copies; both the EMG and the
muscle biopsy findings were compatible with a SMA
diagnosis.

In one of the families, a reliable prenatal diagnosis of
SMA could be established in an amniotic fluid sample of
a second pregnancy of the carrier mother whose first af-
fected child had no copies of SMNI and a single SMN2
gene.

One of the studied families (referred to as family 7,
Table 3) had 5 members with homozygous absence of
the SMN1 gene. Of them, a brother (III-8) and a cousin
(ITI-3) of the index case were severely affected, but con-
versely not so were their mothers (II-3 and II-5), who
had homozygous absence of the SMNI gene having each
4 or more copies of the SMN2 gene (Fig. 1; Table 2).

Genotype-phenotype correlation

Based on the genotypes established by the real-time PCR
analysis and the clinical signs of the disease in each case
(Table 3), the genotype-phenotype correlation could be
assessed; a correlation coefficient of 0.416 indicated in-
deed a positive correlation.

Discussion
The identification of the genotype constitution (SMNI:
SMN2 copy numbers) in patients diagnosed with SMA
has important implications for the genetic counseling of
families with or without a history of the disease. Ap-
proximately 94—95% of individuals with SMA are homo-
zygous carriers of a SMNI exon 7 deletion (OMIM
#253300; ORPHA #70). On the other hand, SMN2 is a
SMA modifier gene, and a strong inverse correlation be-
tween its copy number and disease severity has been
demonstrated: with a larger number of copies, the better
the prognosis and the later the age of onset [3, 13, 14].
In our study, the number of SMN2 copies and the car-
rier frequency of the SMNI deletion in a random sample
of the Venezuelan populations were assessed, as well as
in families with a presumptive diagnosis of SMA.

values and range per genotype in patients and carriers

Gene Individuals (n) Mean 2722 Ranges of values of 2724 Estimated number of copies SD

SMN1 Patients with deletion (13) 0 0 0 -
Patients without deletion (14) 1.14 0.84-1.71 2 0.57
Parents of patients with deletion (21) 043 0.16-0.66 1 0.26
Asymptomatic relatives with SMNT deletion (2) 0 0 0 -

SMN2 Patients with SMNT deletion (13) 143 0.26-2.60 3 1.17
Patients without SMNT deletion (14) 0.78 0.20-1.37 2 0.58
Parents of patients with SMNT deletion (21) 0.74 032-1.17 2 043
Asymptomatic relatives with SMNT deletion (2) 1.98 1.73-2.23 4 0.25

SD standard deviation
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Table 3 Genotype-phenotype correlation in index cases homozygous for SMNT deletion
Family Case  Sex Clinical features SMN2 Onset SMA
copies age type
1 | F Without cephalic support, severe hypotonia, developed respiratory distress and pneumonia 1 <6 I
at 5 months of age. Died from respiratory complications at 9 months of age months
2 F Without cephalic support, severe hypotonia, progressive respiratory distress. Died from 2
respiratory complications at 16 months of age
3 F Generalized hypotonia at 6 months of age. Can stand and walk with support at 3 years old. 2 >6 Il
Bilateral Babinski sign. Abolished osteotendinous reflexes, joint laxity. Decreased weight months
and height (P7)
4 | F Hypotonia, progressive delay in motor development. Can stand up and walk with difficulty 2
5 | F Lower limbs weakness at 8 months of age. Hypotonia, hyperlordosis, kyphosis, abolished 4
osteotendinous reflexes, joint laxity. Decreased weight and height (P7). Can stand up with
support but cannot walk at 5 years old.
6 F Motor regression from 8 months of age. Lower limbs hypotonia, cannot crawl, sit, or walk 4
at 2 years old. Abolished osteotendinous reflexes.
7 (77 M Severe hypotonia, inability to get up or walk without support, fine tremor of tongue, hands, 1
and feet.
7 T8 M Hypotonia, affectation, and gradual weakness in proximal and distal muscles, EMG and muscle 2
biopsy compatible with SMA
7 Q-3 M Hypotonia, affectation, and gradual weakness in proximal and distal muscles, EMG and muscle 3
biopsy compatible with SMA
8 F Generalized hypotonia, muscle hypotrophy. At 3 months, she had head support, currently she 2
cannot sit or stand without support.
9 M Generalized hypotonia. Unable to stand or walk without support. No cephalic support. EMG 2
compatible with SMA.
10 F Hypotonia. Cephalic support. Decreased muscle strength. Muscle atrophy in lower limbs. EMG 4
compatible with SMA.
10 II(AF) - - 3
11 | F Unable to stand or walk without support. She had cephalic support. Generalized muscular 3 -

spasticity, muscle weakness, tongue fasciculations. EMG compatible with AME

(A.F) amniotic fluid sample
“Individuals’ identification in Fig. 1

Gene dosages

The frequency of carriers of 2 SMNI copies in the Vene-
zuelan control sample was 87.8%, very similar to the ob-
served pan-ethnic frequencies (84.84%) [4].

It has been reported that about 2—5% of SMA carriers
have two SMNI copies in cis in one chromosome and
none in the other (silent carriers 2/0).This could pro-
duce a lower detection rate [15, 16]. Neither MLPA nor
qPCR techniques allow detection of the carriers of this
condition, giving a false negative result. Thus, in part-
ners of known SMA carriers, it is important to test their
parents and additional family members to exclude the
presence of a cryptic 2/0 genotype [17].

One of the 49 studied control subjects had 1 copy of
the gene, being thus a carrier of the deletion. This corre-
sponds to an allelic frequency of 0.01 in this sample (n =
98 chromosomes), for a carrier frequency of 2.04% (1/
49) in the Venezuelan populations, being close to those
values reported in diverse populations: Brazil 2.7% [18];
USA Caucasoids 2.7%; African Americans 1.1%; Ashken-
azi Jews 2.2%; and 1.8% in Asians [19]. In sub-Saharan

populations, the frequencies are lower: 1.6% in Niger-
ians, 0.83% in Kenyans, 0.48% in Malian [20]; in France,
it is 2.9% in the general population [21]. Moreover, the
frequency of homozygotes with deletion of SMNI in the
Venezuelan sample calculated by extrapolation of the
Hardy-Weinberg equation is 1/9091, being similar to
several studies, in which the estimated prevalence has
been around 1/6000 to 1/10000 livebirths [22, 23].
Around 4% of the control individuals carried 3 copies
of SMNI as has been found in most populations with
variable frequencies (5.3 to 41.3%) [24]. Three individ-
uals had 4 or more copies of SMNI; they did not carry
any copy of SMN2. This inverse correlation, caused by
gene conversion events between both genes [2], suggests
that the increase in the number of copies of SMNI is as-
sociated with the number of copies of SMNZ2 in the gen-
eral population. Furthermore, 16% of control individuals
of the Venezuelan population sample lack SMN2 copies.
According to the results obtained in other assessed pop-
ulations [24], the average of SMN2 = 0 in the main eth-
nic groups are European = 6.8%, Asian = 3.9%, African =
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Fig. 1 Pedigree of SMA family 7, showing the copy number of the SMN genes of each studied member and the in-phase haplotype constructed
with the SMA multicopies flanking markers D55610, D551556, and D55435. It is shown that the index case grandmother's in-phase haplotype
(122, 110/114, 140) was transmitted to the two SMA asymptomatic daughters (II-3 and II-5). In the transmission to the index case and his brother
(-7 and 111-8, respectively), events of double crossing over appeared independently twice. The grandfather I-1 was not available for SMN gene
testing; I-2 needed a wheelchair after her 6th decade of age due to weakness of her lower limbs. II-3 and II-5 remained asymptomatic at ages 46
and 57, respectively. Their husbands Il-4 and IIl-6 were not biologically related, the II-6 remote ancestors came from a different geographic region
than that of I-1 and I-2; the geographic origin of the ancestors of II-4 was unknown. lll-6 died at 4 months of age without a molecular diagnosis

of SMA. III-3, 1l-7, and 1lI-8 were still alive at ages 18, 30, and 34, respectively, when the study was performed

23.1%, and American = 7.2% (the last category only in-
cludes Colombian and Peruvian subjects, total n = 100).
The admixed populations of Venezuela have ancestral
Amerindian, African, and Spanish genetic contributors,
in varying proportions depending on the geographic re-
gions. Our study is the first that assessed SMN copy
number variation in a Venezuelan control sample. Al-
though the sample is small (z = 98 chromosomes), it in-
forms about the frequencies in our random admixed
populations, which in the studied cohort seems to be
close to the American, but higher, and African ones. A
larger population sample should thus be studied to con-
firm these findings.

Genotype-phenotype correlation

SMA is a disease with a wide inter- and intra-family
phenotypic heterogeneity. The motor dysfunction associ-
ated with the loss of motor neurons and skeletal muscle
atrophy is a defining feature of SMA throughout the
clinical spectrum of the disease. The symptoms of the
studied cases were characterized by generalized muscu-
lar hypotonia, areflexia, weakness of the intercostal mus-
cles, progressive proximal weakness, inability to remain
seated or standing, scoliosis, and electromyography
(EMG) results compatible with SMA. In 10 out of 14
cases, SMA was confirmed by homozygous deletion of
SMNI. In a single instance, the index case did not have
any SMN1 deletion despite having all the typical features
of the disease; he probably is a carrier of a point

mutation in the gene, a possibility which should be con-
firmed by a Sanger sequencing.

The analysis of the number of SMN2 copies in the
studied individuals homozygous for the SMNI deletion
showed that, although the phenotype-genotype correl-
ation is quite clear, it is not the only genetic factor influ-
encing it. The correlation coefficient estimated from the
SMN2 number of copies and the SMA subtype was
0.416, indicating a significance, but not complete correl-
ation between the genotype and the clinical phenotype,
attributable to the eventual presence of positive modi-
fiers, such as the SMN2 variants ¢.859G>C
(p.Gly287Arg) in exon 7 and g.69372304A > G in intron
6; both variants produce a moderate increase in exon 7
inclusion [25, 26]. Additionally, the PLP3 gene is known
to influence the phenotype [27]. However, the number
of SMNZ2 copies is the strongest known modifier of the
SMA phenotype [3] and it is relevant for current clinical
trials using nusinersen (Spinraz'™). This is the first ap-
proved drug for SMA treatment. Nusinersen is an anti-
sense oligonucleotide that binds specifically a silencer
sequence in intron 7 allowing the inclusion of exon 7 in
the mature mRNA from SMN2 [17], increasing thus the
amount of a functional full-length SMN protein. The
available data show that the efficacy of the treatment is
enhanced when it is applied before or soon after the on-
set of symptoms [28, 29]. Targeted treatment is recom-
mended for all individuals who have two or three copies
of SMIN2; contrarily, for individuals with four or more
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copies, targeted treatment can be deferred until symp-
tom onset [30].

A clear SMN2 genotype-phenotype correlation was ob-
served in family 7 (Table 3), which had four affected sib-
lings (Fig. 1), with ages of onset between 6 and 11
months of age. Patient III-6 was born without motor ac-
tivity and died at 4 months of age with respiratory insuf-
ficiency. It was surprising to find that the mothers (II-3
and II-5, Fig. 1) of the affected children despite being
also homozygous carriers of the deletion had very few
clinical manifestations of the disease: fine tongue tremor
and decreased muscle strength in the hands. Quantifica-
tion of SMN2 copy number revealed 4-5 in each case,
clearly illustrating the phenotypic modulation of SMN2
on the disease severity.

On the other hand, the haplotype analysis in the family
revealed that a double recombinant event had occurred in
the transmission of the affected gene from one of the
mothers (II-5, Fig. 1) to two of her affected children (III-7
and III-8). The presence of a large inverted repeat as well as
multiple smaller repeats in the 5q13 region makes the SMN
locus highly susceptible to unequal recombination, causing
de novo deletions of SMN1 [2]. This mechanism could be
acting in this family, which showed an unexpected number
of independent deletion carriers. Husbands of the affected
mothers (II-3 and II-5, Fig. 1) are not biologically related,
carrying different in-phase haplotypes.

The findings in this family show the importance of per-
forming genetic tests to different relatives at risk in spe-
cific families, even if they did not have clinical
manifestations of the disease. Unfortunately, grandfather
I-1 could not be studied but his spouse 1-2 was inform-
ative enough for inferring genotype origins in their imme-
diate descendants.

Geographic distribution

There was neither close nor remote kinship between the
parents in any of the families. Regarding the possible geo-
graphic aggregation of SMNI gene deletion, in only one
family, it was observed an eventual “geographic focus”
[31], since two grandparents from different ancestral lines
of the index case were born in Maracay, State of Aragua.
Ancestors of the control individual, carrier of the SMNI
deletion, were born in the central states of the country:
Guadrico (Calabozo) and Aragua (Villa de Cura), this latter
city being very close to Maracay city, suggesting a higher
mutation prevalence in that eventual geographic focus.
The remaining families had quite diverse places of birth of
their ancestors throughout the country, without any clear
or even suspected aggregation.

Conclusions
The results of the present study showed that the fre-
quency of deletion carriers of exon 7 in SMNI seems to
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be relatively high in the Venezuelan populations, as is
also the frequency of O copies of the SMNZ2 gene
(16.3%). The range of values of 2788CT allowed a reliable
estimation of the number of copies of each SMN gene,
which is a valuable information for the proper genetic
counseling of at risk couples and subjects, as well as for
establishing a timely therapeutic intervention. The geo-
graphic distribution of the SMA family ancestors did not
show any strong geographic aggregation, being them
scattered throughout the whole country.

Limitations

In spite of the randomness, which thus rules out any
bias in both cohort samples, the total size is barely al-
most 200 chromosomes. However, most results—with a
single significant deviation—are close to the expected
ones that have been observed in major populations
worldwide. Conversely, other methods with high analyt-
ical power were not additionally tested due to lack of the
timely financial support. Availability of such resource
would have allowed an eventual confirmation of the re-
sults herein obtained by applying quite simple and eco-
nomic although informative techniques. Such actions
rendered the first disposable data on the geographic dis-
tribution and dosage effect of the SMNI-SMN2 genes
for the Venezuelan populations under risk of SMA,
which require more objective diagnostic and prognostic
information from genetic counseling.
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