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Previous studies performed on Sardinian patients af-
fected by cystic fibrosis (CF) have led to the identifi-
cation of molecular defects in 87 of 88 patients. Two
mutations, the F508del and T338I, were quite preva-
lent and accounted for 50% and 20% of the molecular
defects, respectively. T338I has been detected rarely
in other populations, most likely because of the ge-
netic isolation of Sardinians. In the present study, we
have performed a molecular analysis of the CF gene
in eight Sardinian patients in whom only a single
mutation has been defined. Using DNA analyses
(Southern blot, single nucleotide polymorphisms,
microsatellite analyses, and Extra-Long polymerase
chain reaction) selected to detect gross gene rear-
rangement and by using mRNA studies, we detected a
novel mutation ¢.54-5811_164 + 2186del8108ins182 in
six of the eight patients investigated. This mutation con-
sists of a gross deletion of 8108 bp spanning exon 2 with
an insertion of 182 bp at the deletion junction, between
nucleotide 54-5811 of intron 1 (IVS1 nt16864) and nu-
cleotide 164 + 2186 of intron 2 (IVS2 nt 2186). By in-
cluding the novel mutation in our mutation panel we
are now able to reach a 95% detection rate, thereby
improving the process of carrier detection and genetic
counseling in Sardinia. (J Mol Diagn 2006, 8:499-503; DOI:
10.2353/jmoldx.2006.050146)

Cystic fibrosis (CF; Online Mendelian Inheritance in Man
#219700) is the most frequent severe autosomal reces-
sive disorder in the European population.” Indeed, CF
affects approximately one in 2500 births, and approxi-
mately one in 25 individuals are heterozygotes, with

marked regional variations.? CF is caused by mutations
of the cystic fibrosis transmembrane conductance regu-
lator (CFTR or ABCC7; Online Mendelian Inheritance in
Man #602421) gene, which is also involved in a broad
spectrum of phenotypes including male infertility due to
congenital bilateral absence of the vas deferens,®>* dis-
seminated bronchiectasis,®>® and chronic pancreati-
tis.”~® The mutational spectrum of this disease is com-
prised of more than 1300 different mutations of which
98% consists of point mutations or microdeletions/inser-
tions.® A number of cases, however, still remain unchar-
acterized, even after extensive screening of all 27 exons.
CF mutations as yet unidentified may lie in introns or in
regulatory regions, which are not routinely investigated,
or may result from gene rearrangements such as large
deletions that escape detection using current polymer-
ase chain reaction (PCR)-based techniques. Recently, an
ltalian group showed that previously described CFTR
gene rearrangements account for ~20% of the undetec-
ted CF alleles in the ltalian population.’® Some newer
gross rearrangements, like the CFTRdele2,3 and the
3120 + 1kbdel8.6kb deletion, have been described re-
cently and the respective deletion break-points charac-
terized, allowing their inclusion in the mutation panel
tested by conventional PCR using specific primers.'" 2

In the Sardinian population, cystic fibrosis is charac-
terized by the presence of two prevalent mutations, the
F508del and T338] mutations, which account for ~50%
and 20% of the CF alleles, respectively. The T338l, de-
scribed previously by our group,'® is a mild mutation
characterized by pancreatic sufficiency, hyponatremia,
hypochloremia, metabolic alkalosis, positive sweat test,
and mild pulmonary involvement. This is consistent with
the fact that CF patients with T338l and other severe
mutations show a mild phenotype.

Supported by grants from the Italian Cystic Fibrosis Research Foundation,
adopted by Gruppo Alimentare Rossetto-Verona.

Accepted for publication May 8, 2006.

Address reprint requests to Maria Cristina Rosatelli, Dipartimento di
Scienze Biomediche e Biotecnologie, Universita degli Studi, via Jenner,
09121, Cagliari, Italy. E-mail: rosatelli@mcweb.unica.it.

Research for this study was performed at the Dipartimento di Scienze
Biomediche e Biotecnologie, Universita degli Studi, Cagliari.

499



500 Faaetal
JMD September 2006, Vol. 8, No. 4

Table 1. Mutations Identified in Sardinian Population
Chromosomes
Mutation (%) Exon/intron
F508del 88 (50) 10
T338 34 (19.31) 7
2183AA>G 10 (5.68) 13
G542X 9(5.11) 11
c.54-5811_164+2186del- 6(3.4) Intron 1/intron 2
8108ins182
N1303K 4 (2.27) 21
G1244E 3(1.7) 20
1706del17bp 2(1.13) 10
3849+ 10KbC>T 2(1.13) Intron19
991del5bp 2(1.13) 6b
3912X 2(1.13) 15
G576A 1(0.57) 12
1717-1G>A 1(0.57) Intron 10
621+1G>T 1(0.57) Intron 4
G85E 1(0.57) 3
L.375F 1(0.57) 8
4016insT 1(0.57) 21
H1054D 1(0.57) 17
711+3A>G 1(0.57) Intron 5
D1270N — R74W 1(0.57) 20-3
2184insA 1(0.57) 13
L997F 1(0.57) 17a
R1066H 1(0.57) 17a
1001+3A>T 1(0.57) Intron 6b
Defined 175 (99.4)
Undefined 1(0.57)
Total 176 (99.97)

The novel mutation detected in this study is evidenced in bold.

The list of the remaining mutations and their respective
frequencies is reported in Table 1. However, a significant
percentage of the Sardinian CF mutations (~4.5%) still
remain unidentified.

In this paper we describe the molecular characteriza-
tion of the CF mutations in eight of 176 patients from Sardi-
nia enrolled in our center, with one undefined CF allele,
which was obtained by both DNA and RNA analyses.

Patients and Methods

Patients

This study includes eight unrelated CF patients of Sardi-
nian origin affected by a classical form of cystic fibrosis.
Clinical features of affected individuals include pancreatic
insufficiency, chronic lung disease with Pseudomonas
aeruginosa infections, and sweat test >60 mmol/L [CI™].

Extensive molecular analysis (described in detail be-
low) led to the definition of one mutation in each patient,
of which the F508del in five, and the 1717-1G>A, the
991del5bp, and the 2183AA>G mutation, respectively, in
the remaining three.

Methods
DNA Analysis

DNA extraction was performed in accordance with
standard procedures.' Informed consent was obtained

in all cases before collecting both patient and parent
samples. Screening for the most common CF mutations
(F508del, T338I, G542X, N1303K, 2183AA->G, G1244E,
3849 + 10kbC->T, S912X) was performed by reverse dot
blot hybridization on amplified DNA prepared in our lab-
oratory. The 1706del17bp and 991delSbp mutations
were detected by heteroduplex analysis with electro-
phoresis of PCR products of exons 10 and 6b in 8%
polyacrilamide gel. Samples not identified by this first
step were analyzed by Inno-Lipa CFTR 19 and 17+Tn Kit
(Innogenetics, Gent, Belgium), which provides a multipa-
rameter screening for 36 CFTR gene mutations thus ex-
panding the tested CFTR mutational spectrum. This
method allowed us to detect less common mutations (ie,
1717-1G>A, 621 + 1G>T, and G85E). Denaturing gra-
dient gel-electrophoresis’ and/or denaturing high-per-
formance liquid chromatography'® analysis of all 27
CFTR exons was performed in those patients who were
not defined by the above approach. This further analysis
allowed for the detection of the rare G576A L375F,
4016insT, H1054D, 711 + 3A>G, D1270N-R74W,
2184insA, L997F, R1066H, and 1001 + 3A>T mutations.
Sequence of the primers and conditions used to perform
denaturing gradient gel-electrophoresis/denaturing high-
performance liquid chromatography analysis are avail-
able on request.

Intronic  microsatellite, single nucleotide polymor-
phisms (SNPs), and sequence analyses have been per-
formed on ABI PRISM 3100 (Applied Biosystems, Foster
City, CA). Sequence of primer and PCR/cycle sequenc-
ing conditions are available on request. To detect CFTR
large deletions in the region of exons 1 to 5, Southern blot
analysis was performed in accordance with standard
procedures.’” Genomic DNA was digested with the fol-
lowing restriction endonucleases: Hindlll, EcoRI, BamHl,
Pstl, Ncol. Digested DNA was hybridized with CFTR
cDNA probe spanning exons 1 to 5. To define the dele-
tion breakpoint, Extra-Long PCR (XL-PCR) was per-
formed with GeneAmp XL PCR kit (Applied Biosystems)
in accordance with the manufacturer’s instructions.

PCR flanking the deletion breakpoints has been per-
formed by duplex PCR assay. Primers BD forward 5'-
TGCTAAATACCTTGTGGAATCAGA-3' and BD reverse
5'-GGTTTGTACTGGCATAGCATTG-3" which flank the
deletion, amplify a 459-bp fragment in the presence of
the deletion, whereas primers 2 forward 5'-GTGAATAT-
CTGTTCCTCCTCTC-3" and 2 reverse 5-TGGTATCAA-
ACTCCTGGTCTC-3' generate a 338-bp product contain-
ing exon 2 that ensures an internal amplification control
and can distinguish between homozigotes and hetero-
zigotes for the deletion.

RNA Analysis

RNA was extracted from nasal epithelial cells and col-
lected using cyto-brush from four patients, their parents,
and five non-CF control subjects. cDNA synthesis was
performed with the use of High Capacity cDNA Archive
kit (Applied Biosystems) in accordance with the manu-
facturer’s instructions. The cDNA was amplified in six
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Figure 1. Electrophoretic pattern of PCR ¢DNA fragment spanning exons 1-5.

chromosome. 2: normal control.

overlapping fragments. Sequence of primers and PCR
conditions are available on request.

Results

Mutation analysis

Denaturing high-performance liquid chromatography
analysis of all of the 27 exons in the eight patients allowed
us to identify in a single patient the 1001 + 3A>T muta-
tion in intron 6b (inherited from the mother), which was
recently described in (http://www.genet.sickkids.on.ca/
cgi-bin/WebObjects/MUTATION). This patient whose ge-
notype was thus F508del/1001 + 3A>T died at 18 years
of age as a consequence of the disease.

Novel Mutation
c.54-5811_164 + 2186del8108ins182 Mutation

Three of the remaining undefined unrelated patients
(CF1, CF2, and CF3) were studied at RNA level. Patient
CF1 carried, in the characterized allele, the F508del mu-
tation, patient CF2 carried the 991del5bp mutation, and
patient CF3 carried the 1717-1G>A mutation. Electro-
phoresis of PCR cDNA fragments spanning exons 1to 5
from the three patients showed two fragments of 630 and
359 bp, respectively (Figure 1).

The 630-bp fragment contained all five exons, whereas
the 359-bp completely lacked exons 2 and 3, leading us
to suspect gross DNA deletion to be the molecular defect
responsible for CF in these patients. Southern blot anal-
ysis of genomic DNA performed in all three patients and
two normal controls did not reveal, however, the pres-

1: ¢cDNA of CF patient. The 359-bp fragment represents the recombinant

ence of a CFTR gross deletion. Microsatellite analysis
(GA, CA, and TG repeats located at nucleotides 6765,
10165, and 19282 of IVS1, respectively) performed in
these patients as well as in their parents led us to detect
the hemizygous state for the TG marker in all three pa-
tients, pinpointing to the presence of a deletion of a
specific segment.

In fact, patient CF1 carried the 350-bp allele, her father
the 350/356-bp alleles, and her mother carried the
344-bp allele; patient CF2 carried the 354-bp allele, his
father the 346-bp allele, and his mother the 344/354-bp
alleles; patient CF3 carried the 356-bp allele inherited
from the father heterozygous for the 354/356-bp alleles,
while his mother carried the 344 allele.

To identify the deletion breakpoint, we analyzed the
SNPs mapping in this region, namely SNP1(C>G) lo-
cated at nucleotide 14824 in intron 1 between the CA and
TG markers (Genome Browser rs4148688), SNP2 (C>G)
located at nucleotide 23401 in intron 1 between TG
marker and exon 2 (Genome Browser rs4148689), and
SNP3 (A>C) located at nucleotide 2632 in intron 3 (Ge-
nome Browser rs980574). This analysis showed het-
erozygosity for SNP1 and SNP3 in all three families.
Whereas, SNP2, which was informative only in the CF1
family detected in the proband hemizygous for this
marker, allowed us to limit the region of DNA to ~17 kb,
including the deletion. Extra-Long PCR amplified a frag-
ment of roughly 3 kb in the patients, but not in the normal
control. Sequence analysis of this fragment showed a
gross deletion of 8108 bp spanning exon 2 with an inser-
tion of 182 bp at the deletion junction, between the nu-
cleotide 54-5811 of intron 1 (IVS1 nt16864) and nucleo-
tide 164 + 2186 of intron 2 (IVS2 nt 2186). The inserted
sequence is identical to part of the downstream se-
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Figure 2. The new mutation ¢.54-5811_164 + 2186del8108ins182. Boxes containing lined bars represent the 182-bp inserted sequences of intron 3. The intronic
sequence is represented by 5'-a-b-c-d-3’. After the inversion, the inserted sequence is 5'-d-c-b-a-3". Boxes containing black bars represent L1 element sequences.

quence of intron 3 between IVS3 nt 6780 and IVS3 nt
6961, but inserted in an inverted orientation. BLAST (ba-
sic local alignment search tool) searching revealed that
nucleotides 6780 to 6824 of the inserted sequence were
complementary to part of a functional human LINE-1
(long interspersed nucleotide element-1, L1) retrotrans-
poson (Figure 2).

Once the deletion breakpoint was defined, we de-
signed a PCR assay to perform a molecular screening for
this deletion in all of the undefined patients. The new muta-
tion ¢.54-5811_164 + 2186del8108ins182 was detected in
six of seven still unidentified CF Sardinian chromosomes,
thereby resulting in the fifth most common mutation in the
Sardinian population with a frequency of 3.4% (Table 1).

Molecular Mechanism Proposed for c.54-5811_164 +
2186del8108ins182 Mutation

This mutation represents a complex indel mutation
characterized by a gross deletion of 8108 bp and inser-
tion of 182 bp. Analysis of the deletion breakpoint
showed two deletion hot spot consensus sequences
(CTT and GAATA), and two endonuclease recognition
sites (GAAA and AATA) which are described to be in-
volved in the mechanisms of retrotransposition. More-
over, the inserted sequence, which is identical to part of
intron 3, contains part of a L1 sequence in its 3’ terminus.
The L1 could retrotranspose by “target-primed reverse
transcription”'® in which the first strand of DNA is cleaved
by the retrotransposon endonuclease at the recognition
site GAAA that lies 5" to the break point, leading the
annealing of the retrotransposon RNA at the nick. Then
the retrotransposon reverse transcriptase synthesize
from the sequence CTT. The L1 endonuclease cleaves
the second DNA strand and the new sequence integrates
at the double break. This series of events could give rise
to the described complex rearrangement. However, a
second mechanism, involving the recently described

mechanism of intrachromosomal serial replication slip-
page (SRS) in trans, could also be involved.™

Discussion

In most populations, a significant percentage of CF al-
leles remain unidentified even after extensive studies of
the CFTR gene by PCR-based procedures. In recent
years, in addition to point mutations and short deletion/
insertion, gross CFTR gene rearrangements including
large deletion/insertion have been characterized and ac-
count for ~16 to 24% of unidentified CF alleles, at least in
European populations. 29722 Recently, a number of mo-
lecular approaches have been developed to detect these
large rearrangements at DNA level, such as quantitative
multiplex PCR of short fragments (QMPSF), and very
recently multiplex ligation-dependent probe amplification
(MLPA). However, even at present time, CFTR mRNA
analysis represents an effective tool for the identification
of unknown molecular defects of the CFTR gene with high
mutation detection rate of gross gene deletion/insertion.
In addition, mRNA analysis may allow researchers to
define the pathogenic role of sequence variations not yet
defined and splicing defects causing alternative
products.

Herein, we describe the characterization of the molec-
ular defect by CFTR mRNA analysis of eight patients
affected by a classic form of CF, in which only one allele
was molecularly defined. These studies led to identify a
novel CFTR gene rearrangement consisting in a large
deletion of 8108 bp and an insertion of 182 bp including
exon 2 and a portion of introns 1 and 2. This mutation was
found in six of the eight patients investigated, accounting
for ~75% of undefined CF alleles in Sardinians. Following
this study, in our population, only one allele remains to be
defined (because of difficulty in obtaining patient RNA).
The novel ¢.54-5811_164 + 2186del8108ins182 mutation



represents the fifth most common CF Sardinian molecular
defect, accounting for 3.4% of the total (Table 1).

In conclusion, since the identification of the cystic fi-
brosis transmembrane regulator in 1989,%° we have char-
acterized, either by DNA or RNA analysis, the molecular
defect in 175 of 176 Sardinian CF chromosomes studied.
The chromosomes investigated belong to 88 patients,
who most likely represent the large majority of CF patients
presently living in Sardinia. By including the novel muta-
tion in our mutation panel we are now able to reach a
95%-detection rate, thereby improving the process of
carrier detection and genetic counseling in Sardinia.

Note

Since this manuscript was submitted, Férec et al**
have independently described the c.54-5811_164 +
2186del8108ins182 mutation in one patient of Czech
origin.
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