
Cystic Fibrosis Locus Defined by a Genetically Linked 
Polymorphic DNA Marker 

Abstract. A polymorphic DNA marker has been found genetically linked, in a set 
of 39 human families, to an autosomal recessive gene that causes cystic fibrosis 
(CF), a disease affecting one in 2000 Caucasian children. The DNA marker (called 
DOCRI-917) is also linked to the PON locus, which by independent evidence is linked 
to the C F  locus. The best estimates of the genetic distances are 5 centimorgans 
between the DNA marker and PON and 15 centimorgans between the DNA marker 
and the C F  locus, meaning that the location of the disease gene has been narrowed 
to about 1 percent of the human genome (about 30 million base pairs). Although the 
data are consistent with the interpretation that a single locus causes cysticfibrosis, 
the possibility of genetic heterogeneity remains. The discovery of a linked DNA 
polymorphism is the first step in molecular analysis of the CF  gene and its causative 
role in the disease. 
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Cystic fibrosis (CF) is the most com- 
mon serious genetic disorder in Cauca- 
sian children; it is inherited as an autoso- 
ma1 recessive trait, and it occurs approx- 
imately in one out of 2000 live births in 
North America (I). The patients suffer 
from chronic pulmonary disease and 
pancreatic enzyme insufficiency. They 
also show increased sweat electrolyte 
level which, although of little clinical 
consequence itself, is the basis of the 
most reliable diagnostic test for the dis- 
ease. All these clinical symptoms are 

consistent with CF being an exocrine 
disorder. Despite extensive research ef- 
fort, the basic defect in CF remains 
unidentified. Therefore, the metabolic 
abnormalities on which the biochemical 
studies are based are probably second- 
ary or tertiary consequences of the pri- 
mary defect, making it difficult to pro- 
ceed from the phenotype observed in CF 
patients and their cells to the gene de- 
fect. 

The s i m ~ l e  autosomal recessive mode 
of inheritance of cystic fibrosis and ex- 
tensive analysis of first cousin marriages 
(2) suggested that cystic fibrosis might be 
the result of defects in a single gene. 
Genetic analysis by linkage with restric- 
tion fragment length polymorphisms 
(RFLP's) (3) seemed feasible with ran- 
dom polymorphic DNA probes and a 
relatively small number of nuclear fam- 
ilies containing two or more affected 
children. Supporting this idea, a close 
linkage has been detected between CF 
and PON (4-6), a genetic determinant for 
serum paraoxonase activity (7). The 
PON locus, however, unlike DNA poly- 
morphism~, does not lead directly to 
simple chromosome localization (4). 
Since the availability of a DNA marker 
closely linked to C F  would be extremely 
useful for the molecular genetic analysis 
of the disease, we and others (8) have, 
over the past few years, examined a 
large number of RFLP markers. While 
these studies did not result in the discov- 
ery of linkage to CF, it is estimated that 
about 40 percent of the human genome 
has been excluded as being the site of the 
CF gene. 

The chance of finding linkage depends 
on the number of probes tested and the 
degree of their polymorphism as well as 
the number and structure of families 
available. In order to facilitate such anal- 
yses of linkage, we isolated more than 
200 new RFLP DNA markers with poly- 
morphism information content (PIC) val- 

ues (a measure of the degree of polymor- 
phism) (3) of at least 0.3 (9). When 
applied to CF  families as described here, 
we found that one of these is linked to 
the CF locus. 

This DNA marker, provisionally des- 
ignated as DOCRI-917, is defined by a 
human genomic fragment clone isolated 
from a Hae 111-Alu I partial digest li- 
brary in the lambda vector charon 4A 
(10). The recombinant phage, Lam4-917, 
contains about 18 kilobases (kb) of hu- 
man DNA, which as expected from the 
method of isolation (11) contains no de- 
tectable repetitive sequences. It is one of 
330 single-copy clones that were found 
to reveal RFLP's from a total of 1025 
single-copy clones that have been isolat- 
ed and tested for polymorphism in hu- 
man DNA's digested with the enzymes 
Hind I11 and Hinc I1 (9, 12). 

The restriction map of Lam4-917, as 
determined by the cos-oligonucleotide 
method (13) and by standard restriction 
analysis of subcloned Eco RI fragments, 
is shown in Fig. 1. The correspondence 
of the restriction sites in the clone with 
those in the human genome was con- 
firmed by Southern gel-transfer hybrid- 
ization analysis (14). 

Human DNA's digested with Hind I11 
and probed with Lam4-917 reveal allelic 
fragments of 6.3 kb (Al) or 5.3 plus 1.0 
kb (A2) as well as constant fragments of 
12.5 and 7.5 kb. This RFLP is due to the 
presence or absence of a Hind I11 site at 
the location indicated in Fig. 1. DNA 
samples from nuclear families reveal 
Mendelian segregation of the 6.3 kb band 
(Al) from the 5.3- and 1.0-kb bands (A2) 
(Fig. 2, left). The frequencies for A1 and 
A2 are 0.71 and 0.29, respectively, in a 
sample of 40 unrelated Caucasian indi- 
viduals. These frequencies do not differ 
significantly from the frequencies of 0.73 
(Al) and 0.27 (A2) found among 76 Cau- 
casian parents of the CF  families exam- 
ined in this study. Family analysis of the 
Hinc I1 RFLP (Fig. 2, right) similarly 
reveals two clearly distinguishable al- 
leles, B1 (4.3 kb) and B2 (2.3 and 1.8 kb) 
(constant fragments are 6.8, 5.1, and 3.9 
kb) with respective frequencies of 0.48 
and 0.52 in 40 randomly chosen individ- 
uals and 0.43 (Bl) and 0.57 (B2) in 33 
parents of CF families. 

The PIC values (3) based on the com- 
bined gene frequency data from random 
individuals and CF parents are 0.32 for 
the Hind I11 polymorphism and 0.37 for 
the Hinc I1 polymorphism. To estimate 
the combined informativeness of the 
Hind I11 and Hinc I1 polymorphisms, we 
examined 58 individuals who were typed 
for both the Hind I11 and Hinc I1 RFLP. 
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Site haplotypes (AlB1, AlB2, A2B1, or 
A2B2) were inferred for 54 of these, 
allowing estimates of the site haplotype 
frequencies as 0.39 (AlBl), 0.44 (AlB2), 
0.10 (A2B1), and 0.06 (A2B2). This re- 
sult suggests that the Hinc I1 and Hind 
I11 RFLP sites are nearly randomly asso- 
ciated, that is, in linkage equilibrium, 
(X2 = 1.25, P > 0.2). The combined PIC 
is approximately 0.57, and the observed 
heterozygosity was 62 percent. 

The CF families in our study were 
two-generation families, each with both 
parents living and two or more affected 
children. The majority of the families 
were identified through the cooperation 
of the Canadian Cystic Fibrosis Founda- 
tion and of several CF clinics in Canada. 
These pedigrees, the diagnosis of CF 
patients, and the procedures for blood 
sample collection from participating indi- 
viduals have been described (15). Addi- 
tional CF families used in our study were 
obtained from the Human Genetic Mu- 
tant Cell Repository in Camden, New 
Jersey. DNA samples were prepared ei- 
ther directly from peripheral blood sam- 
ples (16) or from lymphoblast cultures 
derived from individual members of each 
family (1 7). 

To investigate the linkage relationship 
between LWCRZ-917 and CF, we exam- 
ined samples from a total of 43 CF fam- 
ilies for the inheritance pattern of the 
two RFLP's detectable with the Lam4- 
917 probe. Thirty-nine of them were in- 
formative for the analysis in that one or 
both of the parents in these families were 
heterozygous for either the Hind I11 or 
the Hinc I1 RFLP, or both. The calcula- 
tion of the maximum likelihood and re- 
combination fraction (0) between the test 
marker and CF was performed by lod 
score analysis (18) with the LIPED com- 
puter program (19) (Table 1). If recombi- 
nation frequencies are considered equal 
in male and female, a maximum likeli- 
hood estimate is obtained for 0 at 0.14 
with a lod (2) score of 3.% (odds ratio of 
9100:l). The confidence interval for 0 is 
between 0.07 and 0.25 (20). The recombi- 
nation fraction is close to the frequency 
of recombination detected by counts of 
the number of apparent recombinant 
chromosomes divided by the number of 
informative chromosomes among CF 
children (131101). However, a maximal 
lod score of 4.13 (odds ratio of 13,500: 1) 
was obtained at male recombination 
fraction (OM) of 0.09 and female recombi- 
nation fraction (OF) of 0.19 (21). Thus the 
score is much greater than 3 (odds ratio 
of 1000:1), the value accepted for proof 
of linkage (18). 

A close linkage has been indicated 
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Fig. 1. Restriction maps of Lam4-917 and of the genomic DNA segment defined as the WCRI- 
917 locus. The 17.5-kb cloned human segment is represented by thick lines in both the Lam4- 
917 phage and the genomic representations. The letters B, E, and H indicate the sites for 
digestion with Barn HI, Eco RI, and Hind 111, respectively. Numbers below the phage diagram 
indicate the distance, in kilobases, from the left end of -4-917; numbers in the genomic 
diagram indicate the size, in kilobases, of fragments generated by Hind 111 digestion and 
detected by Southern gel transfer hybridization analyses. The parentheses designate the 
polymorphic Hind 111 site revealed by probe Lam4-917. 
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I-lg. 2 .  southern gel transfer hybndlzatlon analysis of human DNA 'mL & 6 
with Lam4-917 probe. Two micrograms of each DNA sample was 1.2 1.2 ,., 
incubated with 10 units of restriction endonuclease at conditions ~ ~ ~ i l ~  1028 
specified by the supplier (New England Biolabs). The digested DNA 
samples were size-fractionated by electrophoresis in 0.8 percent agarose gels, transferred to 
Zetabind membranes (AMF Cuno, manufacturer) and hybridized with radioactive DNA probes 
as described (30). 32P-Labeled Lam4-917 probe was prepared by nick translation (31) of Lam4- 
917 DNA to a specific activity of approximately 2 x 1 0 % ~ r n / ~ g .  After overnight hybridization 
with probe (approximately 1 x 10' to 2 x 10' cpmlcm2) (321, the membranes were washed 
twice at room temperature in 2 x SSC (saline sodium citrate), and twice at 6S°C in 0.1 x SSC 
containing 0.2 percent sodium dodecyl sulfate. Autoradiography was carried out at  -70" 
(Kodak XAR5 film with Dupont Lightning-Plus intensifying screens). (Left) Lanes A and B 
contain Hind 111-digested DNA from randomly selected individuals. The DNA in lane A 
illustrates the A2 allele (variable fragment sizes of 5.3 and I .O kb) and the DNA in lane B reveals 
the Al allele (variable fragment size of 6.3 kb). Lanes C to G contain Hind Ill-digested DNA 
samples from individuals in family 774 (only the 5.3-kb fragment of the A2 allele is shown). As 
indicated in the diagram of the pedigree below the autoradiogram, lanes C and G contain DNA 
sample from the mother and father, respectively, both carriers for cystic fibrosis. Lanes D, E, 
and F contain samples from two affected daughters and an affected son in this family, 
respectively. (Right) Lanes A and B contain Hinc Il-digested DNA from randomly selected 
individuals. The DNA in lane A is characteristic of the B2 allele (variable fragment sizes of 2.3 
and 1.8 kb), and the DNA in lane B reveals the BI allele (variable fragment size of 4.3 kbj. 
Lanes C to G contain DNA samples of individuals in family 1028. As indicated in the diagram of 
the pedigree below the autoradiogram, lanes C and G contain DNA samples from the mother 
and father, respectively, both carriers for cystic fibrosis. Lanes D, E, and F contain DNA 
samples from two affected daughters and an affected son in this family, respectively. Family 
1028 includes a crossover between C F  and DOCRI-917. 
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+--~CM+~OCM-~ showed that the relative odds of orders 
DOCRZ-917-PON-CF, CF-DOCRZ- 

PCRI-917- m] - CF 91 7-PON, and DOCRZ-917-CF-PON 

Fig. 3.  Proposed linear order of genetic loci 
DOCRI-917-PON-CF. The brackets indi- 
cate that the given order as opposed to PON- 
DOCRI-917-CF is only favored by odds of 
9:5. 

between C F  and PON (4). If the linkage 
between C F  and DOCRZ-917 and that 
between C F  and PON are both true, 
linkage should also be detectable be- 
tween DOCRZ-917 and PON. Since para- 
oxonase typing data were available for 
31 of the Canadian families used in our 
study (5, 6, 22), it was possible to exam- 
ine the linkage relationship between 
DOCRZ-917 and PON. Eleven families 
were found to be informative for this 
analysis (Table 1). As expected, a tight 
linkage was detected between DOCRZ- 
91 7 and PON. A maximal likelihood esti- 
mate for 8 at 0.05 was obtained with a lod 
score of 5.01 (odds ratio of 102,000:l) 
and the confidence interval was between 
0.01 and 0.17. A maximal lod score of 
5.13 (odds ratio of 132,000:l) can be 
obtained at OM of 0.10 and OF of 0.04. 
(21). Thus the linkage between DOCRZ- 
91 7 and PON is also considered formally 
demonstrated. 

Previous studies suggested that CF  
and PON are approximately 10 centi- 
morgans (cM) apart (4). Since the most 
likely genetic distance between DOCRZ- 
917 and CF  is approximately 15 cM and 
that for DOCRZ-917 and PON is 5 cM 
(23), the apparent order for the three 
genetic loci is DOCRZ-917-PON-CF 
(Fig. 3). This relation can be further 
investigated by multilocus linkage analy- 
sis using the LINKAGE computer pro- 
gram (24). The result of this analysis 

are 4500:2500: 1 (Fig. 4). While the rela- 
tive odds calculation does not greatly 
favor the order DOCRZ-917-PON-CF 
over the order CF-DOCRI-917-PON, 
it clearly indicates that C F  is not located 
between DOCRZ-917 and PON. 

The discovery of a DNA marker close- 
ly linked to the cystic fibrosis locus 
effectively eliminates 99 percent of the 
human genome from consideration as the 
site for CF, since the marker is approxi- 
mately 15 cM from the CF locus and the 
size of the human genome is approxi- 
mately 3000 cM (25). This marker 
(DOCRZ-917) is also linked to a serum 
isoenzyme (PON) recently shown inde- 
pendently to be linked to the cystic fibro- 
sis locus. Our results with CF represent 
the third case of linkage of a random 
DNA RFLP probe to a major autosomal 
disease locus (26) and the first to a 
recessive autosomal disease locus. 

One of the possible applications of the 
finding of linkage between DOCRI-917 
and CF  is the use of the RFLP probe in 
genetic diagnosis. Usefulness of a RFLP 
probe in diagnosis is a function of the 
informativeness of the RFLP locus (3) 
and, more important, the genetic dis- 
tance between the RFLP marker and the 
locus of interest. The reliability of 
DOCRI-917 as a genetic marker for CF 
diagnosis is limited by the relatively high 
recombination distance, 15 cM, between 
it and the CF locus as well as the current 
degree of heterozygosity of the DOCRZ- 
917 locus. Based on the current map 
distance, the risk of a CF offspring for 
parents at risk could at best be reduced 
from 25 to 7 percent when all of the 
parental chromosomes are distinctively 
marked. It is therefore necessary to 
identify polymorphic DNA markers that 

Table 1. Linkage relationships of DOCRI-917-CF and DOCRI-917-PON. 

Number Of L O D  (z) scores at recombinant fractions ( 0 )  of: 
informative 

Loci families 0.01 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 

39 (Total) -5.88 1.67 3.63 3.95 3.62 2.97 2.18 1.38 0.67 

[ a  = 0.14 (Z = 3.96); confidence interval: 0.07-0.25; 

2 = 4.13 ( O M  = 0.09; OF = 0.19)l 

[ I =  0.05 (z = 5.01); confidence interval: 0.01-0.17; 

2 = 5.12 ( O M  = 0.10; OF = 0.04)] 

Oddr 
Ratlo lo' 

10 

lo3 

10' 1 917PON 

-30 2 0  -10 0 5 10 20 30 40 
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Fig. 4. Likelihood of the map location of CF 
with respect to DOCRZ-917 and PON. Data 
are selected from 11 CF  families which are 
informative for both DOCRI 917 and PON 
polymorphisms. Calculations were camed 
out using the LINKAGE computer program 
assuming DOCRI-917 and PON were 5 cM 
apart by varying the distance between CF and 
the two markers (23). Horizontal axis, genetic 
distance (w) from DOCRI-917; vertical axis, 
odds ratio for location of CF at Wm versus 
CF at infinite distance (that is, no linkage). 

are closer or flank the cystic fibrosis 
locus. 

Genetic heterogeneity in CF has been 
considered as one of the possible expla- 
nations for the high frequency of the 
disease (27). Previous evidence was con- 
sistent with the assumption that CF is 
due to defects in a single gene (2). The 
availability of a polymorphic DNA mark- 
er genetically linked to CF  allowed us to 
examine the possibility of the existence 
of other genetic loci for cystic fibrosis. If 
there were more than one CF  locus, 
families which carry mutations in the CF  
locus linked to DOCRZ-917 would appear 
as one group (the linked group) while 
families with mutations in other CF  loci 
would form another group (the unlinked 
group). The test for heterogeneity was 
performed by the admixture method (28) 
with the present DOCRI-917-CF linkage 
data from 39 families with the HOMOG 
computer program (29). The result of the 
analysis was consistent with the exis- 
tence of a single CF  locus responsible for 
the disease in all affected families. How- 
ever, the size of the present data set is 
too small to analyze heterogeneity with 
confidence. The investigation of a larger 
family set which is in progress and the 
use of additional closer and flanking 
markers should allow resolution of this 
issue. 

The estimated distance of 15 cM 
means that about 15 million base pairs lie 
between the DOCRI-917 and CF loci. 
This distance precludes the "chromo- 
some walking" strategy to identify the 
CF gene. Nevertheless, the resolution of 
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the CF gene location to less than 1 
percent of the human genome followed 
by chromosomal localization will facili- 
tate the subsequent isolation and charc- 
terization of the gene that causes cystic 
fibrosis. 
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Retroviral Vector-Mediated Gene Transfer into Human 
Hematopoietic Progenitor Cells 

Abstract. The transfer of the human gene for hypoxanthine phosphoribosyl- 
transferase (HPRT) into human bone marrow cells was accomplished by use of a 
retroviral vector. The cells were infected in vitro with a replication-incompetent 
murine re troviral vector that carried and expressed a mutant HPRT complementary 
DNA. The infected cells were superinfected with a helper virus and maintained in 
long-term culture. The production of progeny HPRT virus by the bone marrow cells 
was demonstrated with a colony formation assay on cultured HPRT-dejcient, 
ouabain-resistant murine .fibroblasts. Hematopoietic progenitor cells able to form 
colonies of granulocytes or macrophages (or both) in semisolid medium in the 
presence of colony stimulating factor were present in the nonadherent cell popula- 
tion. Colony forming units cloned in agar and subsequently cultured in liquid 
medium produced progeny HPRT virus, indicating infection of this class of hemato- 
poietic progenitor cell. 
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Defective retroviral vectors have re- 
cently been developed (I)  for the effi- 
cient introduction of functional foreign 
genes into mammalian cells. Such vec- 
tors are produced by replacement of 
retroviral genes in cloned proviruses 
with foreign nonviral sequences. Hybrid 
vector DNA sequences, integrated and 
expressed in recipient cells after calcium 
phosphate-mediated transfection, can be 
rescued (pseudotyped) into transmissible 
viral particles by superinfection with 
replication-competent helper retrovirus- 
es (1, 2). Under optimal conditions, high 
titers of transmissible vector can be pre- 
pared that can then be used in vitro to 

infect and genetically transform virtually 
100 percent of recipient cells in a popula- 
tion of susceptible cells. Completely 
helper-free transmissible vector can be 
produced by transfection of packaging- 
defective viral DNA constructs that sup- 
ply helper functions in trans (3). 

We have previously used retroviral 
vectors carrying the complementary 
DNA (cDNA) (2) for human hypoxan- 
thine phosphoribosyltransferase (HPRT; 
E.C. 2.4.2.8) (4 ) ,  to demonstrate the in 
vitro infection of murine bone marrow 
cells and the partial repopulation of the 
bone marrows of whole mice with these 
genetically transformed cells (5). Other 
groups have obtained similar results with 
other retroviral vectors (6) and have also 
shown that murine pluripotential hema- 
topoietic progenitor cells can be infected 
by such vectors. 

The ability to insert genes functionally 
and efficiently into human cells (7) al- 
lows consideration of somatic cell ma- 
nipulation as therapy for certain kinds of 
human disease (8). One potential path- 
way toward such an application in hu- 
mans would be the genetic, and therefore 
phenotypic, alteration of a self-renewing 
stem cell population in a readily accessi- 
ble major organ such as the human bone 
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