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Summary

Patients with cystic fibrosis (CF) generally suffer from chronic obstructive lung disease,
insufficiency (PI), and a number of other exocrine malfunctions. Approximately 15
however, pancreatic sufficient. To investigate whether the two clinical
sufficiency (PS), are caused by different CF mutant alleles,
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pancreatic

% of CF patients are,
subgroups, PI and pancreatic

we have performed linkage disequilibrium and

haplotype association analysis with three DNA markers that are tightly linked to the CF locus. The study

showed that the allelic and haplotype distributions for the

se RFLPs are significantly different between the

two groups. The data suggest that most of the CF-PI patients are probably descendants of a single muta-

tional event at the CF locus and that the CF-PS patients
final interpretation of these data awaits molecular clonin
association in CF may be useful in genetic counseling a

and in defining the mutations.

Introduction

Cystic fibrosis (CF) is the most common genetic dis-
ease in the Caucasian population; it is inherited as an
autosomal recessive trait with an estimated carrier fre-
quency of 1/25 (Talamo et al. 1983). The incidence
of CF in other populations is rare. The clinical expres-
sion of CF is heterogeneous; it usually comprises chronic
obstructive lung disease and malfunction of exocrine
glands leading to pancreatic enzyme insufficiency (PI),
but all patients show elevated electrolyte concentration
in the sweat. Approximately 15% of CF patients have
sufficient pancreatic exocrine function for normal diges-
tion (pancreatic sufficiency [PS]) and do not require pan-
creatic enzyme supplements with meals, CF-PS patients
have a far superior overall prognosis than do those pa-
tients with PI (Gaskin et al. 1982), with improved sur-
vival, pulmonary function, and growth. Despite prog-
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resulted from multiple, different mutations. While
g of the CF gene, the information on haplotype

nd disease prognosis, in identifying the gene itself,

ress in perinatal diagnosis and medical care, the primary
defect in CF is still unknown.

“Reverse genetics” (Orkin 1986)is now a widely used
approach in studying diseases that are poorly defined
biochemically. Recent successes with this approach in-
clude cloning of the genes responsible for Duchenne
muscular dystrophy, chronic granulomatous disease,
and retinoblastoma (reviewed by Orkin 1986). For CF,
genetic linkage studies have enabled mapping of the
disease locus to chromosome 7, band q31-q32 (reviewed
by Tsui et al. 19864; Spence and Tsui 1988). Several
DNA markers, including MET (White et al. 1985 )s
D788 (Wainwright et al. 1985), D7523 (Estivill et al.
1987a) and D75122/D78340 (Rommens et al. 19884),
are tightly linked to the CF locus. These markers span
approximately 1.5 million bp (mb), and their order
is MET-D78340-D75122-D7523-CF-D7S8, as deter-
mined by long-range restriction mapping and family
studies (Beaudet et al. 1986; Berger et al. 1987; Drumm
et al. 1988; Farrall et al. 1988; Lathrop et al. 1988;
Poustka et al. 1988; Rommens et al. 1988b).

While studies are attempting to identify the gene

- responsible for CF, several important observations have

been made concerning the genetics of the disease, on
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the basis of tightly linked DNA markers and their haplo-
types. Linkage disequilibrium has been noted between
CF and the markers MET (Beaudet et al. 1986), D7S8
(Beaudet et al. 1986), D7S23 (Estivill et al. 19874,
1987b), and D75122 (Rommens et al. 1988a), provid-
ing additional means for mapping the CF locus. Strong
DNA marker haplotype association with CF has also
been detected (Estivill et al. 19874, 1987b; Rommens
et al. 19884; Beaudet et al. 1989; Cutting et al. 1989;
J. M. Rommens, M. C. lannuzzi, B. Kerem, G. Mel-
mer, M. L. Drumm, D. Kennedy, N. Plavsic, D. Mar-
kiewicz, R. Rozmabhel, J. L. Cole, M. Buchwald, F. S.
Collins, and L.-C. Tsui, unpublished data) suggesting
that most CF patients carry mutations with a common,
single origin.

In view of the clinical heterogeneity in CF, however,
it is possible that some of the varied disease pheno-
types are due to different mutations at the CF locus.
In support of this notion, almost complete concordance
of Pl or PS has been noted among patients within the
same family in a study of 63 families with two or more
affected children in the Toronto Clinic (Corey et al.,
in press). Furthermore, both CF-PI and CF-PS muta-
tions are tightly linked to the same genetic markers on
chromosome 7 (Tsui et al. 19864; Tsui and Buchwald
1988). To provide further support to our hypothesis
that PI and PS are due to different mutant alleles at the
CF locus, we have analyzed linkage disequilibrium and
haplotype association in these two groups of patient
families by using RFLPs closely linked to the CF locus.
These markers span 120 kbp around D75340, D75122,
and D7523 (Rommens et al. 1988b; ]J. M. Rommens,
M. C. Iannuzzi, B. Kerem, G. Melmer, M. L. Drumm,
D. Kennedy, N. Plavsic, D. Markiewicz, R. Rozmahel,
J. L. Cole, M. Buchwald, E. S. Collins, and L.-C. Tsui,
unpublished data). A preliminary report of this work

has been presented at a previous meeting (Buchanan
et al. 1988).

Material and Methods'
Patient Ascertainment

The primary cohort of 46 Canadian CF families each
with two or more affected children has been described
elsewhere (Tsui et al. 1986b). Patient diagnosis was
confirmed by typical clinical findings of pulmonary
and/or gastrointestinal disease and by abnormal sweat
chloride test results. Of the 46 families, 27 were from
the Toronto clinic and 19 were from other clinics in
Canada. Pancreatic function was assessed in the Toronto
clinic according one or more of three methods: (1) fat
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balance studies, which involved 3-5-day stool collec-
tion, accurate weighing, recording of dietary fat intake,
and subsequent analysis of fecal fat Josses (van de Kamer
et al. 1949); (2) direct analysis of pancreatic secretions
by quantitative pancreatic stimulation test (Gaskin et
al. 1984); and (3) measurement of serum levels of im-
munoreactive pancreatic cationic trypsinogen (Durie
et al. 1986). Patients were considered to have PIif fecal
fat losses, expressed as a percentage of dietary fat in-
take, exceeded 7% (or 15% in the case of infants <6
mo of age). The relationship between fecal balance
studies and the quantitative pancreatic stimulation test
has been established elsewhere (Gaskin et al. 1984).
CF-PI patients with documented fat malabsorption had
pancreatic colipase output of <100 U/kg/h, whereas
CF-PS patients had higher levels. Similarly, the serum
trypsinogen test has been shown to be a valid method
for assessing pancreatic function (Durie et al. 1986);
94% of older CF-PI patients (with documented fat
malabsorption) showed serum trypsinogen values be-
low the normal range (i.e., <16.6 ng/ml) established
for control subjects. For the purpose of this study, se-
rum trypsinogen concentrations <10 ng/ml were used
to identify CF-PI patients.

DNA Markers

Seven RFLPs have been detected in the 150 kb of DNA
spanning the D7S340/D75122 loci (J. M. Rommens,
M. C. lannuzzi, B. Kerem, G. Melmer, M. L. Drumm,
D. Kennedy, N. Plavsic, D. Markiewicz, R. Rozmahel,
J. L. Cole, M. Buchwald, E. S. Collins, and L.-C. Tsui,
unpublished data). The order and physical location of
these markers, with respect to MET and D788, also
have been established (Rommens et al. 1988b; J. M.
Rommens, M. C. lannuzzi, B. Kerem, G. Melmer, M. L.
Drumm, D. Kennedy, N. Plavsic, D. Markiewicz, R.
Rozmabhel, J. L. Cole, M. Buchwald, F. S. Collins, and
L.-C. Tsui, unpublished data) and are shown in figure
1. Because of the strong linkage disequilibrium observed
among these RFLP loci, only three were chosen for the
present study. E6 is a 6-kb EcoRI fragment cloned in
plasmid vector pUC13. W3D1.4 is a 1.4-kb HindII (or
Hincll) fragment isolated from an 11-kb EcoRI insert
cloned in pUC13. JG2E1, cloned in the Bluescript™ vec-
tor (Stratagene), contains a 1-kb EcoRlI insert that, on
the basis of genetic and physical mapping data (J. M.
Rommens, M. C. Iannuzzi, B. Kerem, G. Melmer, M. L.
Drumm, D. Kennedy, N. Plavsic, D. Markiewicz, R.
Rozmabhel, J. L. Cole, M. Buchwald, E. S. Collins, and
L.-C. Tsui, unpublished data), is apparently the same
as the KM19 probe (D7523) described by Estivill et al.
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Figure | Physical localization of RFLPs spanning the D75340/D7S122 loci.

(1987b). All three probes used in the present study were
identified in our previous chromosome-walking and
-jumping experiments (J. M. Rommens, M. C. lannuzzi,
B. Kerem, G. Melmer, M. L. Drumm, D. Kennedy, N, . o .
Plavsic, D. Markiewicz, R. Rozmahel, J. L. Cole, M. Linkage Disequilibrium and Haplotype Analysis
Buchwald, E S. Collins, and L.-C. Tsui, unpublished

Gibco/BRL). Agarose-gel electrophoresis and blot hy-
bridization analysis were carried out essentially accord-
ing to a method described elsewhere (Tsui et al. 1985)

The marker genotypes and haplotypes for normal

data). The corresponding RFLPs are listed in table 1. (N) and CF chromosomes were derived from inspec-
tion of family data. Phase could not be determined for
the RFLP alleles in five PI and three PS families, and
DNA Analysis

thus their chromosomes were not included in the haplo-
type study. One other CF-PI chromosome was not in-
cluded in the haplotype analysis because of incomplete
DNA data. Pairwise, nonrandom allelic association
value (A) was calculated according to the method of
Chakravarti et al. (1984). %2 Statistics were used to as-
sess the significance of association of phenotype with
allelic and haplotype distributions.

Total human genomic DNA samples were prepared
from either Epstein-Barr virus—transformed lympho-
blastoid cultures or peripheral blood samples, accord-
ing to a method described elsewhere (Tsui et al. 1985 R
1986b). Restriction-enzyme digestions were performed
according to conditions recommended by the suppliers
(New England Biolabs, Boehringer/Mannheim, and

Table |

RFLPs and Allelic Distributions

No. oF CHROMOSOMES (frequency)
FRAGMENT -
ProBe NaMme  RFLP Enzyme LencrH (kb)  N& CF? [A®] CF-PI° [A®] CF-PS®  [Ab]
E6........... Taql 44 5306 72(80) [-.22]*  58(8) [-.21]* 35 (.84) [-.22)*
‘ 2 3.6  36(4) 18(.20) 14 (.2) 7 (.16)
W3D1.4 ...... HindIII 120 63(.83) 33(39)  [41]*** 27(39)  [41)**% 23(55)  [25]*
2 10 13 (.17)  51(.61) 43 (.61) 19 (.45)
JG2E1...... .. Pstl 178 58(67) 12(13)  [SS)*** 8(11)  [.57]*** 19 (45) [.217¢
2 66 29(.33) 78(.87) 67 (.89) 23 (.55)

? The N and CF chromosomes are derived from the cohort of 46 CF families used for our regular CF linkage analysis (Tsui et al. 1986b);
these numbers will be reported elsewhere (J. M. Rommens, M. C. lannuzzi, B. Kerem, G. Melmer, M. L. Drumm, D. Kennedy, N. Plav-

sic, D. Markiewicz, R. Rozmahel, J. L. Cole, M. Buchwald, F. S. Collins, and L.-C. Tsui, unpublished data); they are included here for
comparison.

b The disequilibrium coefficient (A) is calculated according to the method of Chakravarti et al. (1984)
¢ CF-Pl is a subset of the cohort; CF-PS contains seven
*P< .01 for continuity-adjusted 32 with 1 df.

¥#* P < .0001 for continuity-adjusted x? with 1 df,
t.01>P>.02 for continuity-adjusted 2 with 1 df.

families from the cohort and 11 additional ones.
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Results

In our original cohort of 46 families (Tsui et al.
1986b), seven of the families were classified as CF-PS
and 39 as CF-PI. The diagnoses of the four Toronto
CE-PS families (family 3, 14, 40, and 54) and 23 CF-PI
families were based on the criteria described in Mate-
rial and Methods. For the other families from clinics
outside of Toronto, classification of pancreatic status
was based on the information provided by the referring
physicians; three families (families 27, 29, and 51) were
classified as CF-PS and 16 as CF-PL In all seven fami-
lies classified as CF-PS, clinical phenotypes were con-
cordant among patients within the same family. Four-
teen additional CF-PS patients were ascertained through
the Toronto clinic on the basis of the stringent criteria
(13 fat balance studies and 12 pancreatic stimulation
tests). None of these patients were receiving pancreatic
enzyme supplements at age 7-38 years.

Since strong allelic associations were detected within
three clusters of RFLPs in the D75122/D7S5340 region,
haplotypes were constructed with the DNA probes E6,
W3D1.4, and JG2E1, one selected from each linkage
group (J. M. Rommens, M. C. lannuzzi, B. Kerem, G.
Melmer, M. L. Drumm, D. Kennedy, N. Plavsic, D.
Markiewicz, R. Rozmabhel, J. L. Cole, M. Buchwald,
E S. Collins, and L.-C. Tsui, unpublished data). The
result of the haplotype analysis showed that the majority
(51%) of CF chromosomes in our primary cohort of
46 CF families shared a common DNA marker haplo-
type (the A haplotype). In the seven CF-PS families,
only two (14% ) of the 14 CF-PS chromosomes carried
the A haplotype. This striking underrepresentation of
the A haplotype in the CF-PS patients was consistent
with the hypothesis that they carry mutant alleles differ-

Table 2

Kerem et al.

ent from those of the CF-PI patients. In order to sub-
stantiate this argument, 14 additional PS patient (and
family) samples were collected to increase the CF-PS
sample size, resulting in a total of 42 chromosomes in
this group, versus 78 chromosomes in the CF-PI group.

As shown in table 1, the allele frequencies for the
Taql, HindIIl, and Pstl RFLPs, detected by the probes
E6, W3D1.4, and JG2E1, among the CF-PI chromo-
somes are similar to those observed for our original
cohort of 46 CF families that included both CF-PI and
CF-PS (J. M. Rommens, M. C. lannuzzi, B. Kerem, G.
Melmer, M. L. Drumm, D. Kennedy, N. Plavsic, D.
Markiewicz, R. Rozmahel, J. L. Cole, M. Buchwald,
E. S. Collins, and L.-C. Tsui, unpublished data). This
result is consistent with the fact that the majority of
patients in that collection belong to the CF-PI category.
The allelic distributions for W3D1.4 and JG2E1 among
the CF-PS chromosomes are, however, markedly differ-
ent from those for the CF-PI group. The degree of al-
lelic association (linkage disequilibrium) increases for
markers closer to the CF locus in the CF-PI group (see
fig. 1). In CF-PS, although there is detectable allelic as-
sociation between all 3 RFLP sites and CF, the A values
remain rather constant over the entire region.

The haplotypes for the 14 additional CF-PS patients
(families) were then analyzed. Only 22 chromosomes
could be assigned unambiguously; the phase could not
be determined in three cases because other family mem-
bers were not available for the analysis. The combined
data showed that four different haplotypes (A, B, E,
and H) are almost equally abundant among the CF-PS
chromosomes (table 2). This distribution is significantly
different (P < .0001) from that of the CF-PI group, in
which 60% of the CF-PI chromosomes have the same
haplotype—the A haplotype. In addition, while the E

Haplotype Association of DNA Markers with N, CF-Pl, and CF-PS Chromosomes

T

HAPLOTYPE No. oF CHROMOSOMES (frequency)
Taql HindIll Pstl N CF-PI CF-PS

A 1 2 2 ... 3 (.04) 39 (.59) 9 (.25)
B 1 1 2. 12 (.17) 12 (.18) 7 (19)
C 2 1 2 . 8 (.11) 9 (.14) 3 (.08)
D 2 2 2 o 1 (.01) 2 (.03) 0

E 1 1 1....... 25 (.35) 2 (.03) 8 (.24)
F 2 1 1....... 12 (17) 1(.02) 2 (.05)
G 2 2 1....... 6 (.08) 0 2 (.05)
H 1 2 1....... 4 (.06) _1 (.02) 5(.14)

Total
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Figure 2

by Tsui et al. (1986b); those with an asterisk (*)

and H haplotypes are infrequent among the CF-PI chro-
mosomes, they are two of the four common haplotypes
among the CF-PS chromosomes. Further, there is no
CF-PI with the G haplotype and no CF-PS with the
D haplotype.

Additional information was obtained when the haplo-
types were examined for individual CF patients (fig.
2). First, we found that only one of the 18 CF-PS pa-
tients was homozygous for the A haplotype, whereas
- AAwas the most frequent (13/33) haplotype combina-
tion for CF-Pl individuals (P < .001). This proportion
of AA individuals with CF-PI was expected on the ba-
sis of the frequency (39/66) of the A haplotype among
the CF-PI chromosomes. Second, the majority (14/18)
of CF-PS individuals were found to be heterozygotes
with respect to their haplotypes. The proportion of het-
erozygotes in CF-PS was, in fact, >80% (17/21), be-
cause three other CF-PS individuals, for whom haplo-
types could not be assigned, were also heterozygous
for two of the three DNA marker loci. This proportion
of heterozygosity was consistent with random pairing
of the different haplotypes in the CF-PS population.
Among the CF-PI patients, only 63% (24/38) were het-
erozygotes. Last, in >50% (10/18) of the CF-PS indi-
viduals, at least one of their two CF chromosomes car-
ried the E or H haplotype, whereas <10% (3/33) of
the Pl individuals carried these haplotypes (P < .001).

Haplotype analysis of individual CF patients (families)
2. The patient-identifying numbers (shown on top of each haplotype pair indicated by filled circles)

with PI or PS. The haplotype designations are the same as in table

correspond to the family numbers reported

are the additional CF-PS patients collected for the present study.

Discussion

The present study provides strong support for the
hypothesis that the pancreatic function (PS vs. PI) in
CF patients is genetically determined (Corey et al., in
press). The striking difference observed between the
DNA marker haplotype distribution of CF chromo-
somes in the CF-PS group and that in the CF-PI group
further suggests that the two clinical phenotypes are
predisposed by different mutant alleles. A similar ob-
servation has been made by Devoto et al. (1988) on the
basis of study of CF patients in Italy using the KM19
and XV2C probes. In addition, it is of interest to note
that American black CF patients, who have milder lung
disease and more gastrointestinal complications (Stern
etal. 1976), have a haplotype distribution different from
that of the Caucasian patients (Cutting et al. 1989).
Unfortunately, since the markers used in the latter study
are different from the ones used here, a direct compari-
son has not been possible. Nevertheless, these observa-
tions are consistent with the general assumption that
different clinical symptoms in CF are determined by
different mutant CF alleles.

Our haplotype analysis indicates that, in the Cauca-
sian population, CF-Pl is genetically more homogenous
than CF-PS. Since the most frequent haplotype in our
CF-PI population is the A haplotype, representing 60%
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of the CF chromosomes in this group, it is probable
that one of the original mutations giving the PI pheno-
type occurred on this chromosome background. The
fact that the A haplotype is rare in the normal popula-
tion explains the strong allelic association (linkage dis-
equilibrium) observed between the flanking DNA mark-
ers and CF. The other haplotypes associated with the
CF-PI chromosomes may have resulted from either
recombination between haplotypes or independent
mutational events.

On the other hand, the A haplotype represents only
25% of the CF chromosomes in the CF-PS group, and
three other haplotypes (B, E, and H) are almost equally
abundant. Since the present study is solely based on
haplotype association, we cannot predict whether the
A and B haplotypes in CF-PI associate with the same
mutation(s) as those in CF-PS. For the same reason,
it is not known whether (2) the same mutation has
recurred in different haplotype backgrounds or (b)
different haplotypes represent different mutations. If the
latter is true, however, our data would suggest that there
are multiple mutant alleles responsible for conferring
CF-PS. These putative CF-PS mutant alleles may define
an intermediate clinical phenotype characterized by
some preservation of pancreatic function. Since the E
and H haplotypes are relatively more frequent in CF-PS,
it is possible that at least two independent mutational
events have occurred on each of these chromosome back-
grounds. The G haplotype in CF-PS may harbor yet
another mutation, although the number of representa-
tive cases is small. Consequently, there may be more
compound mutant heterozygotes in CF-PS than in CF-
PI. However, the present data do not allow us to ex-
clude the possibility that the CF-PI and CF-PS pheno-
types are also influenced by other genetic loci.

While final interpretation of the CF haplotype data
awaits the molecular definitions of the actual mutations,
the information on haplotype association may be use-
ful in genetic counseling and disease prognosis. For ex-
ample, on the basis of our current data, we predict that
an individual homozygous for the most frequent CF
haplotype (AA) would have a high probability (.39) of
being a CF carrier and that ones with the EE or FF
haplotype combination would have only a 1/142 or
1/333 chance, respectively. These numbers are similar
to those based on a different set of DNA markers and
different populations of CF patients (Estivill et al.
1987b; Beaudet et al. 1989). Most important, our data
also predict that a CF patient homozygous for the A
haplotype would almost certainly (>95% ) have Pl and
that an EE patient would most likely (>85% ) have PS.
However, it should be cautioned that these risk calcu-
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lations were based on haplotype association in a small
number of samples. A more extended analysis includ-
ing additional patients would be required to derive more-
accurate risk estimates. Studies are also underway to
investigate those CF patients who have late develop-
ment of PI(Corey et al., in press) or other clinical symp-
toms such as meconium ileus and liver disease.

The gradual increase of linkage disequilibrium (A)
values from E6 to JG2E1 (.22-.55) detected in the
general CF population confirms that CF maps toward
D7S8 from this cluster of DNA markers (J. M. Rom-
mens, M. C. Iannuzzi, B. Kerem, G. Melmer, M. L.
Drumm, D. Kennedy, N. Plavsic, D. Markiewicz, R.
Rozmabhel, J. L. Cole, M. Buchwald, E. S. Collins, and
L.-C. Tsui, unpublished data). Since, as discussed above,
CF-PI are genetically more homogeneous than CF-PS,
it may be more appropriate, for future linkage dis-
equilibrium calculations in CF gene mapping, to use
the refined A values based on only the CF-PI patient
data. In fact, for markers approaching the CF gene,
there is no increase in the A values in CF-PS, consistent
with allelic heterogeneity among this group of chro-
mosomes. Moreover, since different CF mutations are
probably associated with different haplotype back-
grounds, our prior knowledge about the haplotype as-
sociation in CF should facilitate rapid identification of
these different CF alleles. Obviously, once these differ-
ent CF alleles are identified, a direct correlation between
the different clinical phenotypes and the nature of the
mutations will be possible.
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