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MUTATION ANALYSIS FOR HETEROZYGOTE DETECTION AND THE PRENATAL
DIAGNOSIS OF CYSTIC FIBROSIS

Wanpa K. LEmna, M.S., GEraLp L. FELDMaN, M.D., Pu.D., Bar-sueva Kerey, Pa.D,,
Susan D. FernBacs, R.N., Erame P. Zevkovich, B.S., WirLiam E. O’Brien, Pu.D.,
Joux R. Riorpan, Pu.D., Franas S. Corrins, M.D., Pr.D., Lap-Cuge Tsui, Pu.D.,

AND ArTHUR L. BEaupneT, M.D.

Abstract The cystic fibrosis gene was recently cloned,
and a three-base deletion removing phenylalanine 508
from the coding region was identified as the mutation on
the majority of cystic fibrosis chromosomes. We used the
polymerase chain reaction and hybridization with allele-
specific oligonucleotides to analyze the presence or ab-
sence of this mutation on 439 cystic fibrosis chromosomes
and 433 normal chromosomes from non-Ashkenazic white
families.

This mutation was present on 75.8 percent of the cystic
fibrosis chromosomes. Using the DNA markers XV-2c and
KM-19, we found that 96 percent of cystic fibrosis chromo-
somes with the mutation had a single DNA haplotype that
occurs frequently with cystic fibrosis chromosomes. This
haplotype was also found on 54 percent of the cystic fibro-
sis chromosomes without the three-base deletion. The

YSTIC fibrosis is the most common severe auto-

somal recessive genetic disorder affecting the
white population. A review of the clinical, physiologic,
and genetic aspects of cystic fibrosis has been pub-
lished recently.! The reported disease frequency in
white populations varies markedly, but the incidence
in North American whites is probably close to 1 in
2500.! This implies a gene frequency of 1 in 50 and a
carrier frequency of about 1 in 25.5. The cystic fibrosis
locus was linked to a DNA polymorphism in 1985,
and the gene was localized to the long arm of human
chromosome 7.3 Subsequently, segments of DNA
progressively closer to the cystic fibrosis gene were
identified, and DNA polymorphisms with particular
alleles frequently associated with the cystic fibrosis
gene (i.e., linkage disequilibrium) were found.® The
linkage-disequilibrium data implied that the cystic fi-
brosis chromosomes in a large proportion of cases
arose from one or a few mutational events. The clon-
ing of the cystic fibrosis gene has been reported,” and
a three-base deletion (designated AF508) that re-
moves phenylalanine 508 from the 1480-amino acid
coding region was identified as the mutation that
causes cystic fibrosis in the majority of cases. The
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three-base deletion was found on only 30.3 percent of
cystic fibrosis chromosomes from Ashkenazic families, al-
though the common cystic fibrosis haplotype was present
on 97 percent of cystic fibrosis chromosomes from Ash-
kenazic families.

The ability to detect the common mutation causing cyst-
ic fibrosis represents a major improvement in prenatal di-
agnosis and heterozygote detection, particularly in fam-
ilies in which no DNA sample is available from the affected
child, and provides an improved method of testing for
spouses of carriers of cystic fibrosis. Mutation analysis
introduces the possibility of population-based screening
programs for carriers, which on the basis of the sample in
this study, would currently identify about 57 percent of the

non-Ashkenazic white couples at risk. (N Engl J Med
1990; 322:291-6.)

sequence of the predicted product of the cystic fibrosis
gene suggests that it is a membrane-associated protein
with ATP-binding sites.®

Genetic counseling for cystic fibrosis began with
standard risk calculations. In the mid-1980s, the dem-
onstration of decreased levels of fetal microvillar in-
testinal enzymes in amniotic fluid from women carry-
ing fetuses with cystic fibrosis provided a good but not
absolute method of prenatal diagnosis.'®'" With the
availability of tightly linked DNA markers, prenatal
diagnosis and carrier detection based on linkage anal-
ysis became possible.'*'® Because chromosomes with
certain haplotypes are more likely to carry a cystic
fibrosis mutation, linkage-disequilibrium data can be
combined with linkage analysis and the analysis of
microvillar intestinal enzymes for genetic counseling
and risk calculation.'>!” The availability of direct de-
tection of mutations causing cystic fibrosis marks a
new era for genetic counseling and prevention. In this
study, we report the results of mutation analysis in
more than 200 families who have undergone DNA
analysis for cystic fibrosis. We have examined the ef-
fect on prenatal diagnosis and heterozygote detection
within families, and we review some implications for
population-based heterozygote screening.

MEeTHODS
Subject Population

Mutation analysis was performed in Houston on a large series of
families in which members have cystic fibrosis. Families were re-
ferred from throughout North America, beginning in 1985. They
were considered white if they were of European ethnic origin; these
included a small number of families of southern European origin
(Italian, Spanish, Greek, and Portuguese). Ashkenazic and Hispan-
ic families were analyzed separately; a few Ashkenazic subjects may
have been included in the analysis of white families because of a
lack of background information. Hispanic parents of children with
cystic fibrosis who reported recent full European ancestry were in-
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cluded in the analysis of whites, whereas others of presumed mixed
Native American and European ancestry were counted as Hispanic.
North American black, Asian, and Middle Eastern families were
excluded from the analyses. The parents and the affected child were

studied only when the diagnosis of cystic fibrosis met standard
criteria.!

DNA Analysis

Restriction-fragment-length polymorphisms were determined for
the XV-2¢ and KM-19 probes as described previously, and haplo-
types were constructed.'® Data are also shown for a Pstl polymor-
phism at the D758 locus,'® designated JGP in Figure 2. The absence
of a restriction-enzyme site for each polymorphism is indicated as
the 1 allele and the presence of the site as the 2 allele. The haplo-
types for (XV-2¢)-(KM-19) are as follows: A is 1-1, Bis1-2,Cis
9-1, and D is 2-2."°

Genomic DNA from whole blood containing EDTA as an antico-
agulant was prepared by mixing it with an equal volume of lysis
buffer (0.32 M sucrose, 10 mM TRIS-hydrochloric acid [pH 7.5],
5 mM magnesium chloride, and 1 percent Triton X-100). The nu-
clear leukocyte pellet was washed in the lysis buffer and then proc-
essed for DNA preparation. Leukocyte pellets, direct chorionic-
villus samples, and cultured cell pellets were suspended in ABIL
proteinase K solution (Applied Biosysterns, Foster City, Calif.) and
then processed either manually or with the ABI nucleic acid extrac-
tor for phenol extraction and ethanol precipitation with the use of
the ABI reagerits and protocol. DNA was subjected to amplification
as recommended by the manufacturer of the polymerase (Perkin—
Elmer Cetus, Emeryville, Calif.) except that a lower concentration
of Tag polymerase was used. Each 50-ul reaction mixture contained
50 mM potassium chloride, 10 mM TRIS-hydrochloric acid
(pH 7.8), 1.5 mM magnesium chloride, 0.01 percent (wt/vol) gela-
tin, 200 uM of each deoxynucleotide triphosphate, 1.0 uM of each
oligonucleotide primer, 1 pg of genomic DNA, and 1.25 units of
Tag polymerase. Two drops of mineral oil were added to each re-
action.

The amplification sequences were 5'GT TGGCATGCTTTGAT-
GACGCTTC-3' and 5'GTTTTCCTGGATTATGCCTGGG-
CAC-3'2 The correct sequence for the second primer should be
5'GTTTTCCTGGATTATGCCTGGCAC-3'° The amplification
of DNA was performed for 25 or 30 cycles; each cycle consisted of
1 minute of denaturation at 94°C, 30 seconds of annealing at 53°C,
and 2 minutes of polymerization at 72°C. After amplification, 350 pl
of a solution consisting of 0.4 N sodium hydroxide, 25 mM EDTA,
and 0.01 percent bromophenol blue was added to the microcentri-
fuge tube. Each tube was then mixed by vortexing and centrifuged
to bring the mineral oil to the surface. Aliquots of 100 pl were
applied to a Schleicher and Schuell Minifold II slot-blot apparatus
(Keene, N.FL.) (care was taken to avoid the delivery of any mineral
oil to the well) and filtered by vacuum according to the instructions
of the manufacturer. The DNA was bound to a Zeta-Probe nylon
membrane (Bio-Rad Laboratories, Richmond, Galif.) that was first
soaked momentarily in boiling deionized water and then soaked in
9% standard saline citrate until use (1X standard saline citrate is
0.15 M sodium chloride and 15 mM sodium citrate, pH 7.0). After
removal from the slot—blot apparatus, the filters were baked for two
hours at 80°C in a vacuum drying oven. Prehybridization was per-
formed in 0.5 M sodium phosphate (pH 7.2) and 7 percent sodium
dodecyl sulfate at 55°C for at least 30 minutes.

The allele-specific oligonucleotide for the detection of the normal
sequence was 5'CACCAAAGATGATATTTTC-3', and the se-
quence for the allele-specific detection of the mutation was 5'-AA-
CACCAATGATATTTTCTT-3".° Allele-specific probes were pre-
pared by labeling the 5’ end with v[3?P]JATP and polynucleotide
kinase,'® followed by purification with NENSORB-20 cartridges
(Dupont, Wilmington, Del.) according to the manufacturer’s
instructions. Approximately 2 to 3X10° Cherenkov counts of the
probe was added to 8 ml of hybridization solution for a single filter
from the slot—blot apparatus; the amounts were doubled for two or
three filters. Hybridization was performed in prehybridization buff-
er with the addition of 25 pug of sonicated, boiled salmon sperm
DNA per milliliter at 55°C for at least four hours but usually over-
night. Filters were washed in 500 ml of 40 mM sodium phosphate
(pH 7.2) and 1 percent sodium dodecyl sulfate for 5 minutes at room
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temperature, followed by a second wash in 500 ml for 15 minutes at
40°C. Filters were exposed with Kodak XAR-5 film (Rochester,
N.Y.) with an intensifying screen for six to eight hours.

Risk Calculations

Risks were calculated from the Hardy—Weinberg equilibrium of
p? + 2pq + q> = 1, where p is the frequency for a normal allele at
the cystic fibrosis locus (0.98), q is the frequency for a disease allele
(0.02), p? is the frequency of noncarriers, 2pq is the frequency of
carriers, and q? is the frequency of patients with cystic fibrosis. If d
is the rate of detection of cystic fibrosis mutations, then 2pqd is the
frequency of carriers with a positive mutation test and 2 pa(l —d)
is the frequency of carriers with a negative mutation test. Alterna-
tively, these probabilities can be calculated by Bayesian analysis.
The corrected carrier risk (the risk that a person with a negative test
is a carrier) is the frequency of carriers with a negative test divided
by the sum of that frequency and the frequency of noncarriers:

2pq(l — 4d)
2pq(l —d) + p°

If one parent has a positive mutation test and the other a negative
test, the risk of cystic fibrosis in the offspring is Ya X the corrected
carrier risk. If both parents have a negative mutation test, the risk of
cystic fibrosis in the offspring is Y+ X (corrected carrier risk)Z.

In the context of population-based carrier testing, the rate of
detection of couples at risk is equal to d?, the rate of detection of one
partner for couples at risk is 2d(1 — d), and the rate of failure to
identify either partner for couples at risk is (1 — d)2.

Corrected carrier risk =

REesuLTs

Typical results for the direct analysis of the three-
base deletion with amplification of genomic DNA and
hybridization with allele-specific oligonucleotides are
shown in Figure 1. The DNA from the affected child
shows hybridization only with the mutant allele-spe-
cific oligonucleotide (homozygous for the mutation),
whereas the DNA from the parents shows hybridiza-
tion with both the mutant and the normal allele-spe-
cific oligonucleotides (heterozygous for the mutation).
Both chromosomes carrying the cystic fibrosis gene in
this family had the typical B haplotype for XV-2c and
KM-19 (see Methods for details of the haplotypes),
whereas both normal chromosomes had the C haplo-
type. The genotypes for carrier and noncarrier sib-
lings, which were based previously on linkage analy-
sis, were confirmed by the analysis with allele-specific
oligonucleotides.

The presence or absence of the three-base deletion
was determined and correlated with haplotypes for
XV-2¢c and KM-19 for 439 chromosomes carrying a
mutation for cystic fibrosis and 433 normal chromo-
somes by analysis of affected children and their par-
ents from non-Ashkenazic, white families, as shown in
Table 1. Each affected child has two cystic fibrosis
chromosomes, one derived from each parent, and each
parent has one normal chromosome. The data confirm
that the three-base deletion is found in the majority
(75.8 percent) of cystic fibrosis chromosomes in the
white population. This mutation was found almost
exclusively (96 percent) on chromosomes bearing the
B haplotype, which was previously shown to be high-
ly associated with cystic fibrosis chromosomes.'>2:?!
However, the three-base deletion was not found on

all cystic fibrosis chromosomes carrying the B haplo-
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Figure 1. Detection of the Three-Base Deletion Causing Cystic
Fibrosis with the Use of DNA Amplification and Allele-Specific
Oligonucleotides.

Squares denote male family members, and circles female mem-
bers. Solid symbols denote affected members, half-solid symbols
heterozygotes, and open symbols noncarriers. NL denotes the
autoradiogram with the normal allele-specific oligonucleotide, and
MUT the autoradiogram with the mutant allete-specific oligonucle-
otide. The X denotes a blank lane in which no genomic DNA was
added to the polymerase chain reaction. Letters below the pedi-
gree symbols indicate the XV-2¢c and KM-19 haplotypes as de-
scribed in Methods.

type and was occasionally seen on cystic fibrosis
chromosomes bearing other haplotypes, as observed
in the initial report of this mutation.® The B haplo-
type was still the most common haplotype seen with
cystic fibrosis chromosomes not bearing the three-base
deletion, suggesting that a moderately common sec-
ond mutation may exist on chromosomes with this
haplotype.

On the basis of the results shown in Table 1, the
predicted frequencies of patients with cystic fibrosis
homozygous for this mutation, heterozygous for this
mutation, and homozygous for the absence of this mu-
tation are 57.4, 36.7, and 5.9 percent, respectively,
whereas the observed frequencies were 53.2, 33.7, and
8.0 percent. There may be a minor deficiency of het-
erozygotes due to preferential mating within ethnic
groups in which the mutation is less frequent (perhaps
the southern European families®*?' or rare unidenti-
fied Ashkenazic families in the group; see below).
However, the cystic fibrosis chromosomes with and
without this mutation were quite well distributed in
this North American population.

Table 1 does not include the normal chromosome
for three parents (two fathers and one mother) of chil-
dren with cystic fibrosis who initially appeared to be
homozygous for the three-base deletion. Amplification
of these three samples with other oligonucleotide
primers from the flanking introns rather than from
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within the exon yielded the same pattern of results
when analyzed with the allele-specific oligonucleo-
tides. Further analysis revealed that these three per-
sons were compound heterozygotes, with one chromo-
some carrying the three-base deletion and the other
chromosome carrying either of two missense muta-
tions within the region of the allele-specific oligonu-
cleotide (Kobayashi K, et al.: unpublished data).
Detailed clinical analysis of these three persons
was normal. The three chromosomes carrying mis-
sense mutations were found among 330 chromosomes
for which the analysis would have detected the phe-
nomenon.

Data for chromosomes from Ashkenazic and His-
panic families are summarized in Table 2. The three-
base deletion was much less common in the Ash-
kenazic population, being present on only 30.3 per-
cent of cystic fibrosis chromosomes as compared
with 75.8 percent in other whites (chi-square = 29.8;
P<0.001). The linkage disequilibrium was extremely
high in the Ashkenazic population, with 97 percent of
cystic fibrosis chromosomes carrying the B haplotype,
whereas the B haplotype was quite rare on normal
chromosomes. The data suggest that a second com-
mon mutation occurs with the B haplotype in the Ash-
kenazic population and is yet to be identified. The
data for chromosomes from the Hispanic population
were very similar to those for chromosomes from
whites, with 12 of 17 cystic fibrosis chromosomes (71
percent) having the three-base deletion; this suggests
that cystic fibrosis occurs in the Hispanic population
primarily through European admixture.

Direct analysis for the three-base deletion has been
applied in numerous new case studies and in families
studied previously for heterozygote detection and pre-
natal diagnosis, as shown in Figure 2. Case 1 repre-
sents a family that is fully informative for prenatal
diagnosis according to both linkage and mutation
analysis, and such analyses indicate that the fetus is
affected; the family is continuing the pregnancy. Case
2 was uninformative for one parent according to link-
age analysis, and the other parent contributed the
cystic fibrosis chromosome to the fetus, as demonstrat-
ed by a polymorphism at the D758 locus (JGP). The

Table 1. Mutation Analysis of Cystic Fibrosis and Normal

Chromosomes.
Cystic FiBrosis NoORMAL
HAPLOTYPE CHROMOSOMES CHROMOSOMES
WITH WITHOUT
3-BASE DELETION 3-BASE DELETION
A 3 20 136
B 314 57 62
C 0 13 163
D 11 9 60
Haplotype phase T 7* 12
not clear
Total 333 + 106 = 439 433

*It is highly probable that the seven chromosomes with the mutation consist of six with the B
haplotype and one with the D haplotype and that the seven chromosomes without the mutation
represent six with the C haplotype and one with the D haplotype.
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Table 2. Mutation Analysis of Chromosomes from Ashkenazic
and Hispanic Subjects.

CysTic FIBROSIS
CHROMOSOMES

NormaL

HAPLOTYPE CHROMOSOMES

ETHNIC ORIGIN

WITH
3-BASE DELETION

‘WITHOUT
3-BASE DELETION

B Ashkenazic 9 23 2
Non-B Ashkenazic 1 4] 31
B Hispanic 10 1 3
Non-B Hispanic 1 2 1
No data  Hispanic 1 2 3

fetus had a 50 percent risk of cystic fibrosis according
to linkage analysis, but this risk was decreased by the
results of intestinal-enzyme analysis, which were nor-
mal. According to mutation analysis, the fetus is a
carrier.

Case 3 depicts a family in which there was no DNA
sample available from the deceased affected child, but
linkage-disequilibrium data predicted that the fetus is
not a carrier, since the cystic fibrosis mutation is prob-
ably on the chromosome with the B haplotype in both
parents. The results of intestinal-enzyme analysis
were normal, and mutation analysis confirmed that
the fetus 1s not a carrier. Case 4 depicts a family in
which no DNA was available from the deceased affect-
ed child, but linkage-disequilibrium data predicted
that the fetus probably was a heterozygote. The results

Feb. 1, 1990

of fetal intestinal-enzyme analysis were abnormal,
and a Bayesian calculation yielded a 50 percent risk of
cystic fibrosis for the fetus. The pregnancy was termi-
nated, but retrospective mutation analysis indicated
that the fetus was not affected with cystic fibrosis. This
termination of pregnancy could have been avoided if
mutation analysis had been available. Case 5 depicts a
maternal crossover in which the XV-2c marker pre-
dicted that the fetus was affected with cystic fibrosis,

whereas the D7S8 marker (JGP) predicted that the

fetus was a carrier for cystic fibrosis; XV-2c and D758
are known to flank the cystic fibrosis locus. The results
of intestinal-enzyme analysis were normal, and the
family chose to continue the pregnancy. The child has
been born, and the results of the sweat test were nor-
mal. The mutation analysis indicated a heterozygote
child, and the result is consistent with the interpreta-
tion that the three-base deletion is indeed the muta-
tion causing cystic fibrosis in this family. Case 6 de-
picts carrier testing in a number of relatives of a child
with cystic fibrosis. Aside from the parents of the af-
fected child, only one of the six family members tested
was found to be a carrier.

The risks of being a carrier among persons without
a family history of cystic fibrosis and the risks of cystic
fibrosis among the offspring of couples undergoing
mutation analysis are shown in Table 3. (A table of
risks of being a carrier among persons with various
XV-2¢ and KM-19 genotypes and a negative muta-

Case 1 Case 2
AB AB
X BB BB
NL
MUT
Case 5
Case 4 [. C’ 7]
cB CB 12
11 [T 12 22
% 11 11
cc CB 2 22
X 11 12 JGP X 22 12
NL
MUT

Case 3
BB BB
11 cB AB
JGP
Case 6

XV 8B DB

KM

JGP X BB

Figure 2. Mutation Analysis in Families with a History of Cystic Fibrosis for Prenatal Diagnosis and Heterozygote Detection.

Pedigree symbols are as in Figure 1, except that diamonds denote fetal samples, and open symbols noncarriers or members whose
genotype was uncertain. Slashes denote deceased family members. Haplotypes are presented as in Figure 1, but the allele data are
presented for XV-2c, KM-19, and a polymorphism at the D7S8 locus (JGP) as numbers below the pedigree symbols. Samples with no
DNA added to the polymerase chain reaction are marked by an X, and other lanes in which there is no signal for either allele-specific

oligonucleotide are instances in which no DNA sample was available from the family member in the pedigree.
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Table 3. Cystic Fibrosis—Related Risks after Mutation Analysis for
Carrier Status.

% oF CysTiC FIBROSIS CARRIER RISK FOR
MUTATIONS PERSON WITH Risk oF CysTIC FIBROSIS IN
DETECTABLE NEGATIVE TEST OFFSPRING FOR COUPLES TESTED
ONE PARENT  NEITHER PARENT
POSITIVE® POSITIVE
0 lin 255 NA lin 2,500
70 lin 82.7 1in 331 lin 27,400
75 Iin 99.0 lin 396 lin 39,200
80 lin 124 1in 494 1in 61,000
85 1in 165 1in 661 1 in 109,200
90 1 in 246 1in 984 1 in 242,100
95 1in 491 1in 1964 1 in 964,400

*NA denotes not applicable.

tion analysis is available from the authors.) The
effectiveness of the detection of couples at risk on the

basis of population-based carrier testing is shown in
Table 4.

DiscussioNn

Previous work indicated that the predominant mu-
tation causing cystic fibrosis in the white population is
a three-base deletion that is easily detected by direct
analysis,® and this conclusion is confirmed by the cur-
rent study. The presence of the mutation on 68 per-
cent of cystic fibrosis chromosomes in the original
study,’ as compared with 76 percent in this report, can
be explained by ethnic differences in the subjects stud-
ied and by the separate analysis of the cystic fibrosis
chromosomes from Ashkenazic families in this report.
The simple two-allele haplotypes (XV-2¢c and KM-
19) used in this study are approximately 200 kb cen-
tromeric to the three-base deletion. In comparison
with the previous study,” 38 percent of the chromo-
somes with the D haplotype described here may corre-
spond to the common, extended haplotype Ia, and 35
percent of those with the B haplotype (the common
cystic fibrosis haplotype here), may correspond to hap-
lotypes other than Ia.

For the purposes of the remainder of the discussion,
it seems reasonable to assume that additional muta-
tions accounting for various proportions of the re-
maining cystic fibrosis chromosomes will be identified
relatively soon and will be detectable by direct analy-
sis. Mutation analysis has an immediate major effect
on programs offering genetic counseling, heterozygote
detection, and prenatal diagnosis for families with a
history of cystic fibrosis. With the use of this method,
a majority of families were either fully informative
(58.2 percent) or partially informative (33.7 percent).
Numerous families seek heterozygote detection or pre-
natal diagnosis after an affected family member has
died, when no DNA sample is available from that
member. Mutation analysis offers a substantial im-
provement in the ability to predict the likelihood of
cystic fibrosis in the offspring of the majority of these

families. In addition, mutation analysis is helpful-

in difficult clinical circumstances, such as a course
suggestive of cystic fibrosis in a deceased newborn,
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the presence of echogenic masses suggestive of me-
conium ileus on prenatal ultrasound, or the difficulty
of diagnosis in a patient with borderline sweat-test
results.

Genetic counseling for close relatives of patients
with cystic fibrosis that uses linkage analysis, link-
age disequilibrium, and microvillar-intestinal-enzyme
analysis has been reviewed recently.”> Previous diag-
nostic strategies have been altered because mutation
analysis improves the detection of carriers among the
relatives of patients with cystic fibrosis, but more im-
portant, because mutation analysis can be applied to
the spouses of these relatives. Until now, DNA analy-
sis for carrier testing in the relatives of patients with
cystic fibrosis was often not encouraged because of
cost considerations and because a definitive diagnosis
of cystic fibrosis in a fetus was virtually impossible
except for pregnancies at a one-in-four risk. With the
availability of mutation analysis, such testing can now
be encouraged. If one parent has a close relative with
cystic fibrosis and is found to be a carrier on the basis
of mutation or linkage analysis, we believe that muta-
tion analysis of the spouse is indicated. If both parents
are definite carriers, there is a one-in-four risk that the
child will be affected, and prenatal diagnosis is possi-
ble. If the low-risk spouse has a normal result on mu-
tation analysis, further studies are complex and prob-
ably not useful in most cases. If the parent who has a
close relative with cystic fibrosis is a carrier, the carri-
er risk for the spouse is reduced to 1 chance in 99 by a
negative test (with the use of 75 percent mutation
detection; Table 3), giving a risk of 1 in 396 that their
child will have cystic fibrosis: Even if the carrier par-
ent contributes the cystic fibrosis gene to the fetus, the
risk of cystic fibrosis in the fetus is still only 1 chance
in 198. If the results of microvillar-intestinal-enzyme
analysis are abnormal, on the basis of our estimates of
false positive (0.02) and false negative (0.08) rates for
this test, a Bayesian calculation yields a 19 percent
probability that such a fetus would be affected with
cystic fibrosis and an 81 percent probability that the
intestinal-enzyme analysis would represent a false
positive result. These risks could be modified further
with the use of linkage-disequilibrium data, which
would most often lower the risk but could increase the
risk of cystic fibrosis to as high as 55 percent. Link-

Table 4. Potential for the Detection of Couples at Risk with the
Use of Population-Based Screening for Carriers.

% orF CysTic FIBROSIS

MUTATIONS
DETECTABLE DETECTION OF CARRIER STATUS
BOTH PARENTS ONE PARENT NEITHER PARENT
percent
70 49.0 42.0 9.0
75 56.3 37.5 6.2
80 64.0 32.0 4.0
85 72.3 25.5 2.2
90 81.0 18.0 1.0
95 90.3 9.5 0.2
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age data, linkage-disequilibrium data, and utation
analysis can be combined for quantitative risk analy-
sis with the MLINK program frorm the LINKAGE
package.®

The ability to detect cystic fibrosis mutations direct-
ly makes it feasible to consider the long-awaited pos-
sibility of population-based heterozygete screening.
This is complicated by the fact that only a proportion
of the mutant chromosomes can be detected at the
present time. As shown in Table 4, more than half the
couples at risk would be detected with the present
efficiency-of mutation analysis, and 90 percent of the
couples at risk would be detected if mutation analysis
were 95 percent effective. However, at present; the
mutation can be identified in one parent but not the
other or in neither parent in a-large proportion of
the couples at risk. Table 3 shows the risk of cystic
fibrosis in the offspring of such couples. In general, if
one parent is proved to carry a cystic fibrosis muta-
tion, the risk of cystic fibrosis in the fetus is higher
than the risk for the general population, but this risk
decreases as the efficiency with which mutations can
be detected increases. The risk of an affected fetus is
substantially reduced if neither parent has a known
mutation. If a mutation is identified in one of the par-
ents, it would be possible to determine whether this
parent will contribute the mutation to the fetus. How-
ever, this information is of limited value even when
combmed with microvillar-intestinal-enzyme analy-
sis, because an abnormal result on microvillar-intesti-
nal-enzyme testing is usually more likely to represent a
false positive result than to represent an affected fetus,
as already discussed in the context of risks within a
family with cystic fibrosis.

Should population-based heterozvgote screening
begin immediately? On the positive side; there would
be the substantial benefit of detecting approximately
S7:percent of the couples at risk; only 9 percent of the

- Ashkenazic couples at risk would be detected. In
theory, the specificity of mutation analysis might be
1.0; that is, the false positive rate should be essentially
zero. In practice, genetic variations at the sites of
polymerase-chain-reaction primers® or at the allele-
specific oligonucleotide site might cause false positive
or false negative results (as found in three subjects in
our series). Some delay may be appropriate, since ad-
ditional mutations will probably be identified soon,
allowing a more effective carrier-detection program.
Although additionial mutations should be identified
quickly, a large number of mutations may account
for the last few percent of cystic fibrosis chromo-
somes. It seems appropriate at this time to initi-
ate pilot programs for population-based heterozygote
screeniing, with the expectation that such prograns
will become w1despread very rapidly. A recent survey
of the attitudes of geneticists from 18 nations indicat-
ed considerable differences about the preferred age for
screening and about whether screening should be re-
quired or by consent only.* The option for carrier
screening for cystlc fibrosis will probably become the
standard of care in many countries in the future.
Health care providers should plan for this develop-
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ment. Populatmn based heterozygote screemng for
cystic fibrosis would require education programs for
the géneral population, and the general lével of genet-

ic knowledge and awareness would increase substan-
tially as a result.

We are indebted to Johanna Rommens and colleagues’® for al-
lowing the use of information before publication; to Raymond Fen-
wick, Fielding Hejtmancik, and Huda Zoghbi for helpful discus-
sions; to Craig Rosenbloom for technical assistance; to Grace
Watson for assistance in the preparation of the manuscript; to Lois
Magnuson for referral and assistance with the crossover family; and

to the innumerable counselors and physicians who provided sam-
ples for genetic testing.

REFERENCES

Boat TF, Welsh MJ, Beaudet AL. Cystic fibfosis. In: Scriver CR, Beaudet
AL, Sly WS, Valle D, eds. The metabolic basis of inherited disease. 6th ed
New York: McGraw-Hill, 1989:2649-80.
Tsui L-C, Buchwald M, Barker D, et al. Cystic fibrosis locus deﬁned bya
genetically linked polymorphic DNA marker. Science 1985; 230:1054-7.
Knowlton RG, Cohen-Haguenauer O, Van Cong N, et al. A polymorphic
DNA marker linked to cystic fibrosis is located on chromosome 7. Nature
1985; 318:380-2.
White R, Woodward S, Leppert M, et al: A closely lmked genenc marker
for cystic fibrosis. Nature 1985; 318:382-4.
Wainwright BJ, Scambler PJ, Schmidtke J, et al. Locahzatlon of cystic
fibrosis locus to human chromosome 7¢en-q22. Nature 1985; 318:384-5.
Estivill X, Farrall M, Scambler PJ; et al. A candidate for the cystic fibrosis
locus isolated by selection for methylation-free islands: Nature 1987;
326:840-5. R .
Rommens JM, lannuzzi MC, Kerem B, et al. Identification of the cystic
fibrosis gene: chromosome walking and jumping. Scxence 1989; 245:1059-
65.
Riordan JR, Rommens JM, Kerem B, et al: Identxﬁcatmn of the cystic
fibrosis gene: cloning and characterization of complementary DNA. Science
1989; 245:1066-73.
Kerem B, Rommens JM, Buchannan JA, et al. Identification of the cystic
fibrosis gene: genetic analysis. Science 1989; 245:1073-80. (Erratum 1989
245:1437.)
Boué A, Muller F, Nezelof C; et al. Prenatal diagnosis in 200 § pregnancies.
with a 1-in-4 risk of cystic-fibrosis. Hum Genet 1986; 74:288-97. :
Brock DJ, Clarke HA, Barron L. Prenatal diagnosis of cystic fibrosis by
microvillar enzyme assay on a sequerce of 258 pregnancies. Hum Genet
1988; 78:271-5. ~
Farrall M, Law H-Y, Rodeck CH, et al. First-trimester prenatal d1agnos1s of
Cystic fibrosis with linked DNA probes. Lancet 1986; 1:1402-5.
. Feldman GL;, Lewiston N, Fernbach SD, et al. Prenatal diagnosis of cystic
fibrosis by, using linked DNA markers in 138 pregnancies at 1-in-4 risk. Am
J Med Genet 1989; 33:238-41.
Nugent CE, Gravius T, Green P; Larsen JW Jr, MacMillin MD Doni
Keller H. Prenatal diagnosis of cystic fibrosis by chorionic vxllus sampling
using 12 polymorphxc deoxyribonucleic acid markers. Obstet Gynecol 1988;
71:213-5.
Beaudet AL, Feldman GL, Fernbach SD, Buffone GJ; O’Brien WE. Link- °
age disequilibrium, cystic fibrosis, and genetic counseling. Am I Hum
Genet 1989; 44:319-26.

Strain L, Cuitis A, Mennie M, Holloway S, Brock DJ. Use of lmkage

16.

disequilibrium data in prenatal diagnosis of cystic fibrosis. Hum Genet 3

1988; 80:75-7.

Krawczak M, Konecki DS, Schmidtke J, et al. Allelic association of the
cystic fibrosis locus and two DNA markers, XV2¢ and KM19, in 55 German'
families. Hum Genet 1988; 80:78-80.
Northrup H; Rosenbloom C, O’Brien WE, Beaudet AL. Additional poly—
morphism for D7S8 linked to Cystic fibrosis including detection by DNA
amplification. Nucleic Acids Res 1989; 17:1784.~ :
Maniatis T, Fritsch EF, Sambrook J. Molecular clofiing: a laboratory man
ual. Cold Spring Harbor, N.Y.: Cold Spring Harbor Laboratory, 1982:286- -
94.

Estivill X, Scambler PJ, Wainwright BJ, et al. Pattems of polymorphism
and Jinkage disequilibrium for cystic fibrosis. Genomics 1987; 1:257-63:
Estivill X, Farrall M, Williamson R, et al. Linkage disequilibrium between :
cystic fibrosis and linked DNA polymorphisms in Italian families: a collabo-
rative Study. Am J Hum Genet 1988; 43:23-8.
Lathrop GM, Lalouel JM. Easy calculations of lod scores and genetic rxsks\
on small computers. Am J Hum Genet 1984; 36:460-5.
Fujimura FK, Northrup H, Beaudet AL, O’Brien WE. Genotyping crrorsl
with the polymerase chain reaction. N Engl J Med 1990; 322:61.
Wertz DC, Fletcher JC. An mtematlonal survey of attitudes of med al

genéticists toward mass screening and actess to résults. Public Health Rep
1989; 104:35-44.

17.

18.

19.

20.

21.
2.
23.

24.




