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Cystic fibrosis is a recessive genetic disorder, characterized clini-
cally by chrenic obstructive lung disease, pancreatic insufficiency
and elevated sweat electrolytes; affected individuals rarely live
past their early twenties. Cystic fibrosis is also one of the most
common genetic diseases in the northern European population.
The frequency of carriers of mutant alleles in some populations
is estimated to be as high as 1 in 20, carrying a concomitant burden
of about one affected child in 1,500 births. Because little is known
of the essential biochemical defect caused by the mutant gene, a
genetic linkage approach based on arbitrary genetic markers and
family studies is indicated to determine the chromosomal location
of the cystic fibrosis (CF) gene. We have now obtained evidence
for tight linkage between the CF locus and a DNA sequence
polymorphism at the met oncogene locus. This evidence, combined
with the physical localization data for the met locus presented in
the accompanying paper’, places the CF locus in the middle third
of the long arm of chromosome 7, probably between bamds q21
and q31.

Appropriate families are required for genetic linkage analyses
with recessive disease loci. For this study, we sampled and tested
13 families with multiple affected offspring. Siblings were
characterized at cystic fibrosis clinical centres as affected or
unaffected based on quantitative sweat chloride determination
as well as other clinical features. Several of the families were
from Utah, but most came from different regions in the United
States.

We estimate that more than 100 loci have been tested for
linkage in CF, including 21 probes from our own laboratory,
with negative results. However, Eiberg et al. have reported
evidence of linkage between the CF locus and the gene for the
enzyme paroxonase’, and recently Tsui and others have obtained
evidence for genetic linkage with a DNA marker (L.-C. Tsui,
personal communication). Both of these linkages are rather
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Fig. 1 Segregation of the Tagl polymorphism in a complete
three-generation family. DNAs from the indicated individuals were
digested with the restriction enzyme Tagl, electrophoresed in
agarose and transferred by the method of Southern to a nylon filter
(Micron Separations, Inc.). The filters were hybridized® with the
clone metH (refs 1, 3). The polymorphisms were found by
examination of a panel of DNAs from six unrelated individuals
digested with the restriction enzymes Mspl, Taql, EcoRl, HindIII,
Pstl or Bcll. Only Mspl and Tagl revealed polymorphism.
Individuals digested with Tagl yielded fragment lengths of either
7.5kb (allele 1) alone or 4.0 kb (allele 2) alone, or both 7.5 and
4.0 kb. Digestion withh Mspl revealed individuals with fragment
lengths of 2.3 and 1.8 kb, or only one of the two. In six informative
families with large sibships, we found no exceptions to mendelian
inheritance. A survey of 60 unrelated individuals gave a frequency
of 0.56 for the 7.5-kb Tagql allele and the 2.3-kb Mspl fragment,
and 0.44 for each of the two smaller fragments. In all cases where
phase could be distinguished, the large fragments were found
together as a single haplotype, indicating a high degree of linkage
disequilibrium in this marker system.

loose (10% and 15% recombination, respectively) but they do
begin to pave the way for a more precise localization. Klinger
has also reported suggestive, but not definitive, evidence for
linkage of cystic fibrosis to a genetic marker located on the short
arm of chromosome 21 in two large Amish pedigrees. However,
the linkage was not evident when a collection of outbred nuclear
families was examined (Klinger, personal communication). To
develop a genetic marker at the met locus, we cloned fragment
H (refs 1, 3), a 1.6-kilobase (kb) Sall/EcoRI fragment, into
pBR322. Figure 1 shows the inheritance of a polymorphic Tagql
restriction fragment revealed by this probe in a complete three-
generation family. An MspI fragment also showed polymorph-
ism with this probe. Of 60 unaffected unrelated individuais
examined, 36 were heterozygous. However, we have seen only
two haplotypes thus far.

At least one parent was heterozygous at the met locus in 12
of the 13 CF families investigated. Linkage tests between the
CF locus and the met locus were performed with the computer
program LINKAGE (ref. 4). Our results are reported in Fig. 2
and Table 1. As shown in Fig. 2, the LOD score reaches a
maximum of 8.65 at a recombination value of 0, indicating no
evidence for recombination. A LOD score of 8.65 corresponds
to odds of 4x10%:1, favouring the hypothesis of complete
linkage over that of independent segregation. We also verified
that in each family the LOD score is maximal under the
hypothesis of complete linkage. As in all estimation situations,
our sample estimate of the recombination rate between these
two loci may depart from the true, unknown value because of
sampling error. As indicated in Fig. 2, however, the true recombi-
nation frequency is unlikely to be >5%. Our data therefore
indicate tight linkage between cystic fibrosis and the mer gene
in these families.

Table 1 shows the composition, the genotypes at the met locus
and the LOD score for each family. Under the hypothesis of
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Table I Summary of family data 10
Family Parents Oftspring LOD score L
1409 12x11 3A(11) 0.60 8 r
1414 12x22 3A(12) 0.60
1415 12x12 3A(11) IN(12) 1.33 r
1422 12x11 3A(12) 0.60 e
1425 12x11 SA (12) 2N (12, 11) 115 g ° T
1426 22x12 3A(12) 0.60 o L
1427 12x 12 3A(11) 4N (12) 1.70 9
1438 11x12 2A(1N) 0.30 a
1442 12x11 3A(11) 0.60
1446 11x12 3A(11) 0.60 F
774 11x12 2A (11) 0.30
1378 22x12 3A(22) 2N (22) 0.25 T
1436 11x22 3A(12) 0.00 |
Genotypes at the marker locus reported for each family member. The LOD 0 s L L s L e
score for each informative family at a recombination value of 0 is also reported, 0 10 20 30 40 50

allowing a closer inspection of the contribution of each family to the linkage
evidence. Assuming that all parents are heterozygous at the CF locus, all but two
(families 1415, 1427) are single backcrosses with respect to the test locus. In such
families, each affected offspring contributes terms equal to 6 and 1 — 6 under each
parental phase respectively. Under complete linkage, phase information can be
derived from a single affected individual. It foliows that each additional individual
will contribute 2 units to the odds ratio, or equivalently 0.301 to the LOD score,
while the penalty of having to infer phase amounts to 0.301 LOD unit in each
family. In two instances of such crosses, unaffected siblings were available for
testing. In family 1425, five affected siblings have genotype 12, whereas two
unaffected siblings have genotypes 12 and 11, respectively. Without the unaffected
siblings, the LOD score would have been 1.20 instead of 1.15. The two unafiected
siblings, while compatible with the hypothesis of no recombination, have dis-
cordant genotypes at the test locus and contribute terms (2 — 8)(1 + 8) under each
parental phase, accounting for ~0.05 in LOD units. In family 1378, the contribution
of three affected offspring is offset by two unaffected siblings with the same
genotype at the met locus, each unaffected sibling accounting for terms (2 - 0)
and (1+ 68) under each phase. Family 1427 is a double intercross and contributes
more support to the hypothesis of complete linkage than any other family. This
results from the increased contribution of affected individuals of genotype 11 in
this intercross as opposed to the backcrosses, as well as from the information
provided by the four unaffected siblings of genotype 12. Once an affected individual
has yielded phase, each additional affected sibling of genotype 11 contributes
(1- 6)2, or 0.602 LOD units, while each unaffected sibling of genotype 12 con-
tributes 2(1— 0 + 6%), or 0.125, to the overall LOD score. Family 1415 is similar,
but includes only one unaffected sibling of genotype 12.

complete linkage, we can derive the parental phases from the
genotypes of the affected offspring. This reveals that 19 of the
26 parental chromosomes carrying the CF allele also carry allele
1 at the met locus, while only 11 of 26 parental chromosomes
carrying the normal allele at the CF locus carry allele 1 at the
met locus, which is marginally significant (y?=3.86, p =0.05).
The allelic distribution at the met locus among the latter chromo-
somes does not differ significantly from that observed among
60 chromosomes tested in a random Utah control panel (xi =
0.98). When these chromosomes carrying a normal allele at the
CF locus are pooled and contrasted to the chromosomes carrying
the CF deleterious allele, heterogeneity with respect to the met
alleles 1 and 2 is no longer significant (x3=2.71). Judgment
regarding possible allelic association must await the characteriz-
ation of additional CF families.

The apparent close genetic linkage found in family studies
suggests an upper limit of 5% on the genetic distance between
the CF locus and the met locus. The absence of recombinants
between the CF locus and the met locus in our study does not
support the hypothesis that cystic fibrosis can be caused by
mutations at more than one locus. However, ours is still a limited
sample and it is important to test many more families to place
a more restrictive upper limit on the possible frequency of cystic
fibrosis caused by mutations at other loci.

Although the met locus is potentially useful as a prenatal
diagnostic marker for cystic fibrosis in families known to be at
risk, several additional data must be developed before such
application. First, more CF families with large sibships must be
tested, to refine the genetic distance as well as to detect locus
heterogeneity. Observation of a subset of families showing no
linkage to the met locus could reveal locus heterogeneity. These
data will be essential for providing quantitative estimates of

Recombination fraction (%)

Fig. 2 LOD score for linkage between cystic fibrosis and the met
locus as a function of recombination fraction. A recessive model
with complete penetrance was assumed for cystic fibrosis, with a
frequency of 0.025 for the deleterious allele. The results were
unaltered over a wide range of allelic frequencies. The test marker
was treated as a co-dominant, two-allele system, with gene frequen-
cies of 0.56 and 0.44 for alleles 1 and 2, respectively. The Taql
polymorphism was scored as the primary genetic marker and was
corroborated by the Mspl polymorphism. The LOD score is com-
puted as the decimal logarithm of the probability of the observa-
tions for a given value of the recombination fraction divided by
the corresponding probability under the assumption of no linkage.
This probability ratio measures our degree of belief in the
hypothesis of linkage at the assumed value relative to the hypothesis
of independent segregation. Rather than a standard error based
on large sample theory, the use of an empirical confidence region
based on the observed LOD score distribution has been recommen-
ded'®. A one-unit support limit is obtained by finding that value
of the recombination fraction for which the LOD score is decreased
by one unit, defining a range of the recombination value for which
the odds remain within 10 to 1 of the maximum. This yields an
empirical bound for the recombination fraction of 0.051 in our
sample. Values for recombinant fraction 8 of 0, 0.01, 0.05, 0.10,
0.20, 0.30 and 0.40 produced respectively values for z(8) of 8.65,
8.46, 7.66, 6.64, 4.52, 2.41 and 0.70.

individual risk. Second, the extent of polymorphism must be
improved so that the marker locus has more than two alleles.
At present, many individuals at risk would be unable to obtain
useful information. Third, if, as we expect, some recombinants
between the met and CF loci are found, it will be important to
develop a genetic marker locus on the other side of the CF locus
to detect recombination events in the region. Until these condi-
tions are met, diagnostic applications are premature.

The fact that no recombinants between the met gene locus
and the CF locus have yet been identified suggests that the two
are indeed very close and even raises speculation that the met
gene might actually be the cystic fibrosis gene. Furthermore,
because the product of the met gene is a membrane-spanning
receptor protein showing tyrosine kinase homology', charac-
teristics which might also be expected of a gene causing a
chloride ion-exchange defect, in retrospect met might have been
considered a candidate gene for the disease. However, although
we cannot exclude the met gene as a candidate for the CF gene,
aetiological involvement of the met gene in cystic fibrosis is
unlikely: the close linkage still permits a span of more than
1,000 kb within which to place the CF gene and as many as a
hundred genes may be located within so wide a region. It is
nonetheless interesting that the met gene bears homology with
the insulin receptor', located on chromosome 19 very near the
low-density lipoprotein (LDL) receptor’; this homology may
suggest that these are members of a clustered family of genes.
By this reasoning, although not itself the CF gene, met could
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open the way to identifying a family of closely linked genes of
which one may be the gene for cystic fibrosis.

The most significant aspect of the localization of the CF gene
is the impetus is provides to efforts to identify and clone the
gene. New techniques make it feasible to cover the large dis-
tances that are likely to be involved. Pulse-field gel elec-
trophoresis® and new, rapid ‘walking’ techniques’ suggest
approaches to moving closer to the gene. Recent advances in
cell culture technology that permit in vitro growth of cells which
maintain the CF phenotype® suggest the possible invention of
protocols that could provide functional assays for regions that
might encompass the gene. We hope that identification of the
CF gene will permit identification and analysis of the bio-
chemical pathway which is perturbed by mutations in the gene,
and will suggest rational means of intervention and management
of this disease.
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Cystic fibrosis (CF) is the most common genetic disease in
Caucasian populations, with an incidence of 1 in 2,000 live births
in the United Kingdoin, and a carrier frequency of approximately
1in 20. The biochemical basis of the disease is not known', although
membrane transport phenomena associated with CF have been
described recently®>. Consanguinity studies have shown that the
inheritance of CF is consistent with it being a recessive defect
caused by a mutation at a single autosomal locus®. Eiberg et al.*
have reported a genetic linkage between the CF locus and a
polymorphic locus controlling activity of the serum aryl esterase
paraoxonase (PON). The chromosomal location of PON, however,
is not known®. Linkage to 8 DNA probe, DOCR1-917, was also
recently found at a genetic distance of ~15 centimorgans (L.-C.
Tsui and H. Donnis-Keller, personal communication), but no
chromosomal localization was given. Here we report tight linkage
between the CF locus and an anonymous DNA probe, pJ3.11,
which has been assigned to chromosome 7cen—q22.

The use of DNA probes allows the determination of linkage
between a restriction fragment length polymorphism (RFLP)
and a mutated locus causing pathology, even when the bio-
chemical defect is unknown. We have used this approach suc-
cessfully to analyse sex-linked diseases such as Duchenne mus-

pJ311

]COL1A2

TCRB[

7
Fig. 1 Map of human chromosome 7, showing the chromosomal

locations of probes TCRpB (ref. 9), COL1A2 (ref. 25) and pJ3.11
(ref. 18).

cular dystrophy®; it has also been used to study previously
unassigned autosomal dominant diseases such as Huntington’s
chorea® and adult onset polycystic kidney disease’. However,
although linkage has been attempted with DNA markers to
autosomal recessive diseases of unknown biochemical aetiology,
only exclusions have been achieved to date.

There have been few clues to the chromosomal localization
of the CF locus. Mayo et al.® suggested that the CF locus might
be localized on chromosome 4, based on data from cell hybrids
expressing a ciliary dyskinesis factor, but this was subsequently
shown to be unlikelg by exclusion mapping with several DNA
and protein markers”. Two different families have been reported
to show both chromosomal anomalies and CF; the study of one
of these families suggested that the CF locus mapped to 5p,
whereas in the other family it was mapped to 13q34 (ref. 10).
We investigated the latter family by mapping the gene for clotting
factor X to 13q34 (ref. 11) and then excluded CF from linkage
to factor X'2, We have also excluded the candidate gene coding
for complement component 3 by showing that alleles for an

Table 1 LOD scores at various recombination fractions (6) for the relationships between the CF locus (CF) and the locus defined by pJ3.11 and
between CF and TCRB

No. of
Marker meioses 8=0 0.05 0.10
CF versus J3.11 27 524 4.52 3.80
TCRB versus CF 22 —00 1.87 2.06

0.15 0.20 0.25 0.30 0.35 0.40 0.45

3.09 241 1.77 1.20 0.77 0.33 0.11
1.87 1.54 1.17 0.80 047 0.22 0.06

Combined LOD scores were calculated using the computer program package LINKAGE as described by Lathrop®*.
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