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Purpose: We present the results of carrier studies in 33 relatives of the paternal branch of a spinal muscular

atrophy patient with homozygous absence of the SMN1 gene.Methods and Results: Once linkage and quantitative

analyses were performed, a number of first-, second- and third-degree relatives were identified as carriers given

that they shared the at-risk haplotype and showed one SMN1 copy. In the fourth-degree relatives, linkage analysis

demonstrated discordance with the quantitative results because the members with one copy were carriers of the

mutation, but in a different haplotype background. We concluded that two independent mutations were present in

this branch of the family. Furthermore, the combination of both methods of analysis allowed us to identify carriers

with two SMN1 genes in one chromosome and none in the remaining chromosome. Conclusions: Carrier testing

in spinal muscular atrophy should be performed by employing both quantitative and linkage analyses in order to

guarantee accurate carrier identification. Genet Med 2006:8(4):259–262.
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Spinal muscular atrophy (SMA) is an autosomal recessive
disorder caused by homozygous absence of the SMN1 gene in
approximately 90% of the cases. All SMA patients have one to
four copies of SMN2,1 which is the highly homologous SMN1
copy. However, the presence of SMN2 is unable to prevent the
disease. With an incidence of 1/6,000 to 1/10,000 live births,
carrier frequency in SMA is around 1/35–1/60.2,3 Relativeswho
are at risk of being carriers commonly request genetic counsel-
ing and carrier and/or prenatal diagnoses by molecular analy-
sis. Routine tests for molecular diagnosis of the SMA patients
do not allow detection of carriers of the hemizygous absence of
the SMN1 given that the normal copy of the gene masks the
deletion. Carrier diagnosis in these cases relies on gene tracking
withmarkers of the SMNgenes4 and onquantitative analysis to
determine the SMN1 copy number.5

There are twomain situations calling for SMA carrier detec-
tion. The first is the identification of the at-risk haplotypes in
the affected member and possible carriers under study. If the
markers differ from those identified in the index case or in the
known carriers of the family, carrier exclusion could be estab-

lished. If the markers are identical, there is a high probability
that the individual under study is a carrier. However, this does
not rule out the possibility that the index case is a de novo or a
mosaic mutation from one of the parents.4,6,7 The second sit-
uation is the study of partners of confirmed carrier relatives.
These partners run an approximate 1/35–1/60 risk of being
carriers. In this situation, linkage analysis is not useful unless a
degree of kinship is detected. To this end, the quantitative anal-
ysis detects individuals with one SMN1 copy although 4–5%of
the carriers may have two SMN1 genes in one chromosome
and none in the other. We report an SMA family in which the
application of both linkage and quantitative analyses allowed
1) to identify carriers of the mutation responsible for the dis-
ease of the index patient; 2) to reveal other relatives carrying a
second mutant allele in a different chromosomal background;
and 3) to detect carriers with two SMN1 copies in this group of
relatives.

PATIENTS AND METHODS
Patients

We analyzed 37 members of a family with an SMA type II
patient for carrier diagnosis. Thirty-three were part of the
paternal branch (Fig. 1).

SMA locus analysis

Screening for deletions in the SMN genes was performed as
previously reported.5 C272 (Ag1-CA) and C212 marker anal-
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yses were undertaken with slight modifications including the
use of FAM and NED as fluorescent dyes to label the forward
C272 (Ag1-CA) and C212 primers, respectively. Samples were
analyzed in an ABI Prism 3100 (Gene Scan software) (Perkin
Elmer-Applied Biosystems). C272 (Ag1-CA) and C212 are
multi-copy, high informative markers located at the 5= end of
the SMN genes and their use provides a good estimate of the
minimal numbers of SMN1 and SMN2 genes per individual.
Thus, for carrier analysis, these multi-copy markers are pref-
erable to flanking markers of the SMN locus4.

SMN1 quantitative analysis

We employed a quantitative method previously described1,5.
DNA was diluted to a final concentration of 5 ng/�l. Quanti-
fication was performed on the LightCycler Instrument by
Roche Diagnostics (Basel, Switzerland). Onlinemeasurements
of PCR products were based on the use of SYBR Green I. The
analysis was performed with the Second Derivative Maximum
Method of the LightCycler Software. ADNA external standard
carrying four SMN1 copies was employed. This DNAwas from
an individual with homozygous absence of SMN2 and four
C272 (Ag1-CA) and C212 alleles. We used 1.2 �l genomic
DNA in concentrations of 1.25, 2.5, 5 and 7.5 ng/�l respec-
tively, corresponding to 1, 2, 4, 6 fictive copies of SMN1. These
dilutions were used to calculate the linear regression curve. All
samples were processed and measured in duplicate and the
final result was reported as the mean of the measures.

RESULTS

The pedigree illustrated in Figure 1 includes all the individ-
uals tested for linkage and quantitative analyses. Once the at-
risk haplotypes were identified, both parents were confirmed
as carriers given that they showed one SMN1 copy after quan-
titative analysis. The patient’s mother III-21 inherited a dele-
tion from the maternal grandmother. In the paternal branch,
the analysis of a number of relatives showed that seven of them
(II-9, II-10, II-11, III-13, III-14, III-18 and III-19) were diag-
nosed as carriers of the causative mutation of the SMN1 gene

given that they shared the at risk haplotype C272 (Ag1-CA)
206–214 and C212 223–225 and had one SMN1 copy (Fig. 2).
On the other hand, seven members (II-8, II-12, III-11, III-12,
III-15, III-16, III-17) were excluded as carriers because they
had a different haplotype and had two SMN1 copies. Initial
linkage studies in the fourth degree relatives showed that none
of them were carriers of the at risk haplotype identified in the
family. However, a quantitative SMN1 analysis revealed one
SMN1 copy in individuals II-1, II-2, II-3, II-5, II-7 and III-1,
III-2, III-5, III-9 and III-10. Subsequent linkage analyses dem-
onstrated that all these members with one SMN1 copy shared
the same haplotype C272 (Ag1-CA) 208–216 and C212 217–
219. This second haplotype differed from the at risk haplotype
identified in this family branch (Fig. 2). Furthermore, individ-
uals III-7 and III-8 showed the second haplotype despite hav-
ing two SMN1 copies. The investigation of parent II-4 indi-
cated that he had three SMN1 copies. His son III-6 had also
three SMN1 copies and inherited a maternal haplotype, which
differed from that of his two brothers. This finding confirmed
that III-7 and III-8 were carriers of two SMN1 genes in one
chromosome and of none in the other.

DISCUSSION

In this family, we encountered two main shortcomings of
SMA carrier diagnoses. The first problem concerns the possi-
bility of incorrect carrier exclusion by analyzing only the C272
(Ag1-CA) and C212 markers, underscoring the limitations of
linkage analyses. Individuals II-1, II-2, II-3, II-5, II-7 and III-1,
III-2, III-5, III-9 and III-10 (Fig. 1) would have been diagnosed
as non-carriers since they did not inherit the corresponding at
risk haplotype identified in this branch of the family. However,
the quantitative test showed one SMN1 copy. Moreover, the
linkage analysis revealed a commonhaplotype in these individ-
uals. We concluded that a second SMN mutant allele was
present in this part of the family. The second problem refers to
the limitation of quantitative analysis in discriminating carri-
ers with two SMN1 genes.We focused on individuals III-7 and
III-8, whose mother II-5 showed one SMN1 gene. Her sons,

Fig. 1 Pedigree of the family reported. All living members were tested. Carriers within first-, second- and third-degree relatives are depicted in black. Carriers within fourth- or
higher-degree relatives of the secondmutant allele are depicted in gray. Individuals with oblique black bars have the secondmutation and two SMN1 genes. Individuals with the small gray
spheres have three SMN1 genes. All the remaining members tested were negative for the two at-risk haplotypes (the causative and the second) and had two SMN1 genes.
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despite inheriting the common at-risk haplotype shared by this
part of the family, showed two SMN1 genes in repeated quan-
titative tests. By contrast, in their brother III-6 we detected
three SMN1 genes and the non-risk haplotype inherited from
themother. Finally, the quantitative analysis of their father II-4
also demonstrated three SMN1 genes. Overall, these results
indicated that individuals III-7 and III-8 were carriers of the
second mutation represented by no SMN1 allele inherited
from their mother and two SMN1 genes in cis in the chromo-
some inherited from their father.
The results of this family illustrate the advantage of using the

combination of linkage and quantitative methodologies to
overcome the limitations of each analysis applied separately.
This has recently been pointed out by Eggermann et al. who
described a grandmother with a possible somatic mosaicism
for a deletion in the SMN1 gene based on borderline quantita-
tive tests and on the inheritance of three different haplotypes in
her offspring.7 Our observation confirms that carrier diagnosis
in SMA relatives should be performed using both methodolo-
gies. The linkage analysis identifies the alleles that segregate
together with the mutation, helping to exclude possible carri-
ers. In those who share the at risk haplotype, the quantitative

methods should confirm the presence of one SMN1 gene or
should identify the unusual cases with two SMN1 genes in one
chromosome. Unrelated partners with one SMN1 copy must
be considered as carriers. When partners show a double copy
result, they could still run a low residual risk (around 1/900 to
1/1,250) of being a carrier.5,8 Furthermore, the carriers of sub-
tle mutations are not detected with this methodology. Tomin-
imize the residual risk, mutation screening can be performed
to detect rare subtle mutations i.e., the c.399_402delAGAG
in the Spanish population9 or the p.Y272C in the German
population.10 Moreover, quantitative studies could allow the
identification of newmutations such as the one reported in this
family. Given the genetic instability of the SMN region and
given the high frequency of carriers in the population, it is not
surprising that large family branches analyzed by quantitative
and linkage methodologies, as presented here, could yield evi-
dence of second independent mutations.
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Fig. 2 Electropherogram of members IV-1 (index case), III-20 (father) and II-5 (paternal aunt) showing the results of the C212 marker. Note the at-risk alleles (223 and 225 peaks)
transmitted by the father to the patient and the different alleles (217–219 peaks) associated with the second mutant allele in the paternal aunt. m � ROX molecular weight marker.
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