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(Lung Cell. Mol. Physiol. 1): L47-L52, 1989.-This article 
reviews progress made to date in the attempt to find the gene 
causing cystic fibrosis (CF). The search has been focused on a 
region of the human genome containing no more than 10 genes 
and has been accomplished in two steps. First, linkage analysis 
was used to localize the gene to the q31 band of chromosome 
7. Subsequently, molecular cloning methods were employed to 
isolate DNA segments estimated to be within 400,000 base 
pairs of the CF gene. The current challenge in the research is 
to find the genes located in this interval and to then prove that 
one of them is the CF gene. The approaches by which this will 
be accomplished are discussed. 
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CYSTIC FIBROSIS (CF) is the most common severe auto- 
somal recessive disorder of the Caucasian population 
with an estimated incidence of l/2,000 and a heterozy- 
gote (carrier) frequency of l/20-1/25 (56, 58, 68). How- 
ever, its frequency in Oriental and black populations is 
considerably lower (11, 69). CF usually presents in child- 
hood as failure to thrive in combination with recurrent 
pulmonary infections and/or maldigestion, but a subset 
of patients have a milder phenotype and may not be 
identified until later in life (57, 68). Laboratory confir- 
mation of the diagnosis of CF is obtained by the sweat 
test, in which patients are made to sweat by the local 
injection of pilocarpine and the concentration of Cl- is 
then measured. All CF patients have sweat chloride 
values higher than 60 mmol/l (many with values over 
100 mmol/l), whereas most normal individuals have val- 
ues below 50 mmol/l (57). 

The mean age of patients has increased dramatically 
over the past two decades from -10 yr in the 1960s to 
-25 yr today in major centers with large CF clinics and 
the appropriate medical support infrastructure (12, 62). 
The improvements in mortality and morbiditv have been 
accomplished by aggressive symptomatic treatment, of 
the major medical problems faced by CF patients: chronic 
obstructive lung disease and pancreatic insufficiency. 
However, for the past decade no significant new therapies 
that prolong the life of the average CF patients have 
been introduced, and it is possible that we may have 
reached the limit of medical treatment in the absence of 
knowledge of the basic defect in the disorder. 

The autosomal recessive mode of inheritance of CF 

was recognized early in its history, and this genetic 
etiology pointed to the existence of a gene that when 
defective caused the disease. The idea that specific 
changes in the genetic makeup of individuals results in 
clinical and metabolic disorders can be traced back to 
the work of Garrod in the early part of this century who 
coined the expression “inborn errors of metabolism.” 
Since then, more than 3,000 such disorders have been 
catalogued, and the nature of the basic defect in -300 
has been identified through biochemical and physiologi- 
cal studies on patient samples or their cultured cells. The 
development of techniques of molecular genetics has led 
to the isolation of the gene coding for the defective 
proteins in many of these inborn errors of metabolism 
(34). Cloning of disease gene has allowed a detailed 
examination of the type and number of mutations prev- 
alent in specific populations and the correlation between 
the mutations, the function of the mutant protein, and 
their clinical impact (8, 66). 

Attempts to identify the basic defect in CF through 
biochemical and physiological studies of patients, their 
tissues, and cells have covered various areas of cellular 
function (see Refs. 15 57, 68). However, only recently 
have such studies indicated a route to the CF gene. 
Electrophysiological studies of isolated sweat glands and 
of nasal epithelium in situ showed a decreased Cl- perme- 
ability in the epithelium lining these tissues in CF pa- 
tients (30, 41). Subsequent results confirmed the obser- 
vations in isolated epithelia and in cells that had been 
transplanted into heterologous hosts or that had been 
cultured in vitro, thus suggesting that the defect resided 
in the epithelial cells themselves and was not due to 
some humoral factor circulating in CF patients (see Refs. 
42, 43, 64). More recently, it has been shown that the 
abnormality in CF epithelial cells involves the regulation 
of Cl- channels in the apical membrane by processes 
mediated by an adenosine 3’,5’-cyclic monophosphate 
(CAMP) -dependent protein kinase. The precise details 
of the regulation of these channels are not known, but’ 
evidence is consistent with the defect being due to a 
membrane or membrane-bound molecule that could be 
the Cl- channel itself or a molecule that regulates its 
function (25, 33, 50, 65). If the current attempts to clone 
the Cl- channel gene are successful, it will be possible to 
test the hypothesis that the channel is the product of the 
CF gene. 

FINDING THE CF GENE 

Use of Linkage Analysis to Map the CF Gene 
For disorders in which the biochemical defect has not 

been defined, such as CF, molecular genetics allows the 
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isolation of the gene without any prior knowledge of the 
nature of the gene product, the so-called “reverse ge- 
netics” approach. This strategy has resulted in the iden- 
tification of the genes coding for the defective product in 
Duchenne muscular dystrophy, chronic granulomatous 
disease, and retinoblastoma (reviewed in Ref. 38). Sub- 
sequent analysis of the protein coded for by these genes 
has led to insights not only into the pathology of the 
diseases but also into new areas of cellular function and 
regulation that were previously unknown. It is expected 
that if this approach can be successfully applied in CF, 
similar novel insights may be gained into the functioning 
of epithelial cells and may lead to improved diagnosis 
and therapy. 

In deploying the reverse genetics strategy, the search 
for the unknown gene is performed in two steps. In the 
first, linkage analysis is used to map the disease gene by 
showing that it cosegregates with a genetic marker of 
known location. A more refined localization can be 
achieved by studying somatic cell hybrids that contain 
various portions of the particular chromosome to which 
the gene has been mapped. Molecular cloning techniques 
are subsequently used to isolate genes in the region and 
to show that one of them is the disease gene. 

The use of linkage analysis to study CF antedates the 
development of molecular genetics. In the 1950s and 
1970s the inheritance of serum and red cell proteins and 
antigens was studied in CF families, but no association 
with the disease was found (27, 54, 55). Since these 
markers covered only a small portion of the human 
genome, such a result was not surprising. In the early 
1980s a seminal paper on the use of DNA markers that 
could be detected after treatment of genomic DNA with 
restriction enzymes [restriction fragment length poly- 
morphisms (RFLPs)] (6) revived interest in CF linkage 
studies. Several groups proceeded to collect families with 
two or more affected patients and used DNA obtained 
from the family members to analyze the transmission of 
DNA markers. The probability that a marker was located 
near the CF locus was determined by the use of statistical 
techniques [LOD score method (36)]. If no linkage was 
found one could also eliminate a portion of the region 
surrounding the DNA marker as the site of the CF gene. 
The major theoretical obstacle to the application of the 
method in CF was the possibility that CF might not be 
caused by a single defective gene. Instead, it was possible 
that two (or more) genes in the human genome could 
each cause CF when an individual was homozygous for a 
defective version of one of them. Evidence of genetic 
heterogeneity was weak in the early part of this decade 
when linkage studies were initiated (13), but since then 
both population studies and the linkage studies them- 
selves have confirmed that genetic heterogeneity is un- 
likely in CF (14, 44). 

At the Eighth Human Gene Mapping Meeting (Hel- 
sinki, August 1985) a workshop on the mapping of the 
CF gene indicated that approximately one-half of the 
genome had been excluded by the various linkage studies. 
At the same time a report indicated that CF was linked 
to the paraoxonase enzyme activity polymorphism 
(PON) with a recombination fraction of 10% (20, 49). 

This result suggested that genetic heterogeneity was not 
prevalent in CF and that it was possible to use linkage 
analysis to localize the CF gene. However, since little 
was known about the molecular basis of the paraoxonase 
protein or gene, it was not possible to proceed further 
from these data. 

Linkage between CF and an anonymous DNA marker 
(DOCRI-917) at a distance of 15% recombination as well 
as linkage between 917 and PON was reported later in 
1985 (59). Thus, a linkage group 917-PON-CF was iden- 
tified and this confirmed the existence of the CF locus. 
The DNA marker 917 was mapped to the long arm of 
chromosome 7 by the use of somatic cell hybrids and its 
locus named D7Sl5 (31). Within a short time two other 
DNA segments on chromosome 7 were found closer to 
CF than either of the above two markers. The oncogene 
met and the anonymous DNA marker pJ3-11 (D7S8) 
were found to be -1% recombination from the CF gene 
(61, 67). 

A large collaborative study from seven laboratories 
confirmed the assignment of CF to chromosome 7 by the 
analysis of more than 200 families with two or more 
affected individuals using six different chromosome 7 
markers (2). Current evidence places the order of the 
closest markers as: centromere-COLlA2-D7Sl5-PON- 
met-CF-D7S8-TCRB-telomere on the long arm of chro- 
mosome 7 (32). On the basis of deletions in some of the 
hybrids used to map D7Sl5, the known locations of the 
COLlA2 and TCRB genes, and in situ hybridization 
with met and D7S8, the location of the met-CF-D7S8 
cluster was identified at 7q22-7q31 (16,53,61, 70). How- 
ever, more recent studies using new markers suggest that 
the cluster is located at 7q31-7q32 (19, 45). 

Cloning the CF Gene 

The distance between the closest flanking markers, 
met and D7S8, was estimated to be l-5 CM (1 CM = 1% 
recombination) on the basis of recombination data (2, 
32). Subsequent physical mapping of the region using 
pulsed-field gel electrophoresis (7) is consistent with a 
distance of 1.5 t 0.5 x lo6 base pairs (bp) (18, 40), 
placing an upper limit to the amount of DNA that has 
to be cloned to include the CF gene. This stretch of DNA 
is likely to contain between 10 and 40 genes. Three 
different strategies have been applied to the cloning of 
the CF gene. 

Gene transfer. Williamson and colleagues attempted to 
clone the CF gene by utilizing the cellular transforming 
properties of the met oncogene. They reasoned that if 
DNA from a cell line containing the activated form of 
met were introduced into an untransformed cell, subse- 
quent transformed clones that were isolated would have 
to contain the met gene and surrounding DNA. If some 
of the clones contained both met and D7S8, then they 
should also contain the CF gene if no DNA re- 
arrangements had occurred. Scambler et al. (48) isolated 
such cell lines and found that they contained between 3 
and 13 Mb (1 Mb = lo6 bp) of human DNA. Clones 
containing human DNA were identified from cosmid 
libraries prepared from the hybrid cell lines, and genes 
within those clones were identified through the detection 
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of regions rich in G and C residues (23). Such regions 
[CpG islands (5)] have been found near genes and are 
characterized by the presence of restriction sites for 
enzymes that cut G/C-rich regions (e.g., NotI, BssHII). 

One clone containing a CpG island was found to code 
for a gene that was thought to be a candidate CF gene 
(21). The gene was located between wLet and D7S8 by 
pulsed-field gel electrophoresis mapping and by an in- 
crease in linkage disequilibrium. The latter is a measure 
of the association of the alleles of the linked markers to 
normal and CF alleles. It is expected that the linkage 
disequilibrium value will reach a maximum at the loca- 
tion of the CF gene. Although the identification of this 
gene aroused hope that the CF gene had been identified, 
subsequent analyses did not support that view. The tissue 
distribution of the transcripts from the gene, the absence 
of any differences in the sequence of the normal and CF 
genes, and the observation of recombination between the 
candidate gene and CF were evidence against this gene 
(now called irp-mouse int-1 related protein) being the 
CF gene (4, 24, 62). Notwithstanding this disappoint- 
ment, the DNA probes generated from the gene and its 
surrounding region (PT-3, CS7, XV%, and KM19, col- 
lectively known as the D7S23 locus) have found great 
utility for DNA diagnosis of CF, since they are much 
closer to CF than met and D7S8 and provide more 
accurate information (see below). 

Saturation mapping. Tsui and colleagues (46,60) iden- 
tified more than 250 single copy clones isolated from a 
chromosome 7 library and mapped them to various re- 
gions of chromosome 7 by the use of somatic cell lines 
containing portions of the chromosome. The rationale of 
this probe hunt was that if a large enough number were 
isolated, some of these should map between met and 
D7S8 and thus lie closer to the CF gene. Two clones 
were identified in this manner by the absence of recom- 
bination in informative families. The two DNA segments 
were found to be 10 kb apart and were located -500 kb 
from the met locus by the use of pulsed-field mapping 
(46). They could thus be used as a starting point for a 
search for genes located between met and D7S8. 

Walking and jumping. Walking is the term used for 
the procedure employed to clone contiguous segments of 
DNA. Single-copy segments at the ends of clones are 
used to identify other clones that overlap the original 
one. An end from an overlapping clone showing the least 
overlap is again chosen and used in the same manner. 
The progress of the walk can be monitored by detecting 
the presence of restriction sites used in pulsed-field gel 
electrophoresis mapping in the cloned segments and by 
measuring the degree of linkage disequilibrium between 
polymorphic markers and the disease gene. 

Chromosome jumping (or hopping) allows the cloning 
of a DNA segment that is separated from the starting 
point by 50-200 kb (39), thus bypassing unclonable re- 
gions of the genome that can interrupt walking. In this 
procedure, however, the intervening DNA is not cloned. 
Thus, after a jump has been! completed, it may be nec- 
essary to walk back toward the starting point to identify 
all genes present in that stretch of DNA. Probes near 
the CF gene have been used for chromosome jumping (or 

hopping). Collins and co-workers (9) used met as a start- 
ing point and were able to isolate a clone (CF63) that is 
located -50 kb in the direction of D7S8. Further jumps 
from this point were abandoned after the identification 
of irp, since this DNA segment is -600 kb from met in 
the direction of D7S8. Jumps have also been performed 
using D7S8 as a starting point (28). 

The two DNA segments between met and D7S8 iso- 
lated by the saturation mapping technique (D7S122 and 
D7S140) are currently being used for a combined walking 
and jumping approach (45). Approximately 250 kb of 
genomic DNA have been cloned that include the region 
of the irp gene. All of the above results in combination 
suggest that, at most, 300-400 kb of genomic DNA 
between met and D7S8 remain to be cloned at this point. 
A total of 3-10 genes may be situated in this interval. 

Identification of the CF Gene 

The current challenge is to analyze the cloned DNA 
to detect genes and to subsequently determine which one 
is the CF gene. Detection of genes in mammalian ge- 
nomic DNA is complicated by two factors. Eukaryotic 
genes are broken into coding (exons) and noncoding 
(introns) segments, and some exons can be small, making 
them difficult to detect. Second, mammalian genomic 
DNA contains a variety of repetitive DNA that is rep- 
resented to varying degrees throughout the genome (52). 
Thus to identify a gene within a segment of genomic 
DNA requires that it be free of repetitive elements and 
that it include an exon large enough to yield a visible 
and reproducible signal. In practice genomic fragments 
free of repetitive elements are used to analyze RNA to 
detect a transcript (in Northern blots). Alternatively, 
DNA from other species can be analyzed (Zoo blots) (35). 
This latter strategy is based on the hypothesis that exon 
sequences are more likely to have been conserved 
throughout evolution than those of introns. A positive 
signal detected in a Zoo blot would be suggestive evidence 
that a coding portion of a gene is contained within the 
DNA segment being tested. 

If positive signals are obtained with either of the two 
methods the fragment is used to screen cDNA libraries 
to isolate a portion of the transcript. This complemen- 
tary DNA (cDNA) clone is then used as a starting point 
to isolate the complete gene. As genes in the region 
between met and D7S8 are isolated, each is analyzed to 
determine whether it is the CF gene. Evidence in favor 
of a candidate gene being the CF gene may be obtained 
from comparisons of the sequence of the cDNA derived 
from a control and a CF sample. A single base pair 
difference could be due to the presence of an RFLP 
rather than the mutation, so this evidence need not be 
conclusive. Once a specific change in sequence is ob- 
served, oligonucleotides surrounding the altered site can 
be synthesized and used to analyze a large set of genomic 
DNAs or RNAs from CF patients using the polymerase 
chain-reaction method (47). These results may provide 
stronger evidence that the CF gene has been identified. 

Supportive evidence may be obtained from detection 
of the corresponding mRNA in tissues that are expected 
to be affected in the disease, e.g., pancreas, lung, sweat 
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gland. Direct analysis of the amounts and size of the 
mRNA in the affected tissues obtained from patients 
may show specific differences and these would also sup- 
port the identification. Antibodies to a polypeptide pro- 
duced by fusing the cDNA to an expression vector or to 
a polypeptide derived from translation of the cDNA 
sequence can be used to analyze control and CF extracts 
derived from the appropriate tissues. Differences in the 
location or amount of the corresponding protein can also 
be taken as evidence in favor of the identification of the 
CF gene. Finally, one can attempt to study the function 
of the candidate cDNA to determine whether the normal 
version can correct the defect in a CF cell. In this latter 
experiment a candidate cDNA (or the whole gene if it is 
small enough) is introduced into CF cells by any one of 
several DNA-mediated gene-transfer methods, and the 
physiological defect characteristic of CF cells is meas- 
ured. Given appropriate expression of the introduced 
gene and sufficient gene product production to overcome 
the effect of the resident CF gene product, one may be 
able to observe correction of the CF phenotype. 

IMPACT OF THE RESULTS TO DATE 

Although the CF gene has not yet been identified, 
DNA-based diagnosis is now possible in affected families 
with a much higher precision than previously available 
methods. In addition, some insight has been gained into 
the possible number of CF mutant alleles, the relation- 
ship of these alleles to different clinical forms of CF, and 
their ethnic distribution. 

Before the identification of linked DNA markers, ge- 
netic diagnosis in CF was not possible, and counseling 
to couples with an affected child and their immediate 
family was based on probability estimates inferred from 
the autosomal recessive inheritance of CF (58). The 
availability of closely linked DNA markers now allows 
the unequivocal determination of the genetic status of 
members of nuclear families in which one affected indi- 
vidual has been examined. The observation that the 
distribution of alleles of closely linked DNA markers is 
different in chromosomes bearing the CF gene and those 
bearing the normal gene (linkage disequilibrium) also 
has implications for DNA-based diagnosis. For example, 
individuals marrying into a family where the CF gene is 
segregating can be provided with an estimate of their 
chances of being a heterozygote that is more precise than 
the population risk (l/20-1/25 in Caucasians) (I, 3). 

Although the diagnostic criteria for CF are definitive, 
significant clinical heterogeneity does exist (51). One of 
the questions that can be answered, either by the use of 
the closely linked markers or the gene itself, is whether 
such heterogeneity is genetically based. For example, 
continued presence of sufficient pancreatic function in 
CF patients to not require the use of pancreatic supple- 
ments appears to be a heritable trait (10). This hypoth- 
esis has received confirmation from studies of allele 
association with closely linked DNA markers. Thus CF 
patients with pancreatic sufficiency show a different 
pattern of allele distribution than those with pancreatic 
insufficiency, and this difference is best explained by 
postulating the presence of at least two different mutant 

alleles in the Caucasian population (17, 29). 
Similarly, different patterns of allele association in 

various ethnic populations suggest that there may be 
several mutant alleles of the CF gene (11, 22, 26, 37). 
Both of the above sets of observations will be more 
precisely delineated once the CF gene is identified. It 
should then be possible to correlate particular sets of 
alleles of the closely linked DNA markers with specific 
mutations in the CF gene. If this turns out to be the case 
it may be possible to understand the evolutionary history 
of the various CF mutations and their common or inde- 
pendent origin in various ethnic groups. In addition, it 
may be possible to show that a given mutant allele leads 
to a specific clinical outcome, thus improving our ability 
to provide a prognosis to newly identified patients and 
perhaps also to indicate the most appropriate therapy. 
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