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Summary
The splicing variant, 5T allele, in intron 8 of the cystic
fibrosis transmembrane conductance regulator (CFTR)
gene was shown to be associated with partial penetrance
of the clinical expression. This splicing variant leads
to two possible transcripts: one normal and the other
aberrantly spliced that lacks exon 9. The aim of this
study was to analyze the molecular basis of the partial
penetrance in individuals carrying the 5T allele. We ana-
lyzed the level of the correctly spliced RNA transcribed
from the 5T allele in nasal and epididymal epithelium
and correlated it with disease expression. Semiquantita-
tive nondifferential reverse-transcriptase-PCR showed
a considerable variability (6%-37%) in the total level
of correctly spliced RNA transcribed from the 5T allele
in nasal epithelium from 11 patients. A significant non-
linear correlation (r = .82, P = .002) between the level
of the normal CFTR transcripts and the severity of lung
disease was shown. No individuals with normal lung
function and minimal or no lung disease (FEV1 >80%
predicted) had <25% of normal transcripts, and indi-
viduals with <15% of normal transcripts did not have
FEV1 >80%. The level of normal transcripts in epididy-
mal epithelial cells from four infertile males with con-
genital bilateral absence of the vas deferens was low
(6%-24%). In infertile males with normal lung function
the level of correctly spliced transcripts in the nasal epi-
thelium was higher than the level in the epididymal epi-
thelium. These results indicate that there is variability in
the efficiency of the splicing mechanism, among different
individuals and between different organs of the same
individual. This variability provides the molecular basis
of the partial penetrance of cystic fibrosis disease in pa-
tients carrying the ST allele.
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Introduction

In many human monogenic diseases high variability in
disease expression is found among patients carrying the
same genetic defect. The molecular basis for this vari-
ability has been suggested to be allelic heterogeneity,
additional genetic loci, and/or environmental factors.
Cystic fibrosis (CF) is a common severe autosomal reces-
sive disease caused by mutations in the CF transmem-
brane conductance regulator (CFTR) gene (Kerem et al.
1989b; Riordan et al. 1989; Rommens et al. 1989). The
disease is characterized by wide variability in the clinical
presentation and organ involvement (Welsh et al. 1995).
Genotype-phenotype and haplotype analyses have
shown that there are mutations associated with pancre-
atic insufficiency and a severe form of the disease, as
well as mutations associated with pancreatic sufficiency
and a milder form of the disease (Kerem et al. 1989a;
see review in Kerem and Kerem 1996). However, pa-
tients and even siblings carrying the same CFTR muta-
tions have shown variability in severity of the disease
(Welsh et al. 1995). Furthermore, although almost all
men with CF are infertile as a result of congenital bilat-
eral absence of the vas deferens (CBAVD), CBAVD can
be found among otherwise healthy males (Schellen and
van Stratten 1980). The frequency of CFTR mutations
is increased among men with CBAVD (Anguiano et al.
1992; Osborne et al. 1993; Patrizio et al. 1993; Culard
et al. 1994; Oates and Amos 1994; Casals et al. 1995;
Chillon et al. 1995a; Costes et al. 1995; Jarvi et al. 1995;
Mercier et al. 1995; Rave-Harel et al. 1995), indicating
that in many cases CBAVD is a CFTR-associated disease
with incomplete CF expression. Significantly higher fre-
quencies of CFTR mutations also were found among
men with congenital unilateral absence of the vas defer-
ens (CUAVD) and among men with absence of the epi-
didymis (Chillon et al. 1995a; Jarvi et al. 1995). Thus,
many cases of obstructive azoospermia are caused by
defective CFTR alleles and might be considered cases of
CFTR-associated disease with atypical expression. The
most common CFTR defect among men with CBAVD
is the ST variant at the branch/acceptor site of intron 8
(Chillon et al. 1995a; Jarvi et al. 1995). This site has
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three alleles, with 5, 7, or 9 thymidines (the 5T, 7T, and
9T alleles, respectively). Normal individuals, CF pa-

tients, and patients with other respiratory abnormalities
have different levels of aberrantly spliced mRNA lacking
exon 9 in respiratory epithelial cells (Chu et al. 1993).
The level is inversely correlated with the length of the
poly(T) tract. The frequency of the ST allele is increased
among patients with atypical CF expression (Pignatti et

al. 1996; Kerem et al., in press) and also has been found
among healthy fathers of CF patients (Chillon et al.
1995; Jarvi et al. 1995). Thus, the ST allele is a mutation
with partial penetrance, associated with wide variability
in disease expression.

The aim of this study was to analyze the molecular
basis for the partial penetrance of the CF disease among
individuals carrying the ST allele. We analyzed the level
of the correctly spliced RNA transcribed from the ST
allele in respiratory and epididymal epithelium and cor-

related it with disease expression.

Subjects and Methods
Patients and Controls

Eleven individuals (9 males and 2 females) each car-

rying at least one allele with the ST variant were studied.
Sequence and haplotype analyses revealed no additional
CFTR mutations on the ST alleles in these individuals.
Two of the individuals were homozygous for the ST
allele, and 9 were heterozygotes, in 8 of whom an addi-
tional CFTR mutation on the other chromosome was

identified: 3 carried the G85E mutation (Zielenski et al.
1991a), 3 carried the AF508 mutation (Kerem et al.
1989a), 1 carried the N1303K mutation (Osborne et al.
1991), and 1 carried the W1282X mutation (Vidaud et
al. 1990) (table 1). Three individuals (1474, 658, and

607) either homozygous for the ST allele or compound
heterozygous for the ST allele and the G85E mutation
were from the same family carrying the same ST allele,
as evidenced by their pedigree and by an extended haplo-
type analysis of the CFTR locus (Kerem et al., in press).
Mutations were identified as described elsewhere
(Kerem et al., in press).

Eight male individuals were infertile, with CBAVD
diagnosed by semen analysis (low volume, low pH, and
azospermia) and transrectal ultrasound. One male
(G85E15T) suffered from typical CF respiratory disease
characterized by diffuse bronchiectasis, nasal polyposis,
and chronic sinusitis. The two healthy females were

identified during a screen for CF carriers in their village.
Pulmonary function was assessed in all individuals, by
forced expiratory volume in 1 s (FEV1), expressed as a

percentage of predicted values for height and sex, by
use of standard pulmonary equations (Polgar and Pro-
madhart 1971). Nasal polyps from three non-CF indi-
viduals were used as controls.

RNA Extraction and Single-Strand cDNA Synthesis
Nasal epithelial cells were scraped from 11 individu-

als. The scraped cells were suspended in 300 gl RNAzol
B buffer (BIOTECX Laboratories). Total RNA was ex-

tracted from the scraped nasal cells by use of the acid-
phenol-chloroform method, according to the manufac-
turer's instructions. RNA was solubilized in 10 jl dieth-
ylpyrocarbonate (DEPC)-treated RNAse-free double-
distilled water. RNA was extracted from the polyp biop-
sies of the control individuals by the guanidinium thiocy-
anate method. The RNA was purified by centrifugation
through a CsCl cushion (Chirgwin et al. 1979).

Biopsies from epithelial epididymis were obtained

Table 1

Levels of Normally Spliced RNA Transcribed from the 5T Allele in Nasal and Epididymal Epithelium, and Clinical and Genetic Features

NASAL EPITHELIUM EPIDIDYMAL EPITHELIUM
(% Normal RNA) (% Normal RNA)

PATIENT SEx/AGE DIAGNOSIS GENOTYPE FEV, From ST From Total From 5T From Total

607b M/41 CBAVD ST/ST 88 37 37 24 24
1549 F/19 Healthy ST/ST 83 31 31 ... ...

658b M/36 CBAVD ST/G85E 78 28 14 ... ...

1703 F/33 Healthy ST/G85E 92 62 31
1474b M/17 CF ST/G85E 40 16 8
660 M/29 CBAVD ST/AFS08 91 72 36 20 10
666 M/31 CBAVD ST/AFS08 83 52 26 32 16
662 M/33 CBAVD ST/AFS08 71 24 12
628 M/35 CBAVD ST/N1303K 57 12 6 12 6
642 M/39 CBAVD ST/W1282X 72 12 6 ... ...

610 M/36 CBAVD ST/(unknown mutation) 86 S0 25 ... ...

aValues are means of repeated experiments (n = 2-6); variability between experiments was <10% of the mean.
b Individuals from the same family.
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from four infertile males with CBAVD while they under-
went sperm aspiration for in vitro fertilization. The cells
were suspended in 2 ml RNAzol for 100 mg tissue. RNA
was extracted by the same method used for the nasal
epithelial cells (see above).
cDNA was synthesized by use of 2.5 ,uM random-

hexamer mix (Pharmacia Fine Chemicals), 5 mM
MgCl2, 1 mM dNTP mix (Pharmacia), 2.5 units Molo-
ney murine leukemia virus reverse transcriptase (RT)
(BRL), and 4 units RNase inhibitor (Boehringer). The
tubes were incubated at room temperature for 10 min,
at 42°C for 20 min, at 99°C for 5 min, and at 40C
for 5 min. Each cDNA-synthesis experiment included a

control sample in which all reagents except RNA were

present.

Nondifferential PCR of cDNA Products
Nondifferential RT-PCR reactions in which the nor-

mally spliced transcripts, containing exon 9, and the
aberrantly spliced transcripts, lacking exon 9, produce
products of the same size were designed:
RT-PCR 1.-Amplification of the region between exon

11 and the junction of either exons 10/9 (for amplifica-
tion of correctly spliced transcripts) or exons 10/8 (for
amplification of aberrantly spliced transcripts) was per-

formed by use of the oligonucleotide primers 1 1Ri3 5'
TTCTTGCTCGTTGACCTCCA 3', 8/lOiS 5' CTT-
CTGGGAGGAGACTTCAC 3', and 9/lOiS 5' TGG-
AGCAGGCAAGACTTCAC 3', respectively (fig. 1A).
RT-PCR 2.-Amplification of the region between exon

3 and the junction of either exons 8/9 or 8/10 was per-

formed by use of the oligonucleotide primers 3RiS 5'

GGATAGAGAGCTGGCTTCAAAGAAA 3', 8/9Ri3 5'

AAATAATTCCCCAAATCCCTCCTCC 3 ', and 8/
1ORi3 5' CATCATTAGAAGTGAAGTCTCCTCC 3',
respectively (fig. 1B).
RT-PCR 3.-The stability of transcripts lacking exon

9 relative to correctly spliced transcripts was studied in
an individual heterozygous for the ST allele and the
AFS08 mutation and homozygous for the M470 allele.
RT-PCR was performed between exons 10 and 11 by
use of the oligonucleotide primers 1lRi3 (see RT-PCR
1) and M470 5' CTTCTAATGATGATTATGGG 3 '.

RT-PCR 4.-A differential RT-PCR system in which
the correctly spliced transcripts and transcripts lacking
exon 9 produce products of different size was performed
by use of primers 7BiSs 5' ACTTCAATAGCTCAG-
CCTTC and llRi3 (same as in RT-PCR 1) in exons 7
and 11, respectively.
The cDNA samples were heated at 94°C for 3 min

and then were subjected to 35 cycles of denaturation at

94°C for 60 s and primer annealing for 30 s, at 55°C
for RT-PCRs 1 and 4, at 60°c for RT-PCR 2, and at 51°C
for RT-PCR 3. In RT-PCRs 1 3, and 4 the extension was
performed at 65°C for 60 s, in RT-PCR 2 at 60°C for

120 s, followed by a final extension of 7 min at 650C.
RNA-less samples were used as controls. Semiquantita-
tive PCR conditions, which reflect the initial relative
amounts of the normal and aberrantly spliced tran-
scripts, were established by serial dilutions (1:3-1:5) of
the cDNA products prior to the nondifferential PCR.
Hybridization to RT-PCR Products

Fifty microliters of each differential RT-PCR reaction
were subjected to electrophoresis and subsequently were
blotted. RT-PCR 1 products were hybridized to the oli-
gonucleotide M470 5' CTTCTAATGATGATTATGGG
3', which identified the M allele, and were washed at
52.50C. The membranes were deprobed and rehybrid-
ized to the oligonucleotide 470V 5' CTTCTAATGGTG-
ATTATGGG 3', which identified the V allele, and were
washed at 53.50C. Hybridization to oligonucleotides
specific for the AF508 and to the normal sequence was
performed as described elsewhere (Kerem et al. 1989a).
RT-PCR 2 products hybridized to the exon 3 oligonucle-
otide G85E-N 5' GTTCTATGGAATCTTT 3', which
identified the normal sequence, washed at 420C, and to
G85E-M 5' GTTCTATGAAATCTTT 3', which identi-
fied the G85E mutation, washed at 40'C. The RT-PCR
3 products were hybridized in the same way as was
RT-PCR 1. The intensity of the RT-PCR products was
measured by PhosphorImager.
Detection of Polypyrimidine-Tract Length Variants at
the Acceptor/Branch Site of Exon 9
The genomic region flanking the polythymidine tract

was amplified by PCR using the primers 9i-5 and 9i-3s
(Zielenski et al. 1991b). Nested PCR subsequently was
performed with primers TT-iS (5' GTGTGTGTGTGT-
GTGTTTTTw3r'r) and TT-i3 (5' CTGTCCTCTTTTCTA-
TCTTG 3'). The PCR conditions were 94°C for 6 min,
followed by 35 cycles of 94°C for 30 s, 54°C for 30 s,
74°C for 40 s, and 74°C for 6 min. The PCR products
were visualized on 12% nondenaturing polyacrylamide
gels (sequencing format), which were electrophoresed at
room temperature at 600 V for 24 h and subsequently
were silver stained. Assignment of the splice-variant al-
leles was performed by analysis of available family mem-
bers. In cases in which family members were not avail-
able the assignment was performed by the complete
correlation between the 9T allele and the AF508 and
N1303K mutations and between the 7T allele and the
W1282X and G85E mutations.
Analysis of the M470V Polymorphic Site
DNA analysis of the polymorphic site M470V was

performed by HphI digestion as described elsewhere
(Chehab et al. 1991).
Statistical Analysis
The correlation between the levels of aberrantly

spliced CFTR transcripts and the pulmonary function,
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presented as FEV1, was analyzed by standard linear re-
gression (SAS User's Guide to Statistics 1985). The fac-
tor of difference between RT-PCR 1 and RT-PCR 4 was
calculated as follows: K = P2(1 - P1)1(1- P2), where
P1 is the level of the aberrantly spliced transcript tran-
scribed from a specific allele in the nondifferential RT-
PCR and P2 is the level of the aberrantly spliced tran-
script (the shorter transcript) in the differential RT-PCR.

Results
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Figure 1 A, Schematic presentation of nondifferential RT-PCR
1. Correctly and aberrantly spliced transcripts were amplified by use

of a common primer in exon 11 and primers either in the junction
between exons 9/10 (for the amplification of correctly spliced tran-

scripts) or in the junction between exons 8/10 (for the amplification of
aberrantly spliced transcripts). The vertical line represents the M470V
polymorphic site. The RT-PCR products were of 288 bp. B, Schematic
presentation of RT-PCR 2. An alternative RT-PCR system was used
to confirm that the partial difference between the primers used in RT-
PCR 1 did not introduce a bias. Correctly and aberrantly spliced
transcripts were amplified by use of a common primer in exon 3 and
primers either in the junction between exons 8/9 (for the amplification
of the correctly spliced transcripts) or in the junction between exons

8/10 (for the amplification of aberrantly spliced transcripts). The reac-

tion was performed on a patient heterozygous for the ST allele and
the G85E mutation. The vertical line represents the G85E site. The
RT-PCR products were 1,057 bp. C, Analysis of RNA transcribed
from the ST allele in heterozygotes. Heterozygotes for the ST allele

Levels of Correctly Spliced CFTR RNA Transcribed
from the 5T Allele in Respiratory Epithelium
The level of correctly spliced RNA transcribed from

the ST allele was analyzed by use of semiquantitative
nondifferential RT-PCR (RT-PCR 1; fig. 1A, C, and D).
An alternative set of primers (RT-PCR 2; fig. 1B) was

used to confirm that the partial differences between the
primers used in RT-PCR 1 did not introduce a bias. The
level of the correctly spliced RNA transcribed from the
5T allele in individual 1474 was 16% (range 14%-18%
in three independent experiments) in RT-PCR-1 and
14% (in two independent experiments) in RT-PCR 2.
These similar levels indicate that RT-PCR 1 is a suitable
semiquantitative system for the analysis of the level of
correctly spliced RNA transcribed from the ST allele.
RT-PCR 1 was performed on respiratory epithelium
from 11 individuals who carried at least one ST allele.
There was considerable variability among different indi-
viduals, in the levels of correctly spliced RNA tran-

scribed from the ST allele (12%-72%) (table 1 and fig.
2A). High variability also was found among individuals
from the same extended family carrying the same ST
allele (table 1).

In order to calculate the total levels of the normal
transcripts in individuals heterozygous for the ST allele,
the stability of transcripts lacking exon 9 was compared
with that of correctly spliced transcripts, by use of a

third set of primers directed at exon 10 (RT-PCR 3).
We studied a compound heterozygote AFS08/ST (662)
in whom there were very different levels of transcript
lacking exon 9 from the two alleles (76% from the ST

Figure 1 (continued) also were heterozygous for either a
silent polymorphism in exon 10 (M470V) or the AF508 mutation.
Hybridization of RT-PCR-1 products to oligonucleotides specific for
the different polymorphic alleles revealed four transcripts: the cor-
rectly and aberrantly spliced transcripts from each of the two alleles.
The example is from patient 1474, heterozygous for the ST allele, the
G85E mutation, and the M470V polymorphism. D, Semiquantitative
nondifferential RT-PCR conditions. RT-PCR of a series of RNA 1:3
dilutions, from a control sample, was performed in each RT-PCR
experiment. Only results from reactions in the linear phase were in-
cluded. In the presented example the linear range was 70-670 ng
RNA.
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allele and 36% from the AFS08 allele). The ratio be-
tween the total RNA, as calculated from RT-PCR 3
transcribed from the ST allele and from that transcribed
from the AFS08 allele was similar to the ratio between
exon 10 DNA-PCR products of the same individual
(23.7 vs 24.1, respectively). This result indicates that the
correctly and the aberrantly spliced transcripts are of
similar stability. Since the ST heterozygotes each carried
a nonfunctional CFTR allele on the other chromosome,
normal transcripts could be transcribed only from the
ST allele. In these patients, the amount of normal tran-
script, expressed as a percentage of total transcript, was
assumed to be half the amount of normal transcript as
measured from the ST allele (table 1). As can be seen in
table 1, the level of normal transcripts from respiratory
epithelial cells was highly variable among individuals
(range 6%-37% of the total CFTR transcripts).

Correlation between Aberrantly Spliced CFTR
Transcripts and Pulmonary Function
A significant nonlinear correlation was found between

the level of the normal CFTR transcripts and the severity
of respiratory disease, expressed in terms of FEV1 (r
- .82, P = .002; fig. 3A). As can be seen in figure
3A, the patients fell into two subgroups: one with FEV1
>80% predicted and the other with FEV1 <80% pre-
dicted. Individuals with normal pulmonary function
(FEV1 >80% predicted) had significantly higher levels
of normal RNA than did those with FEV1 <80% (P
< .000001). No patients with normal lung function
(83%-92% predicted) and minimal or no lung disease
had <25% normal CFTR transcripts, and patients with
<15% of normal transcripts did not have FEV1 >80%
predicted. Within each of these subgroups, the sample
size was too small to establish or reject a correlation
between normal RNA and FEV1.
Our nondifferential RT-PCR results differed from

those obtained by Chu et al. (1993), who found only
10% normal transcripts in three healthy individuals ho-
mozygous for the ST allele. That system employed a
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Figure 2 Correctly spliced (+9) and aberrantly spliced (-9)
RNA transcribed from the ST allele. RT-PCR 1 products were hybrid-
ized with primers specific for either the V or the M allele in amino
acid 470. Examples from nasal (A) and epididymal (B) epithelium are
shown.
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Figure 3 A, Correlation of normal CFT'R transcripts and lung
function, expressed as FEV, values. The correlation coefficient is r =
.82, P = .002. B, Comparison of the level of normal CFTR transcripts
from the ST allele in respiratory and epididymal epithelium from the
same individual.

differential RT-PCR in which the PCR products lacking
exon 9 were 183 bp smaller than the correctly spliced
transcripts (509 bp). Since smaller PCR products might
amplify more efficiently than larger products, such dif-
ferential RT-PCR could lead to overestimation of the
aberrantly spliced transcripts. To study this possibility
we designed a differential RT-PCR system (RT-PCR 4)
and analyzed CFTR transcripts from the same individ-
ual, using both the differential and the nondifferential
RT-PCR systems. The individual studied was homozy-
gous for an allele of 7T at the branch/acceptor site of
intron 8 and heterozygous at the M470V locus. The
nondifferential RT-PCR 1 results showed that 19% of
the RNA transcribed from the M allele and 18% from
the V allele were aberrantly spliced. The differential RT-
PCR 4, designed to yield shorter products from the aber-
rantly spliced transcripts, indeed showed a higher level
of aberrantly spliced RNA-37% from theM allele and
37% from the V allele. The factor of difference between
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the two RT-PCR systems was 2.5 (see Subjects and
Methods).

Levels of Correctly Spliced CFTR RNA Transcribed
from the ST Allele in Epididymal Epithelium
RT-PCR 1 was performed on epididymal epithelium

from four infertile males with CBAVD. Three of the
patients were compound heterozygous for the ST allele
(table 1). The total level of normal transcripts in their
epididymal epithelium was 6%, 10%, and 16% of total
transcripts (table 1 and fig. 3B). In the fourth patient,
homozygous for the ST allele, the level of the normal
RNA was 24% of total transcripts. The levels of normal
transcripts in respiratory and epididymal epithelium
from the same individual were compared. In patients
with normal lung function (table 1 and fig. 3B) the level
of normal transcripts in the respiratory epithelium was
higher than the level in the epididymal epithelium. How-
ever, in a patient with moderate lung disease (patient
628; FEV1 57% predicted) the level of the normal tran-
scripts was low (6%) in both the respiratory and the
epididymal epithelial cells.

Levels of Normally Spliced CFTR RNA Transcribed
from the 9T Allele in Respiratory and Epididymal
Epithelium
The level of correctly spliced RNA transcribed from

a 9T allele at the branch/acceptor site of intron 8 of
three heterozygous individuals (628, 660, and 666) was
analyzed in the respiratory and the epididymal epithe-
lium. In all three individuals the level in the epididymal
epithelium was 57%. However, in two of them (666
and 660) the level in the respiratory epithelium, was
higher, 75% and 82%, respectively. In individual 628
the level of correctly spliced transcripts from the 9T
allele in the respiratory epithelium was 59%. Thus, al-
though the number of studied individuals was small,
these results might suggest that in the epididymal epithe-
lium the general level of correctly spliced transcripts is
lower than that in the respiratory epithelium, suggesting
a less efficient splicing mechanism in this organ.

Discussion

This study further delineates the molecular mecha-
nisms associated with the partial penetrance of the ST
allele. It shows variability, in the efficiency of the splicing
mechanism, both between different organs of the same
individual and among different individuals. Further-
more, the level of normal CFTR transcripts in respira-
tory epithelial cells correlated with the severity of lung
disease. Individuals with normal lung function and mini-
mal or no lung disease had >25% of normal transcripts,
and individuals with moderate or severe lung disease
had low levels (6%-14%) of normal transcripts. Our

results imply that the critical level of normal CFTR tran-
scripts that is required for maintenance of normal pul-
monary function may be higher than previously re-
ported. These data are important for the design of gene
therapy aiming to restore normal lung function by in-
creasing the level of normal CFTR. Chu et al. (1993)
had reported that normal healthy individuals have 10%
normal CFTR transcripts and had concluded that this
low value is sufficient for maintenance of normal lung
function. We believe that the differential RT-PCR sys-
tem used in that study led to an underestimation of the
level of normal transcripts and that the correct value
was 22% (calculated from the factor of difference be-
tween the differential and nondifferential RT-PCR sys-
tems of 2.5). The level of normally spliced transcripts
has been studied in two other CFTR splicing mutations:
3849+10kb C-+T (Highsmith et al. 1994) and
1811+1.6kb A-+G (Chillon et al. 1995b). In a patient
homozygous for the 3849+10kb C-+T mutation, with
FEV1 of 69% predicted, the level of normal transcript
was 8% of the level measured in a normal control. In
another patient with the 1811+1.6kb A- G mutation
and with severe lung disease, the level of normal tran-
scripts was 3%. These results are compatible with ours.

The level of normal transcripts in epididymal epithe-
lial cells from infertile males with CBAVD was low
(6%-24%). Elsewhere it has been shown that the CFTR
is highly expressed in the epididymis, from early embry-
onic stages through adulthood (Trezise et al. 1993; Tiz-
zano et al. 1994). The low level of normal transcripts
found in the epididymis of adult males with CBAVD is
likely to be associated with the infertility defect. How-
ever, since the vas deferens is already absent in utero,
further studies are necessary to allow us to analyze both
the efficiency of normal splicing in the fetus and its regu-
lation during life.
Our study demonstrates that splicing efficiencies differ

between organs of the same individual. In individuals
with the ST allele, partial disease expression might be a
result of different efficiencies of exon 9 splicing in differ-
ent tissues. Moreover, the threshold level required for
maintenance of normal function might differ between
different organs. Thus, in some organs a small reduction
in the level of normal transcripts might lead to dysfunc-
tion while others would not be affected.

Alternative splicing is a complex regulatory mecha-
nism, which currently is not well understood. Several
genes involved in the regulation of this mechanism
have been identified already (Smith et al. 1989). Thus,
allelic variants of these genes might contribute to the
different efficiencies of alternative splicing found
among different individuals. Such alleles might segre-
gate independently from the CFTR alleles, leading to
high variability of disease expression among individu-
als from the same family. Other, nongenetic factors
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such as viral infections or environmental factors
also might be involved.

In many human monogenic diseases high variability
in disease expression is found among patients carrying
the same genetic defect. Milder phenotypes of several
human diseases have been reported to be associated with
reduced production of normal transcripts that is due to
mutations in conserved splicing sequences (Kishimoto
et al. 1989; Weatherall et al. 1989; McInnes et al. 1992;
Arredondo-Vega et al. 1994). Variations in the alterna-
tive splicing machinery may lead to differential expres-
sion of these splicing mutations and, hence, to different
levels of the aberrantly spliced mRNA. Allelic differ-
ences in splicing factors, tissue-specific differences, and
other nongenetic factors might contribute to the vari-
ability in both organ involvement and expression of hu-
man inherited diseases. Further understanding of the
mechanisms regulating alternative splicing will contrib-
ute to potential therapy for patients carrying such splic-
ing mutations.
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