3.

RESULTATS

_____________________________________________________________________
Els resultats de la tesi s’han dividit en tres apartats. El primer recull cinc articles que
descriuen l’heterogeneïtat molecular de la FQ a la població espanyola i la seva
aplicació al diagnòstic prenatal. En el decurs dels anys en els que s’ha realitzat aquest
treball la doctoranda ha participat activament en la realització dels estudis moleculars,
anàlisi i interpretació de resultats, preparació i elaboració de manuscrits i organització
general del treball de laboratori de diagnosi de fibrosi quística i malalties
relacionades. En aquest periode varis membres del laboratori han participat en
aquestes tasques, entre els que he de destacar a Javier Giménez i a Loli Ramos.
El segon apartat inclou un article amb l’estudi de la correlació genotip-fenotip
com aproximació per definir la gravetat de les mutacions i el seu pronòstic clínic.
D’aquest treball vull assenyalar l’aportació de dades clíniques que han fet les Unitats
de FQ, tan de dintre com de fora de Catalunya.
El tercer apartat recull tres articles on s’analitzen fenotips relacionats amb FQ,
un d’aquests treballs encara està pendent d’acceptació. La selecció i descripció
acurada dels pacients s’ha aconseguit gràcies a la tenacitat i rigor de Lluís Bassas,
Antoni Farré, Lluís Aparisi i Javier de Gracia.
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Abstract We have analyzed 640 Spanish cystic fibrosis
(CF) families for mutations in the CFTR gene by direct
mutation analysis, microsatellite haplotypes, denaturing
gradient gel electrophoresis, single-strand conformation
analysis and direct sequencing. Seventy-five mutations
account for 90.2% of CF chromosomes. Among these we
have detected seven novel CFTR mutations, including
four missense (G85V, T582R, R851L and F1074L), two
nonsense (E692X and Q1281X) and one splice site mutation (711+3A→T). Three variants, two in intronic regions
(406-112A/T and 3850-129T/C) and one in the coding region (741C/T) were also identified. Mutations G85V,
T582R, R851L, E692X and Q1281X are severe, with lung
and pancreatic involvement; 711+3A→T could be responsible for a pancreatic sufficiency/insufficiency variable
phenotype; and F1074L was associated with a mild phenotype. These data demonstrate the highest molecular heterogeneity reported so far in CF, indicating that a wide
mutation screening is necessary to characterize 90% of
the Spanish CF alleles.

populations (European Working Group on Cystic Fibrosis
1990) and heterogeneity for other CFTR mutations has
been observed in several European countries (Claustres et
al. 1993; Chillon et al. 1994; Bonizzato et al. 1995; Kanavakis et al. 1995; Hughes et al. 1996b; Estivill et al. 1997).
In a previous report (Chillon et al. 1994) we analyzed 486
Spanish CF families and detected 43 mutations that represented 78% of the CF chromosomes. These results indicated the high heterogeneity of this population, but still
covered a relatively small proportion of the Spanish CF
alleles. In this report we present an update on the spectrum of CF mutations in the Spanish population from a
study of 640 CF families. We have identified a total of 75
different mutations representing 90.2% of the CF chromosomes. Among these are seven novel CFTR mutations, including four missense (G85V, T582R, R851L and F1074L),
two nonsense (E692X and Q1281X) and one splice site
mutation (711+3A→T). Three variants, two in intronic regions (406-112A/T and 3850-129T/C) and one in the coding region (741C/T) were also identified.

Introduction

Materials and methods

Mutations in the CFTR gene are responsible for cystic fibrosis (CF), a common disorder that affects the digestive,
respiratory and reproductive organs (Welsh et al. 1995).
More than 600 CFTR mutations and a large number of
polymorphisms and variants have been reported (http:
//www.genet.sickkids.on.ca). The incidence of the most
frequent mutation, ∆F508 (Kerem et al. 1989), ranges between 30% and 85% of the CF chromosomes in different

Patients
The patients and their parents were referred to us from several
Spanish hospitals. The diagnosis was based on the clinical criteria
of CF and at least two positive sweat tests. The clinical information on meconium ileus, hypertrypsinaemia, sweat test values, lung
and digestive disease, lung function and clinical radiological
scores were obtained for each patient from the clinical centres.
Samples were collected from the affected patients and their parents, when available. For the cases in which the patient was deceased, only the carrier parents were studied.
Methods

T. Casals · M. D. Ramos · J. Giménez · S. Larriba ·
V. Nunes · X. Estivill (쾷)
Medical and Molecular Genetics Center – IRO,
Hospital Duran i Reynals, Avia. Castelldefels, Km. 2.7,
L’Hospitalet de Llobregat, E-08 907 Barcelona, Catalonia, Spain
Tel.: +343 263 0039; Fax: +343 263 2251;
e-mail: estivill@iro.es

Genomic DNA samples were isolated from peripheral blood lymphocytes for all members of the 640 CF families using standard
methods (Kunkel et al. 1977; Miller et al. 1988). The ∆F508
(Rommens et al. 1990) and G542X (Kerem et al. 1990; Gasparini
et al. 1992) mutations were analysed in all patients as they are the
most common mutations in the population, 50.6% and 8.0%, re-
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Table 1 Seventy-five CFTR mutations identified in 640 Spanish
families with cystic fibrosis (CF)
Mutation

Exon/intron

∆F508
G542X
N1303K
1811+1.6kbA→Ga
711+1G→T
R1162Xa
R334Wa
R1066C
1609delCAa
Q890X
G85E
712-1G→Ta
2789+5G→A
∆I507
W1282X
2869insGa
L206W
R709X
621+1G→T
3272-26A→G
R347H
2183AA→G
K710X
2176insC
3849+10kbC→T
P205Sa
1078delT
R553X
G551D
1812-1G→Aa
CFdel#1a
V232D
936delTAa
1717-8G→A
1949del84
W1089X
R347P
del E.3a
R117H
L558S
A561E
2603delT
Y1092X
Q1100Pa
M1101K
delE.19a
G1244E
P5La
Q30Xa
G85Va
E92Ka
A120Ta
I148T
711+3A→Ta
H199Y
875+1G→A

E.10
E.11
E.21
I.11
I.5
E.19
E.7
E.17 b
E.10
E.15
E.3
I.5
I.14 b
E.10
E.20
E.15
E.6 a
E.13
I.4
I.17 a
E.7
E.13
E.13
E.13
I.19
E.6 a
E.7
E.11
E.11
I.11
E.4–7/11–18
E.6 a
E.6 b
I.10
E.13
E.17 b
E.7
E.3
E.4
E.11
E.12
E.13
E.17 b
E.17 b
E.17 b
E.19
E.20
E.1
E.2
E.3
E.4
E.4
E.4
I.5
E.6 a
I.6 a

CF alleles
681
108
34
24
22
21
21
14
13
13
12
11
11
10
10
9
7
7
6
6
5
5
5
5
5
4
4
4
4
4
4
3
3
3
3
3
3
2
2
2
2
2
2
2
2
2
2
1
1
1
1
1
1
1
1
1

Table 1 (continued)
Mutation

Exon/intron

1717-1G→A
L571S
T582Ra
E585X
1898+3A→G
G673X
E692Xa
R851X
R851La
A1006E
L1065Ra
F1074La
R1158X
3667del4a
3860ins31a
3905insT
4005+1G→A
Q1281Xa
Q1313X

I.10
E.12
E.12
E.12
I.12
E.13
E.13
E.14 a
E.14 a
E.17 a
E.17 b
E.17 b
E.19
E.19
E.20
E.20
I.20
E.20
E.21

CF alleles

%

%
53.20
8.43
2.65
1.87
1.71
1.64
1.64
1.09
1.01
1.01
0.94
0.86
0.86
0.78
0.78
0.70
0.54
0.54
0.47
0.47
0.39
0.39
0.39
0.39
0.39
0.31
0.31
0.31
0.31
0.31
0.31
0.23
0.23
0.23
0.23
0.23
0.23
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08

Known mutations (75)
Unknown mutations

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08

1155
125

90.23
9.77

a Mutations discovered by the CF group of the Medical and Molecular Genetics Centre – IRO, Barcelona, Spain

spectively (Chillon et al. 1994). To identify other less frequent mutations we took advantage of the haplotypes obtained with three
CFTR microsatellites (IVS8CA, IVS17bTA and IVS17bCA)
analysed by radioactive or fluorescent methods (Morral and Estivill 1992; Shwengel et al. 1994) which provided informativity for
each family and facilitated mutation screening (Morral et al. 1996).
Routinely, restriction enzyme analysis was used to screen for specific mutations, although in some cases mutagenesis primers
which created restriction sites were designed (Haliassos et al.
1989). For totally or partially uncharacterized samples, a wide mutation screening was carried out by multiplex denaturing gradient
gel electrophoresis (DGGE) (Costes et al. 1993) for 15 exons and
by single-strand conformation analysis (SSCA) (Chillon et al.
1994) for the other 12 exons. For DGGE the DNA fragments were
visualised by ethidium bromide staining and for SSCA by silver
staining. The abnormal fragments were characterised by sequencing with the DyeDeoxy chain terminator method on an ABI 373A
sequencer. Each mutation was analysed in all the available members of the family.

Results
Spectrum of CFTR mutations in Spanish CF families
The combined methods in CFTR mutations analysis allowed us to characterise 1155 CF chromosomes (90.2%),
representing a total of 75 different mutations (Table 1).
Only ten mutations have a frequency of 1% and above:
∆F508 (53.2%), G542X (8.4%), N1303K (2.6%),
1811+1.6kbA→G (1.8%), 711+1G→T (1.7%), R1162X
and R334W (1.6%), R1066C, 1609delCA and Q890X
(1.0%). These ten mutations account for 74.2% of the total CF chromosomes. Eight mutations have frequencies
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Table 2 Seven new mutations and three DNA variants in the
CFTR gene (IVS intervening sequence, DGGE denaturing gradient
gel electrophoresis, SSCA single-strand conformation analysis)
Mutations

Exon/
intron

CFTR Haplotype IVS
Detection
domain
method
8CA 17 bTA 17 bCA

G85V
711+3A→T
T582R
E692X
R851L
F1074L
Q1281X

E.3
I.5
E.12
E.13
E.14 a
E.17 b
E.20

TM1
–
NB1
R
–
–
NB2

Variants
406-112A/T
3850-129T/C
741C/T

I.3
I.19
E.6 a

–
–
–

17
15
18
16
23
17
16

7
7
37
46
21
31
28
–
–
–

17
17
13
13
19
13
13

DGGE
DGGE
DGGE
SSCA
DGGE
DGGE
DGGE
SSCA
DGGE
SSCA

that range between 0.5% and 0.9%, representing 6.0% of
the CF chromosomes. Twenty-nine CF mutations have
frequencies of between 0.1% and 0.4% and cover 7.7% of
the CF chromosomes. Finally, 28 mutations were found
only once in the population, increasing the proportion of
characterised CF alleles to 2.2%.
Segregation studies of the mutations in the CF families
allowed us to identify one case of a de novo mutation
(L1065R) (Casals et al. 1997). The uniparental inheritance of CFTR microsatellite alleles allowed us to detect
two large deletions (CFdel#1 and delE.3) (Morral et al.
1993 and unpublished data). In two cases, the direct
analysis of mutation R1162X based on the microsatellite
haplotype showed a homozygous R1162X pattern in the
patient, where only one parent was heterozygous for this
mutation and the other was homozygous for the normal
allele. This indicates that the patients have a deletion involving exon 19. The new mutations reported here, the
method used in their detection and their CFTR microsatellite haplotypes are described in Table 2.

New mutations
G85V
An abnormal DGGE pattern in exon 3 due to the nucleotide change G→T at position 386 of CFTR determines the missense mutation G85V (glycine to valine).
The microsatellite haplotype associated, 17-7-17, is quite
frequent in different populations (Russo et al. 1995;
Hughes et al. 1996a; Morral et al. 1996). The G85V mutation was identified in a patient who carries the G542X
mutation on the maternal CF allele. He was diagnosed
when he was 3 years old. At 18 years of age he presents a
severe CF phenotype with pancreatic insufficiency (PI)
and a FEV1 of 32%, suggesting that G85V is a severe mutation. Another mutation that affects the same codon, mutation G85E, is involved in a milder clinical presentation

Fig. 1 a Multiplex denaturing gradient gel electrophoretic analysis
for exons 8, 5 and 18 of the CFTR gene. Lane 2 shows an abnormal pattern for exon 5. b Sequencing analysis shows A and T in
the third nucleotide of intron 5, corresponding to splice site mutation 711+3A→T

of CF with late-onset pancreatic sufficiency (PS) in 70%
of cases (Vazquez et al. 1996). Although a larger number
of cases should be analysed, it seems that the glycine
change to valine has a more severe effect than that to glutamic acid at this position.
711 + 3A→T
This splice mutation in intron 5 was identified by DGGE
analysis (Fig. 1). The CF patient presented the R334W
mutation on the paternal chromosome. No other alterations were observed after the complete screening of all
the coding and flanking regions of CFTR. 711 + 3A → T
was associated with the microsatellite haplotype 15-7-17,
which was found only once in our CF population. The patient is a 23-year-old woman diagnosed at 19 years due to
a recurrent cough and bronchiectasis, mild lung involvement (FEV1 93%), PS and intermittent haemoptysis. The
family history showed that the patient had two brothers
also diagnosed with CF with PS, who died at 9 and 8
years of age due to respiratory infections.
T582R
An abnormal DGGE pattern in exon 12 was due to a C →
G change at position 1877 of CFTR, which produced the
missense mutation T582R (threonine to arginine). The 1837-13 CFTR microsatellite haplotype associated with
T582R is unique in our CF patient population. The patient
carries the 1609delCA mutation on the paternal chromo-
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R851L was observed in a carrier father whose two sons
died due to CF. The consanguinity between the couple
suggested that both children were homozygous for this
mutation, but this point was not confirmed as the mother
was not available for study. The associated microsatellite
haplotype 23-21-19 was identified after the study of two
children from a second marriage of the father and is present only once in the CF population studied.
F1074L
The F1074L missense mutation (phenylalanine to leucine)
due to the nucleotide change T→A at position 3354 in
exon 17 b of CFTR was observed by DGGE analysis.
F1074L is associated with microsatellite haplotype 17-3113 and the mutation was observed in only one family in
which the three carrier brothers presented a mild phenotype. The analysis of the IVS8-6(5T) showed this allele in
cis. Although we have not yet identified the second mutation in this family, we have found F1074L in a congenital
bilateral absence of the vas deferens (CBAVD) patient in
association with a severe mutation (T. Casals, unpublished data), further confirming the mild effect of F1074L.
Fig. 2 a Single-strand conformation analysis of exon 13 a of the
CFTR gene with three abnormal patterns: lane 4 (1949del84), lane
5 (the new mutation E692X) and lane 6 (K710X). b Sequencing
analysis of the sample in lane 5 showed the change C → A, which
alters the glutamic acid at position 692 to a stop codon (E692X)

some; he was diagnosed with CF with severe lung involvement when he was 37 years old and died 4 years later.
The patient was PS. A much better outcome would have
been expected if the patient had been diagnosed earlier.
Since the patient was diagnosed at a late age, it is likely
that mutation T582R causes a milder CF phenotype.

Q1281X
The DGGE analysis of exon 20 identified a C→T change
at position 3973 of CFTR, leading to the nonsense mutation Q1281X (glutamine to the TAG stop codon). The
Q1281X mutation is associated with microsatellite haplotype 16-28-13 and has been found in a CF patient with the
∆F508 mutation on the maternal CF allele. The patient
was diagnosed at 2 months with pancreatic and lung involvement. At 11 years of age, the patient presents a severe phenotype with bronchiectasis, colonisation by Pseudomonas aeruginosa and FEV1 47%.

E692X
Two CFTR exon deletions
The SSCA screening for exon 13 detected a G→T nucleotide change at position 2206 of CFTR, which gives
rise to the nonsense mutation E692X (glutamic acid to the
TAG stop codon; Fig. 2). The microsatellite haplotype for
this mutation, 16-46-13, is also associated with several
other mutations in the CF population (Morral et al. 1996).
The patient is 16 years old, diagnosed at 9 years of age,
who carries the ∆F508 mutation on the paternal CF allele
and presents a severe phenotype (PI, FEV1 77%, colonisation by Haemophilus influenzae, nasal polyps and hepatic cirrhosis).
R851L
An abnormal pattern for DGGE of exon 14 a detected the
missense mutation R851L (arginine to leucine) due to a
nucleotide change, G→T, at position 2684 of CFTR.

Two samples showed a deletion involving exon 19 and
one sample was homozygously deleted for exon 3. These
mutations are not completely characterised although they
are included in Table 2 as identified CF alleles.
DNA variants
In this study we have identified three DNA variants, 406112A/T in intron 3 (SSCA), 3850-129T/C in intron 19 by
DGGE and 741C/T in the coding region of exon 6 a by
SSCA, each in a single patient. Other DNA variants and
polymorphisms have previously been detected and are reported in previous publications (Chillon et al. 1991,
1992).
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Discussion
A geographical distribution analysis of more than 200 CF
mutations in several European populations has detected
that the Mediterranean region has the highest level of mutation heterogeneity for CF (Estivill et al. 1997). The
CFTR gene analysis of the Spanish CF population described here confirmed this high heterogeneity, with 75
mutations identified which represent 90.2% of the Spanish CF alleles. Only ten mutations had a frequency of
higher than 1%, which account for 74.2% of the CF chromosomes. The level of detection was similar to that obtained for other Mediterranean populations with a relatively low frequency of mutation ∆F508. Claustres et al.
(1993) reported 40 mutations accounting for 91% of the
CF alleles in the south of France, Bonizzato et al. (1995)
reported 22 mutations which account for 90% of chromosomes in the north-east of Italy, and Kanavakis et al.
(1995) found 21 mutations for 74.5% of the CF alleles in
Greece.
The phenotype-genotype correlation for the new mutations reported in the present work as difficult due to the
fact that in several cases only one CF patient for each mutation was observed. However, from the information obtained here, mutations G85V, T582R, E692X and Q1281X
can be considered as severe, with lung and pancreatic involvement. For the patient with the 711+3A→T/R334W
genotype it is difficult to predict the severity of the
711+3A→T mutation as R334W causes a PS/PI variable
phenotype; since two brothers of this patient, also with
PS, died at childhood, other genetic factors may explain
the clinical variability in this family, as we reported previously (Estivill et al. 1995). The amino acid change in the
missense mutation R851L, for which two deceased CF
brothers were probably homozygous, should result in a
severe mutation. Finally, F1074L was detected in three
brothers of the same CF family with a mild phenotype.
We have further confirmed the usefulness of microsatellite haplotypes linked to specific CFTR mutations.
While microsatellite haplotypes of mutations G85V and
F1074L were also associated with several other mutations, the haplotypes associated with 711+3A→T, T582R
and R851L are unique in the CF population studied here,
providing a useful tool for mutation analysis (Morral et al.
1996).
The two methods used in this study, SSCA and DGGE,
offer a good level of mutation detection, with seven
changes detected by DGGE and three by SSCA. The
higher level of detection by DGGE is probably due to the
higher frequency of the CFTR mutations in the exons
analysed by this method. In spite of the wide screening
performed in the Spanish CF chromosomes, 10% of the
CF alleles are still uncharacterised. This is probably due
to the efficiency of the methods, the specific regions
analysed and the type of mutations. If we regard the 5T allele as a mild mutation, however, we could consider three
more chromosomes as characterised (Chillon et al. 1995),
leaving 9.5% unidentified.

Our study demonstrates that the Spanish CF population
is the most heterogeneous reported so far, indicating that a
wide screening is necessary to characterize 90% of the CF
alleles. It is important to note that none of the available
mutation detection kits are useful in our population as
they only detect less than 70% of the CF alleles. The current knowledge of the spectrum of CF mutations in different populations should make it possible to develop specific systems that permit a quick, easy, inexpensive and
accurate analysis of 50–100 CF mutations. Otherwise,
molecular CF screening programmes with mutation detections of over 95% would hardly be possible in highly heterogeneous CF populations, such as those of most of the
Mediterranean countries.
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Missense Mutation R1066C in the Second
Transmembrane Domain of CFTR Causes a Severe
Cystic Fibrosis Phenotype: Study of 19 Heterozygous
and 2 Homozygous Patients
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We report the clinical features of 21 unrelated cystic fibrosis (CF) patients from Portugal and Spain,
who carry the mutation R1066C in the CFTR gene. The current age of the patients was higher in the
R1066C/any mutation group (P < 0.01), as compared to the aF508/aF508 group. Poor values for lung
radiological involvement (Chrispin-Norman) and general status (Shwachman-Kulcycki) were observed in
the R1066C/any mutation group (P < 0.005 and P < 0.0004). A slightly, but not significantly worse lung
function was found in the R1066C/any mutation group when compared with the aF508/aF508 patients.
No significant differences were detected regarding the age at diagnosis, sweat Cl-values, or percentiles of
height and weight between the two groups. Neither were significant differences observed regarding sex,
meconium ileus (4.7% vs. 11.1%), dehydration (10.5% vs. 14.7%), or pancreatic insufficiency (PI) (100%
vs. 97.8%). The proportion of patients with lung colonization by bacterial pathogens was slightly, but not
significantly higher in the R1066C/any mutation group (70.0%), as compared with the aF508/aF508
group (57.5%). Other clinical complications were significantly more frequent in the R1066C/any mutation patients(P < 0.02) than in the aF508/aF508 group. The two homozygous R1066C/R1066C patients died at the ages of 3 months and 7 years. The data presented in this study clearly demonstrate
that the R1066C mutation is responsible for a severe phenotype similar to that observed in homozygous
aF508 patients. The poor clinical scores and complications of patients with the R1066C mutation are
probably related to their slightly longer survival. Hum Mutat 10:387–392, 1997. © 1997 Wiley-Liss, Inc.
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INTRODUCTION: R1066C MUTATION STUDY

Cystic fibrosis (CF) is a multisystemic disorder with
a wide clinical presentation involving the pulmonary,
digestive, and reproductive systems (Welsh et al.,
1995). The identification of the CF transmembrane
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