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Abstract. A linkage has been detected between the locus for cystic fibrosis (CF) and the proa2(I) collagen
gene (COL1A2) which is located in the region q21.3—q22.1 of chromosome 7. Based on the combined linkage
data derived from 50 informative two-generation nuclear families collected in Canada and Denmark, the
distance between COLIA2 and CF is estimated to be 19 centiMorgans. Close linkage has also been detected
between COL{A2 and the DNA marker D7S15 (formerly DOCRI-917) and the serum enzyme activity marker
paraoxonase (PON), both of which have previously been found linked to CF. The results of the two-point and
three-point linkage analyses indicate that the most probable order of these four genetic loci is COL1A42 — DTSIS

- PON - CF.

Cystic fibrosis (CF) is the most common severe
autosomal recessive disorder in Caucasians (reviewed
in Talamo et al, 1983). While the gene defect in most
human genetic diseases has been identified through
biochemical studies of patient tissues or cells, this
approach has not been successful in the case of CF.
An alternative approach is to locate the CF gene by
identification of a closely linked chromosomal mark-
er. A large number of markers have been studied over
the past years, covering a significant portion of the
human genome (Steinberg et al., 1956, Steinberg and
Morton, 1956; Goodchild et al., 1976; Beaudet et al.,
1985; Scambler et al., 1985a, 1986; Tsui et al., 1985b,c;
Watkins et al, 1985). Recently, Eiberg and co-
workers (Eiberg et al., 1985; Schmiegelow et al., 1986)
have discovered a linkage between the disease locus,
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CF,and a polymorﬁhic genetic determinant for serum
paraoxonase activity, PON. The estimated genetic
distance between CF and PON is approximately 10 !

]

centiMorgans (cM); however, the chromosomal loca-
tion of PON has yet to be determined. We have also
discovered a linkage between CF and a DNA locus
defined by two restriction fragment length polymot-
phisms (RFLPs) detected with a randomly isolated
DNA probe Lam4-917 (Tsui et al., 1985a). The esti-
mated distance between this RFLP locus, DOCRI-917,
and CF is 15 cM and that between DOCRI-917 and -
PON is 5 cM. Three point linkage analysis data indi-
cate the order of the three genetic loci to be DOCRI-
917 — PON — CF. s
Subsequently, by hybridization analysis using
DNA of rodent-human cell hybrids, Knowlton €t al. 3
(1985) have assigned DOCRI-917 to chromosome - -
Therefore the locus DOCRI-917 has been renamed 8
D7S15. Since CF is genetically linked to D7S15 (TS -
et al., 1985a), it is reasoned that CF is also on chro-
mosome 7 (Knowlton et al., 1985). To corroborat
this finding and to further define the location of ;
we have initiated CF linkage analysis with ot
markers known to be on chromosome 7. Here wc
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ﬁthe discovery of a linkage between CF and the
i (I) collagen gene (COL1A2) which has been
' eviously localized to the long arm of chromosome
7 region q21—q22 (Junien et al., 1982), and more
f;oently" to region q21.3—-q22.1 (Retief et al., 1985).

on the linkage data derived from 50 informative
. CF families, the distance between COLIA2 and CF is
’ estimated to be 19 centiMorgans (cM). Furthermore,
3 close linkage has also been detected between D7S15
- 4nd COL1A2 based on data from 28 of these families.

’ Materials and methods

pr‘eviously (Eiberg ct al., 1985; Tsui et al., 1985a). They were all
wwo-generation nuclear families each with two or more affected
- children. DNA samples from each individual were prepared either
 &irectly from peripheral blood samples or from Epstein-Barr virus-
. iansformed lymphoblast cultures.
. DNA probes. A number of RFLPs associated with COLIA2
 have been described (Tsipouras et al., 1984; Brebner et al,, 1985;
. Grobler-Rabie et al., 1985). The DNA probes used in this study are
~NJ-3, NJ-1 (Tsipouras et al., 1984) and Hf-32 (Myers et al., 1981)
" which detect three different RFLPs, EcoRI, Mspl and Rsal, re-
- spectively. The polymorphic locus D7815 has been described pre-
. viously (Tsui et al., 1985a); both RFLPs, Hind1ll and Hincll, are
detected with the probe Lam4-917.
"+~ DNA analysis. The methods of DNA analysis are essentially as
.~ described by Tsui et al. (1985a) except the following. The digested
- DNA samples were size-fractionated by electrophoresis on agarose
£45(0.4% for EcoRI-digested samples, 0.7% for Mspl, HindIll and
- Hincll, and 1% for Rsal). *?P-labeled probes were synthesized
wsing the random primer procedure of Feinberg and Vogelstein
- (1983, 1984) 10 a specific activity of approximately 5 x 10° cpm/pg.
: "Methods of linkage analysis. To obtain the maximal likelihood
- Bumate of the recombination fraction between genetic markers, the
~method of lod score analysis (Morton, 1955) was employed. The
- aleulations for two point and three point linkage analyses were
prformed with the computer programs, LIPED (Ott, 1974) and
;!—INKAGE (Lathrop et al., 1984), respectively. The confidence
Merval for the maximal likelihood estimate of the recombinant
; Fraction was derived by taking the 6 values which correspond to a
score of (z~ 1) (Conneally et al., 1985). The genetic distance (d)
Vas fSllmaled from the recombination frequency {(r) wsing Hal-
Gane’s function (Haldane, 1919): d = —0.5 In(l — 2r). The value

, ﬁudr was taken from the maximal likelihood estimate for 0 in this
X y_

Results

= Study of 1he EcoRI, Rsal and Mspl RFLPs in the
. CF population

> A_Danel of 53 CF families was examined for the
Bheritance of the three RFLPs associated with the

- Families. The CF families used in this study have been described .

proa2(I) collagen gene. Among them, 50 (37 Canadian
and 13 Danish families) were found to be informative
for CF linkage analysis, as cither one or both of the
parents in these families were heterozygous for one to
three RFLPs. Examples of RFLP analysis are shown
in Fig. 1. The allele frequencies for the three RFLPs
in these families (data not shown) are close to those
previously reported (Tsipouras et al., 1984; Falk et al.,
1985; Grobler-Rabie ct al., 1985).

Linkage relationship between CF and COL1A2

To examine the linkage relationship between CF
and COLI1A2, a standard lod (z) score analysis (Mor-
ton, 1955) was performed with the LIPED program
based on the segregation patterns of the RFLPs and
the disease in each of the 50 families. The combined

result is summarized in Table I. The maximal likeli-

hood estimate for recombination fraction (8) between
CF and COLIA2 is at 0.16 with a lod score of 4.36
(odds ratio: 23,000:1), assuming the recombination
frequencies in males and females are equal. A total of
115 CF children were included in this analysis.- By
counting the number of informative meioses, the ap-
parent recombination fraction among these children

is 16/146 (11%). Although this number is slightly

lower than that derived from the maximal likelihood
estimate, it is within the confidence interval for 0
which is between 0.10 and 0.26. A maximal lod score
(z) of 4.51 (odds ratio of 32,000:1) can be obtained at
male recombination fraction (0y) of 0.14 and female
recombination fraction (0r) of 0.20. The score which
is far above 3 (odds ratio of 1,000:1), the value gener-
ally accepted for proof of linkage, indicates linkage
between CF and COL1A2.

Linkage relationship among COL1A2 and D7S15

and PON

We next examined the linkage relationship between
COLIA2 and the other two CF-linked genetic mark-
ers, the DNA marker D7S15 (Tsui et al., 1985a) and
the serum enzyme marker PON (Eiberg et al., 1985;
Schmiegelow et al., 1986). In our previous analysis
(Tsui et al., 1985a), the most probable order for
D7S15, PON, and CF was determined to be D7S15 —
PON — CF. The distance between D7S15 and CF was
estimated to be 15 ¢cM, that between D7S15 and PON,
5 ¢cM (Tsui et al., 1985a) and that between PON and
CF, 10 cM (Etberg et al., 1985; Schmiegelow et al,,
1986). In the present study, a total of 29 families were
found to be informative for linkage analysis between
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Fig. 1. Segregation of Mspl, EcoRI, and Rsal RFLPs of COL1A2 in CF families. DNA samples were (a) (lanes a-g) digested with
Mspl and hybridized with probe NJ-1; (b) (lanes h—p) digested with EcoR1 and hybridized with probe NJ-3 3.2; (c) (lanes q-t) digested |
with EcoRI and hybridized with probe NJ-3 3.5; (d) (lanes u-2z) digested with Rsal and hybridized with probe Hf-32. The family pedigree -
is shown above each pancl: affected children are represented by filled squares and circles; unaffected children by open squares and circles.
The RFLP allele assignment of each individual is indicated below each lane. The sizes of hybridizing fragments are in kilobases.

Table L. Linkage analysis of COLIA42, CF, D7815 and PON

Loci Number of Lod (z) scores at recombinant fractions (0) of

informative - -

families 0.01 005 - 0.10 0.15 0.20 0.25 . 0.30 035 040
CF—- COLIA2 50 - 14.07 —-047 3.35 4.32 4.19 3.51 2.59 1.63 079

) 6= 0.16, z = 4.36; confidence interval: 0.10 ~ 0.26, Z = 4.51, 6y = 0.14, 0 = 0.20.- .
COLIA2 - 29 121 1345 1277 1131 952 7.59 5.58 362 I
D7S815 6 = 0.05, z = 13.45; confidence interval: 0.02 — 0.11, z = 13.70, Oy = 0.08, 0 =7

0.03. E

COLIA2 - PON 21 —0.68 2.06 2.60 2.51 2.19 1.76 - 1.29 0.81 1040

6= 0.11, z = 2.61; confidence interval: 0.04 — 0.26, 7 = 3.28, 0y = 0.22, O = 0.04.

COLJ]A2 and D7S15. As shown in Table I, a maximal  0.11, with a lod score of 2.61 (Table I), consistent with
likelihood estimate for © between COLIA2 and D7S15  the assumption that these two markers are linked-
is 0.05 with a lod score of 13.45. The confidence

interval is between 0.02 and 0.11. The maximal lod (z) Multi-point linkage analysis
score is 13.70 at Oy of 0.08 and 0f of 0.03. These data Based on all the available two point linkage dgmr
establish that COLIA2 and D7S15 are linked. (this study and Tsui et al., 1985a), the apparent OF g

Twenty-one families were also informative for link-  for the four genetic markers is COLIA2 ~ D7S13°
age between COL1A2 and the other CF-linked marker ~ PON - CF. To further examine the order of these fou!
PON. A maximal likelihood estimate of 0 for the genetic loci, the multipoint LINKAGE pr ogram wa;
linkage between PON and COLIA2 is observed at used. First, the proper order for COLIAZ2, D7S15,3°
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>Fig. 2. Likelihood of the map location of COL1A2 with respect
9 D715 and PON. Data are selected from 22 CF families infor-
aative for all 3 genetic loci. Horizontal axis: genetic distance (w)
. fom D7515; vertical axis: odds ratio for location of COLIA2 at wer
wsus COLI A2 at infinite distance (i.e., no linkage). The distance
“jween D7S15 and PON is assumed to be 5 cM. The relative odds
xtheorders COLIA2 —~D7S15—~ PON: D7S15— PON — COL1A2-
815 — COLIA2 — PON is 860:4 : 1. .
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‘{lg. 3. Likelihood of the map location of CF with respect to
/42, D7815, and PON. Data are selected from 50 CF families
f"native for at least 3 of the markers. Horizontal axis: genetic
e (w) from COL1A2; vertical axis: odds ratio for location of
‘F Wer versus CF at infinite distance (i.e., no linkage). The
‘U distances between COLIA2 and D7S15 and between D7S15
PON are both assumed to be 5 cM. The relative odds for the
NCOL/42-D7815—- PON-CF: CF—COLIA2—CF—-D7S15—
“V"COLIA2— D7S15—- CF— PON : COLIA2 — CF ~ D7S15 -

Vis2 % 101907 x 1017:4 x 1010 1.

PON was investigated. By fixing the genctic distance
between D7S15 and PON as 5 cM, the most likely
location for COLIA2 was determined. The relative
odds calculation for the orders COLIA2 — D7S15 -
PON, COLIA2 — PON — D7815, PON - COLIA2 —
D7S15 was performed using data from 22 CF families
in which all of these markers were found to be infor-
mative. As shown in Fig. 2, the most probable order
for these three markers is COLIA2 — D7S15 — PON.
Then, by fixing the distance between COLJA2 and
D7815 and between D7S15 and PON, the most likely
location for CF was determined. The latter analysis
was based on information derived from 50 CF fami-
lies, each of which showed segregation of at least three
of these markers. The result in Fig. 3 suggests that the
most likely order is COL1A42 — D7S15 — PON — CF.

Discussion

Based on linkage data from 50 informative fami-
lies, the maximal likelihood estimate for the recom-
bination fraction between COLIA2 and CF is 0.16,
assuming the recombination frequencies are equal in
male and female. Using Haldane’s function (Haldane,
1919), the genetic distance between COLIA2 and CF
is estimated to be 19 ¢cM. In addition, our best estimate
for the distance between COLIA2 and D7S15is 5 cM
and that between COLIA2 and PON, 11 cM. These
results, together with those from previous studies

" (Eiberg et al., 1985; Tsui et al., 1985a, Schmiegelow et

al., 1986) allow us to construct a linkage map for
COLIA2, D7S15, PON and CF, as shown in Fig. 4.
. Since COL1A2 has been localized to the long arm
of chromosome 7q21.3-q22.1 (Retief et al., 1985), it
is likely that the closely linked DNA marker D7S15
is also on the proximal half of this long arm. Con-

5
5 10
] | ! ]
¥ 1 | 1
COLIA2 D7S15 PON CF

Fig. 4. Proposed linear order of COLI A2, D7S15, PON, and CF.
The numbers represent estimated distances, assuming equal recom-
bination frequencies between male and female. The distance be-
tween PON and CF is taken from Schmiegelow et al. (1986); the
distance between D7S15 and CF and between D7S15 and PON are
from Tsui et al. (1985c).
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sistent with this assumption, a rodent/human hybrid
cell line which has lost the segment distal to band
7q31.1 was found to retain D7S15 sequences (unpub-
lished results). Based on the linkage distance from
COLIA2, it is probable that CF is also on the long
arm of chromosome 7, either close to the centromere
or the middle of the long arm. However, since the
correlation between recombination and physical dis-
tances is unknown for this chromosome region, it is
possible that CF is on the short arm of chromosome
7, close to the centromere. A more accurate localiza-
tion of CF awaits the identification of a closer marker
or one flanking the locus.

Note added in proof- After submission of this manuscript, the
authors noted that Scambler et al. (1985b) have also discovered
linkage between CF and COLIA2. The localization of CF to the
long arm of chromosome 7 is further supported by the results of
White et al. (1985) and Wainwright et al. (1985).
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