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Abstract

Cystic fibrosis (CF) is caused by mutations in the cystic fibro-
sis transmembrane conductance regulator (CFTR) gene. We
report on a novel nonsense mutation that leads to exon skipping
and the activation of a cryptic exon. Screening of genomic DNA
from 700 German patients with CF uncovered four cases with
the nonsense mutation E92X, a G -- T transversion that
creates a termination codon and affects the first base of exon 4
of the CFTRgene. Lymphocyte RNAof two CFpatients hetero-
zygous for E92X was found to contain the wild type sequence
and a differentially spliced isoform lacking exon 4. In RNA
derived from nasal epithelial cells of E92X patients, a third
fragment of longer size was observed. Sequencing revealed the
presence of E92X and an additional 183-bp fragment, inserted
between exons 3 and 4. The 183-bp sequence was mapped to
intron 3 of the CFTRgene. It is flanked by acceptor and donor
splice sites. Weconclude that the 183-bp fragment in intron 3 is
a cryptic CFI'R exon that can be activated in epithelial cells by
the presence of the E92X mutation. E92X abolishes correctly
spliced CFI`R mRNAand leads to severe cystic fibrosis. (J.
Clin. Invest. 1994. 93:1852-1859.) Key words: cryptic exon*
splice site mutation * exon skipping * CFTR* vectorette PCR

Introduction

Cystic fibrosis (CF)I is the most common severe autosomal
recessive disorder in Caucasian populations. In CF patients,
altered chloride transport across the apical membrane ofepithe-
lial cells is associated with the accumulation of abnormal
mucus in lung and pancreas resulting in chronic obstructive
lung disease and pancreatic insufficiency ( 1, 2). The gene af-
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1. Abbreviations used in this paper: CF, cystic fibrosis; CFTR, cystic
fibrosis transmembrane conductance regulator; SSCP, single strand
conformation polymorphism.

fected in CF, the cystic fibrosis transmembrane conductance
regulator (CFTR), spans - 250 kb on chromosome 7q3 1 and
comprises 27 exons (3, 4), encoding a cAMP- and ATP-regu-
lated low conductance chloride channel (5). In addition to the
major mutation, AF508 (6), > 300 further mutations within
the CFTRgene have been identified (Cystic Fibrosis Genetic
Analysis Consortium, August 1993). These mutations have
been shown to cause mRNAdeficiency (7-1 1), aberrant splic-
ing ( 12-14), defective maturation of the protein ( 15, 16), and
the alteration or loss of chloride channel function ( 17, 18). In
this study, we have identified and characterized a novel non-
sense mutation, E92X, that affects the first nucleotide of exon
4, thereby leading to exon skipping and the insertion of a previ-
ously unknown cryptic exon into epithelial CFTR mRNA.
Case reports of four German patients and the result of tran-
script analyses indicate that the E92X nonsense mutation
causes severe CF because it abolishes correct splicing of the
CFTRmRNA.

Methods
Samples. Peripheral blood samples were taken from 700 CFpatients of
German origin after informed consent had been obtained, and geno-
mic DNAwas extracted by standard procedures. Each DNAsample
was routinely screened for the presence of the most commonmutations
as previously described ( 19, 20). Samples with at least one unidentified
mutation were subjected to single strand conformation polymorphism
(SSCP) analysis. Humanpancreas total RNAwas obtained from Clon-
tech (Palo Alto, CA). Colon cell lines T84 and HT-29 were cultured as
described previously (21 ).

SSCPAnalysis (22). Approximately 0.5 ,g of genomic DNAwas
included as the template in a 50-,ul PCRcontaining 20MgMdNTPs, 0.5
MuMof each primer, 50 mMKCl, 1.5 mMMgCl2, 10 mMTris/ HCl, pH
8.0, and 1.5 U Taq DNApolymerase. After 20 PCRcycles had been
performed, using primers 4i5 and 4i3 (23), a 20-Ml aliquot was trans-
ferred into a fresh tube containing 1 ,l of 20 MMdCTP, dGTP, and
dTTP and 1 MCi a_-[33P]dATP. 15 additional PCRcycles were then
performed with both reactions, and the unlabeled PCRproduct was
examined on an agarose gel as a control. For SSCPanalysis, the labeled
PCRproduct was digested with an appropriate enzyme to yield frag-
ments of 150-400 bp, mixed with an equal amount of loading buffer
(including 95%formamide), denatured at 95°C for 2 min, and immedi-
ately chilled on ice. The samples were then loaded onto a precooled
40-cm wedge-shaped polyacrylamide gel consisting of 5%acrylamide,
5%glycerol, and 0.8X TBE, and subjected to electrophoresis at 25 W,
10°C, for 5-6 h. The gel was fixed in 10%acetic acid/ 10%methanol for
30 min, dried, and exposed overnight.

cDNA analysis. Epithelial cells obtained by nasal brushing and
lymphocytes collected from peripheral blood by Ficoll centrifugation
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were washed with PBSand resuspended in 4 Mguanidinium thiocya-
nate (GTC). Total RNAwas extracted by the acid GTC-phenol-chloro-
form method as described (24). With primer CF704, 5 Ag of lympho-
cyte RNAor the total yield of epithelial RNAwere converted to cDNA
using a First-Strand-cDNA-Synthesis Kit (Pharmacia, Upsala, Swe-
den) according to the manufacturer's protocol.

CFTRcDNA spanning exons 3-5 was amplified using the nested
PCRapproach depicted in Fig. 2. The sequences of PCRprimers are
listed in Table I. Aliquots of the final PCRwere analyzed in a 2% low
melting agarose gel. Bands were cut out, melted, and reamplified using
the biotinylated primer B-CF297 and primer CFG178. Single strands
for direct sequencing were obtained with biotin streptavidin magnetic
beads (Dynal, Oslo, Norway) according to the manufacturer's proto-
col. Either primers CFG178 or CF740 were used for direct sequencing
by the dideoxy chain termination method using the Sequenase 2.0 kit
(U. S. Biochem. Corp., Cleveland, OH).

Southern blot hybridization (25). 20 ,ug of genomic DNAwas di-
gested using the restriction enzyme EcoRI, subjected to electrophoresis
through a 0.8% agarose gel, and blotted onto N+ Nylon membrane
(Amersham Buckinghamshire, UK) using 0.4 NNaOH. The filter was
hybridized with the insert DNAamplified from genomic DNAusing
primers 183-5' and 183-3' (Table I) and labeled by the random prime-
labeling method (26) with a--[32P]dCTP (Amersham). Overnight hy-
bridization at 65°C was followed by two washes in 2X SSC, 0.1% SDS
at room temperature, two washes at 55°C with the same solution, and a
final wash with a 0.5X SSC, 0.1 %SDSsolution at 55°C.

Vectorette PCR(27). To analyze the 3' end of the 183-bp cryptic
exon in intron 3 of the CFTRgene, we constructed a EcoRI Vectorette
library. 1 ALg genomic DNAwas digested for 1 h at 370C with 20 U
EcoRI (Boehringer Mannheim, Mannheim, Germany). ATP and
dithiothreitol (DTT) were each added to a final concentration of 2
mM. After adding 3 pmol EcoRI Vectorette unit (ICI, Abingdon, UK)
and I U T4 DNA ligase (Boehringer Mannheim), the ligation was
carried out at 16°C overnight.

An aliquot of 5 Al of the EcoRI Vectorette library was used as
template for an asymmetric PCR (30 cycles) using primer 183-4.
Nested PCRsusing the primer combinations 183-4/vec. 1 (ICI), 183-
5'/vec.l, and B-183-8/vec.2 were performed (Fig. 4, Table I). After
the third PCR, sequencing was performed using a combination of the
biotin streptavidin magnetic beads method and the dideoxy chain ter-
mination method mentioned above.

The 3' end sequence of the 183-bp fragment was confirmed by PCR
and direct sequencing using primers B183-8 and 183-10, created from
the downstream sequence of the 183-bp fragment.

Allele-specific oligonucleotide hybridization (28). 10% of the total
RT-PCR (Fig. 2) was subjected to electrophoresis through a 0.8% aga-
rose gel stained with ethidium bromide and were blotted onto N+ Ny-
lon membrane (Amersham) using 0.4 N NaOH. The hybridization
with Y_-[32P]dATP-labeled oligonucleotide CFN3 (GATAGAGAG-
CTGGCT)at 48°C 3 h was followed by two washes in 2X SSPE, 0.1%
Triton X-100 at room temperature, and two washes at 58°C with the
same solution. The x-ray film was analyzed by densitometry.

Table I. DNASequence of Oligonucleotides Usedfor RTand PCR

PCRprimer Sequence

G27Art 5' CTGGACCAGACCAATTTCCGAGG3'

B-CF297 5' AGAATGGGATAGAGAGCTGGCTTC3'

CF704 5'GTGCCAATGCAAGTCCTTCATCAA3'

CFGI78Art 5' GGAAAGGAGACTAACAAGTTGTC3'

CF740 5'GCTATTCTCATCTGCATTCC 3'

183-5' 5' CCAGCAAAAGAGATCGTAAAAGCC3'

183-3' 5' TCAGTAGGAGTTGAGATGATGG3'

183-4 5' CAGTCATGCTAAGGGCCAAA 3'

183-5 5' GGTTTGGCCCTTAGCATGACTG 3'

183-7 5' CCAAAGTTACACATATGGTA 3'

B-183-8 5' GGGTGAGTGGAAAGGTACTCCTGAG3'

183-10 5' CTGCAGCCTGATCACACTTGTG 3'

failure to thrive, and recurrent episodes of pneumonia, but
diagnosis of CFby pathological Gibson-Cooke pilocarpine ion-
tophoresis sweat tests (90 mval Cl/liter) was delayed until the
age of 4 yr 1 mo. Despite aggressive antimicrobial treatment
and nutritional rehabilitation, the girl always remained below
the third percentiles for height and weight. Her airways became
colonized with Pseudomonas aeruginosa by the age of 9 yr.
Amyloidosis of kidneys and liver and cor pulmonale were diag-
nosed when she was 16 yr old; she died of respiratory failure by
the age of 17 yr 10 mo.
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Results

The investigation of PCRproducts from genomic DNAof 700
German CF patients by single-strand conformation analysis
and direct sequencing led to the identification of a novel non-
sense mutation E92X in exon 4 of the CFTRgene (Fig. 1).
This G -* T transversion at the first base of exon 4 was detected
in three families from Southern Germany with four CF pa-
tients. The clinical data of all four patients are summarized in
Table II.

In family 1, an E92X/ AF508 compound heterozygous fe-
male was severely affected throughout her life. Since infancy
she exhibited pathognomic CF symptoms such as steatorrhea,

E92X E92K

Figure 1. (A) DNAsequence of the CFTRexon 4/intron 3 boundary
from an individual heterozygous for E92X in comparison with a wild
type control. The E92X mutation is indicated by an arrow. (B) SSCP
analysis of a Hinf I fragment from exon 4 PCRproducts showing
heterozygosity for E92X in lane 4 and homozygosity for the previ-
ously described mutation E92K (52) in lane 5, indicated by mobility
shifts.
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Table II. Clinical Characteristics of Patients with CFCarrying the E92X CFTRMutation

CFTRmutation genotype E92X/AF508 E92X/2789 + 5 G - A E92X/unknown E92X/unknown

Current age (yr/mo) Death at 17/10 38/2 11/4 13/6

Age at diagnosis (yr) 4 20 5 7

Meconium ileus No No No No

Chloride concentration in sweat test
(mmol/liter) 90 100 115 100

Pancreatic status PI PS PI PI
Onset of chronic colonization with Pseudomonas

aeruginosa (yr) 9 35 9 9

Complications Amyloidosis Allergic bronchopulmonary
Aspergillosis

Current clinical data (8/1993) (Age of 17 yr 6 mo)

FVC(% predicted) 32 75 85 110

FEVI (%'predicted) 20 56 60 95

Chrispin Norman score of chest
roentgenogram 24 20 10 6

Weight predicted for weight 75 102 98 104

Shwachman score 40 55 90 100

In contrast, CFdisease has been benign in a 38-yr-old male
in family 2. This patient is compound heterozygous for E92X
and the splice site mutation 2789 + 5 G-- A (Highsmith et al.,
personal communication, compiled in reference 29) on the
other CF allele. The proband was asymptomatic until adoles-
cence. Recurrent pulmonary infections at the age of 19 yr led to
admission to a thorax rehabilitation clinic where CFwas diag-
nosed by pathological sweat test values of 100 mval Cl/liter.
After adequate bacteriological monitoring and intermittent an-
timicrobial therapy had been initiated, the patient regained ex-

cellent health. The married patient had a normal social and
working life until the age of 33 yr, when his lungs became
colonized with P. aeruginosa. Exocrine pancreatic insuffi-
ciency developed by the age of 35 yr. FVC and FEVI have
meanwhile dropped into the pathological range of 50-70% of
predicted value, so that the patient is now only in part-time
work and had to give up sporting activities such as alpine hik-
ing and long-distance running.

In family 3, two siblings are compound heterozygous for
E92X on the maternal allele and a different mutation on the
other allele that remained unknown after genomic SSCPanaly-
sis of the whole coding region of CFTR. CF was diagnosed at

the same time by pathological sweat tests (Cl-, 100-115 mval/
liter) when the patients were 5 and 7 yr old, respectively. The
11- and 13-yr-old girls are pancreas insufficient, have normal
lung function, and have always exhibited growth beyond the
90th percentiles for height and weight. Both patients acquired
P. aeruginosa in their airways by the age of 9 yr. With the
exception of episodes of allergic bronchopulmonary aspergillo-
sis in the younger girl, CFdisease has so far been benign in the
siblings (actual Shwachman scores, > 80, stage I).

In all three families, the E92X chromosome is character-
ized by an uncommoncombination of the extragenic upstream
marker haplotype 1-2-2-1 (XV2c-KM. 19-MP6D9-J44) and
the intragenic CFTR marker haplotype 1-2-2-1-1 (GATT-
TUB9-M470V-T854-TUB18), which could have evolved by
recombination from the two most commondimorphic marker
haplotypes in German families (19). This infrequent haplo-

type was not seen in other German CF chromosomes in our
panel, suggesting that it could be diagnostic for the E92X muta-
tion probably due to a founder effect. This hypothesis is further
strengthened by the common geographic origin of all three
families from the same small area of Southern Germany. As
expected from the haplotype data, an additional screening for
E92X with the restriction enzyme EcoNI did not uncover fur-
ther cases among 800 German CFchromosomes tested this way.

Since the E92X mutation affects the first nucleotide of exon
4, we surmised a possible effect on the splicing of CFTRpre-
mRNA. Wethus analyzed CFTR transcripts from epithelial
cells of the two E92X heterozygous siblings and lymphocytes of
these two sisters and their mother who transmitted this muta-
tion. Due to the low amount of CFTRtranscript in nonspecific
tissue such as lymphocytes and because of the low yield of
epithelial cells from nasal brushing, we used nested RT-PCR
with primers spanning exons 2-6 of the CFTRcDNA.

From lymphocytes of all three probands, we obtained a
characteristic product pattern with two bands of 391 and 175
bp (Fig. 2). Direct sequencing of the excised RT-PCRproduct
from all three probands showed the wild type sequence without
the E92X mutation in the 39 1-bp product, thus demonstrating
skipping of exon 4 in the 175-bp product (Fig. 3). This exon
skipping was neither observed in 10 further lymphocyte sam-
ples from healthy control persons nor in the paternal lympho-
cyte sample. A different pattern was obtained from nasal epithe-
lial cells of the patients and their mother, which gave an addi-
tional product of 574 bp (Fig. 2). We performed ASO
hybridization using oligonucleotide CFN3as a probe to quan-
titate the relative amount of the different PCRproducts by
densitometry (nasal epithelial cells: 574:391:175 bp, 0.8:1:0.2;
lymphocytes: 391:175:, 1:0.94). Direct sequencing of the 574-
bp product revealed that a 183-bp sequence was inserted into
the CFTRcDNAwithin the junction of exons 3 and 4 (Fig. 3
B). Neither this additional sequence nor exon 4 skipping was

observed in the paternal nasal epithelial sample and in further
nasal epithelial samples from six non-E92X CF patients and
eight unrelated non-CF control persons. Furthermore, the
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Figure 2. Schematic representation of the CFTRcDNAfrom exon 1

to exon 6b. RT-PCR analysis of CFTRtranscript spanning exons

2-6a was performed by three rounds of PCRwith the indicated pairs
of nested oligonucleotide primers. The products were separated by
2% agarose gel electrophoresis. RT-PCR products from lymphocytes
(lanes I and 2) and nasal epithelial cells (lanes 3 and 4) of the CF
patients of family 3 consisted of fragments of the expected size (391
bp, lanes 1-4), fragments lacking exon 4 (175 bp, lanes 1-4), and
fragments including a 183-bp sequence (574 bp, lanes 3 and 4). Lane
5, the larger fragment after isolation and reamplification: lane 6, RT-
PCRwithout mRNA;lane 7, DNAsize marker (1-kb ladder; GIBCO
BRL, Gaithersburg, MD).

larger RT-PCRproduct was neither found in pancreas or other
previously analyzed (21 ) control tissues from non-CF individ-
uals, nor in the colon cell lines HT-29 or T84.

The aberrantly spliced mRNAwas found to be transcribed
only from the E92X allele (Fig. 3 D) and contains two in-frame

nonsense codons (Fig. 4 C). Weconfirmed the human origin
of the 1 83-bp insert by PCRfrom genomic DNAusing primers
located within the inserted sequence (183-5' and 183-3'). As-
suming the 183-bp insert to be the result of a splicing event
within intron 3 of the CFTRgene, PCRwith primers specific to
exon 3 and the insert was performed from genomic DNA, re-
sulting in amplification of a 2.7-kb fragment. Direct sequenc-
ing of this PCRproduct showed the 183-bp sequence to be
located - 2.2 kb downstream of exon 3 and to be preceded by
an acceptor splice site with a short pyrimidine stretch (Fig. 4
A). With additional sequencing primers, we obtained further
sequence information from - 300 bp of the 3' splice site pre-
ceding the inserted sequence (Fig. 4 C). Since most branch
points are located within 18-40 bp from the 3' splice junction
(30), two possible branch points are favored (Fig. 4 C). Inter-
estingly, an apparently more perfect branch point sequence is
located further upstream of the new 1 83-bp exon followed by
another apparently silent 3' splice site with a longer polypyri-
midine stretch. In addition, this part of intron 3 seems highly
repetitive.

For the determination of downstream sequences, we used
Vectorette PCRas recently described (27). Southern blot anal-
ysis of genomic DNAusing the insert sequence as a probe
guided the choice of the appropriate Vectorette unit. Since the
183-bp insert hybridized to an - 4.5-kb EcoRI fragment, we
constructed a genomic EcoRI Vectorette library and con-
ducted nested PCRwith primers specific to the 183-bp exon
and the Vectorette unit (Fig. 4 B). Direct sequencing of the
final PCRproduct revealed a perfect donor splice site flanking
the 183-bp exon (Fig. 4 C). Wethen established intron primers
for the amplification of the whole new exon and its flanking
intron sequences (Table I). SSCPanalysis and direct sequenc-
ing of genomic DNAfrom the patients and 10 further individ-
uals harboring different CFTR haplotypes did not show any
polymorphisms or sequence variants in the analyzed region.
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Figure 3. Direct sequencing of the
RT-PCR products of CFTRcDNA
reamplified with primers B-CF297
and CFG178Art. (A) Normal-sized
product (391 bp), without the E92X
mutation within exon 4 at position
+ 1; (B) 5' boundary of the 183-bp
fragment within the 574-bp prod-
ucts; (C) the 175-bp product, miss-
ing exon 4; and (D) 3' boundary of
the 1 83-bp fragment within the 574-
bp product, showing the E92X mu-

tation.
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__ T and the dideoxy chain termination
TM- A] method with primer 183-3'revealed

5' 5' the 3' splice site sequence. The po-
tential branch point was searched by

C PCRusing an intron 3 primer (183-
AACAGAAGTTGAGCGTGAGGCAAATTAAGTAACTTTCCCAAAGTTACACATATGGTAAGT 4, 183-5, or 183-7) in combination

TTGTGAGATATCCCAGTCTCTTrAGCTCCAAAGCCTTTGACCCTTTCACCATACCAGATT with primers B-CF297 and 183-3',
TTGTG C G respectively. (B) Characterization of

ATGATTCGTATTAATATATAATTATAATTATAATGATTGTATTTAGGTACTCAACAGAAT the 5' splice site of the 183-bp frag-
GGTGACTCTAGTAACCAGCCTTGGTTCTGCTGAGCTTCTCTGCGTCTTCTCAGGAGACAC ment. The 183-bp fragment hybrid-

ized to an 4.5-kb EcoRI genomic
AGGCTACAGAGCTTGAAGGCTGAGGATTCTTCCAGGGTCACTTCAGGGGCAAATCTGAAA fragment. Its boundaries are idi-
CTTTCTTCAGGACAGGAATCAACGAGATCTTCTCACTTACTTATACCTGGGGGAGGAACT cated (R). To identify the intron 3

GTATGAATCCACCCAAGAACCAGTCATGCTAAGGGCCAAACCAGTCATGCTAAGGGCCAA sequence downstream of the 183-bp
cryptic exon, a genomic EcoRI Vec-

ACCTATAGACAAAAAAGGGATAGGAGAATGGAGTATGTATGGAGAAAGACTAAATTGTTC torette library was constructed and
FL K N I P A K E I V K A L H G used as template for nested PCRs

TTACTTCTCAAG[CTTAAAAATATCCCAGCAAAAGAGATCGTAAAAGCCCTTCATGGC with primer pairs specific for the
V L I I H AWGI

GTATTAATTATCCATGCATGGGGGTGAGTGGAAAGGTACTCCTGAGCCCGAGGCTACAGC 183-bp fragment (183-4, 183-5',
B183-8) and the Vectorette se-

TTTGGAACTAGCAGCACCTTTGAAGGGGAAAGCGTGTTTCCATCATCTCAACTCCTACTG quence (vec. 1, vec.2). Direct se-

ATAACCAATGGAATATTO]GTGAQTAAAGGATCCTGGGGGAAGAAGCAGCTGAMATGTGT quencing of the final PCRproduct
uncovered a perfect 5 ' splice site at

AGGTGAGAAGGCAGAGAGAAGAATATTTATATTGGGAATGGCACAAGTGTGATCAGGCTG theron 3/1e83-bplboundar
the intron 3/ 183-bp boundary.

CAGGTTTTTCATCCTTGTCATAGAGAAAAAACCACGCTGGACA (C) Sequence of the 183-bp frag-
ment and its surroundings in intron
3 of the CFTRgene. The 183-bp

fragment (enclosed by brackets), containing two stop codons (bold letters, underlined), is flanked by perfect 5' and 3' splice sites with a short
oligopyrimidine stretch (bold letters). Two candidate sequences for the branch point are underlined. A silent 3' splice site with a large polypyri-
midine stretch and a perfect branch point is located further upstream of the 183-bp exon (underlined with dashes). The deduced amino acid
sequence for the cryptic exon (until the stop codon) is shown above the nucleotide sequence in a single-letter code. These data were submitted
to the LANL Database under accession number L25269.

Finally, we found no sequence homology of this cryptic exon least one pancreas-sufficient allele (32, 33). Following that clas-
and the deduced peptide to other genes or proteins, respec- sification, the E92X mutation is a pancreas-insufficient allele,
tively. because the E92X/AF508 patient was pancreas insufficient

since infancy. The second E92X patient with completely

Discussion known CFTRgenotype and a less severe clinical phenotype
carries a pancreas sufficient mutation, 2789 + 5 G-> A, on his

The clinical course of disease in CFpatients is highly variable. other chromosome.
It has, however, been shown that the onset of many clinical CFwith E92X is the first case of a human inherited disease,
symptoms, including pancreatic insufficiency and airways' co- as far as we know, in which the consequences of a change of the
lonization with opportunistic pathogens, is partly determined first nucleotide of an exon were studied in patients' mRNA
by the CFTRmutation genotype (31-33), which appears to be transcripts. This G -- T transversion affects the 3' splice site of
the main factor in the genetic predisposition for CF. CFTR exon 4 and furthermore creates an in-frame stop codon. RT-
mutations have been classified according to their effect on pan- PCRanalyses indicated the ability of this mutation to induce
creatic function as pancreas insufficient ("severe") or pancreas exon 4 skipping of the transcripts (lymphocytes and nasal epi-
sufficient ("mild") alleles, and by this definition the mainte- thelial cells) as well as activation of a cryptic splice site in intron
nance of pancreatic function in CF requires the presence of at 3, resulting in the inclusion of an additional 183-bp fragment.
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The 183-bp sequence was present in nasal epithelial cell-de-
rived mRNAof the two E92X heterozygous probands. As
shown by direct sequencing (Fig. 3 D), it was only transcribed
from the E92X allele. There was no evidence for use of the
cryptic splice sites in CFTR transcripts of lymphocytes from
patients and several controls. Furthermore, the cryptic exon
has never been detected in kidney, liver, jejunum, placenta,
lung, and nasal polyps from non-CF controls (21 ).

The differences in the splicing pattern of E92X transcripts,
identical in all analyzed specimens, point to a tissue-specific
splicing event. Since differential expression of various cis-act-
ing elements and trans-acting factors have been reported to be
involved in determination of tissue or developmental stage
specificity (34-36), it is not unexpected that a mutation of the
3' splice site sequence may lead to different splicing patterns in
ectopic and expressing tissues. However, no further cases of
tissue-specific splicing of CFTRtranscripts are known to date.

Normally spliced CFTRtranscripts carrying the E92X mu-
tation were not observed in both tissues. Several reports of
severely reduced mRNAlevels as a consequence of nonsense
mutations in the CFTRgene have been published (7-9, 1 1),
but in case of the E92X mutation, densitometric quantification
of ASO-hybridized PCRproducts suggests that the main effect
of this mutation is aberrant splicing. However, we cannot com-
pletely exclude normally spliced but reduced proportions of
transcripts from E92X-carrying alleles, because the yield of
PCRproducts could have been biased by the cDNA size in
nested PCR.

The observed in-frame-skipping of exon 4 and the severity
of the E92X allele would be consistent with a proposed impor-
tant role of exon 4 for CFTRfunction. Skipping of exon 4 from
CFTRtranscripts has been reported in humans (21 ) and mice
(37), but exon 4- transcripts represented only a very small
proportion of total CFTRmRNAfrom human tissues (21),
and did not appear to be associated with clinical symptoms.
Exon skipping does not always cause disease; nonsense muta-
tion-induced exon skipping has even been shown to function
as a mechanism for phenotypic rescue of the common in-
herited defect of the AMPD1(AMP deaminase) gene (38).
Such a phenotypic rescue in case of the E92X mutation can
probably not be realized by omission of exon 4, given the severe
clinical course in the AF508/E92X compound heterozygous
patient, the high number of other known disease-causing CF
mutations affecting this exon (29), and the postulated role of
exon 4 in coding for a large part of the CFTRtransmembrane
pore (3). Even if residual functions of exon 4 - CFTRhave not
been excluded by in vitro experiments so far, parallels can be
drawn from the frequent splice site mutation 621 + 1 G -- T,
which also leads to skipping of exon 4 (13, 39). A comprehen-
sive genotype-phenotype study of patients carrying the splice
mutation 621 + 1 G -- T strongly argues that the extensive
exon 4 skipping is associated with an early onset of severe clini-
cal symptoms of CF(40). In the E92X patients, the fraction of
exon 4 skipping has been relatively low in epithelial cells com-
pared with the proportion of the in-frame cryptic exon inclu-
sion. The inserted cryptic exon, however, by itself introduces
two new nonsense codons into the E92X transcript, and its
translation would lead to a severely truncated protein contain-
ing only 7% of wild type CFTR.

Cryptic exons have already been identified in other regions
of the CFTRgene (41-43, and Highsmith et al., personal com-

munication, compiled in reference 29). Cryptic 119- and 260-
bp exons in intron 11 and 23, respectively, were observed in
epithelial and nonepithelial cells from CF and non-CF pro-
bands (41, 42). Both alternatively spliced transcripts occurred
at a low level without any obvious phenotypic consequences.
The physiological significance of two other recently identified
exons upstream of CFTRexon 1 (exon 1 a and exon - la; refer-
ence 43) is unclear. The aberrant activation of a cryptic exon in
intron 19, however, causes CF disease (Highsmith et al., per-
sonal communication, compiled in reference 29). The under-
lying single base pair substitution (3849 + 10-kb C -D T) is
usually associated with relatively benign CFin patients who are
compound heterozygous for this mutation and AF508 (44),
thus determining the corresponding allele as being pancreas
sufficient, in contrast to the E92X allele. A possible explana-
tion for this discrepancy is that the 3849 + 10-kb C -- T muta-
tion leaves some wild type function with normally spliced tran-
script, whereas we have found E92X to be strictly associated
with aberrant splicing. Of general interest is the sequence posi-
tion of the G -- T transversion described here. It affects the
first nucleotide of exon 4 of the CFTRgene. Guanosine is the
most commonbase at this position of the 3' splice site, while,
within the CFTRgene, only exon 1 7a begins with thymidine
(23). Although several disease-causing mutations in 3' splice
sites are known to result in exon skipping and/or in activation
of cryptic splice sites, for example in fl-thalassaemia or LPL
deficiency (reviewed in reference 45), a G-* T transversion at
the first nucleotide of an exon has so far only been studied by
site-directed mutagenesis in an artificial hamster dihydrofolate
reductase minigene (46). In this CHOmodel system, exon
skipping was observed in 52% of the transcripts. In our study,
we demonstrate that a G -* T transversion at this position
within the splice acceptor site can result in both exon skipping
and the recruitment of a cryptic exon, in vivo. The detection of
these splice effects cannot be explained completely by a simple
comparison of the sequences of the altered splice acceptor site
and the cryptic splice site within intron 3 with the consensus
sequence, since another cryptic splice site located immediately
upstream of the 1 83-bp sequence has even more favorable sta-
tistical scores (45, 47). Furthermore, it is noteworthy that the
E92X allele was found exclusively in conjunction with the
cryptic 1 83-bp exon. Exon 3b was not seen in normal controls,
and E92X did not appear within a normally spliced product. A
possible interpretation of this observation is that both the do-
nor splice site of cryptic exon 3b and the weakened acceptor
splice site with E92X are only used if they can be recognized
together, and this recognition appears to be tissue specific. Al-
ternatively, epithelial cells may generally use the cryptic exon
in a first splicing step, but its subsequent removal may be dis-
turbed by the presence of E92X within the acceptor splice site.
The exon sequence adjacent to the invariant consensus se-
quence has been shown to be a determinant for splice site selec-
tion in natural pre-mRNAs as well as in artificial constructs
(48, 49), and consequently exon mutations as E92X can
change the relative strength of competing splice sites, resulting
in aberrant splicing. Furthermore, a single base mutation can
have long-range effects on the concerted splicing of other
exons, leading to multiple exon skipping (50). Besides several
cis-acting elements, various antagonistic splicing factors such
as SF2 and ASF, and heterogeneous nuclear ribonucleopro-
teins such as hnRNP Al appear to be involved in the tissue
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specificity of splicing ( 51 ). Future characterization of cis- and
trans-acting factors and of their spatial and temporal interac-
tion will improve our understanding of the role of splice site
selection in differentiation and disease.
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