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Summary

To test the usefulness of linkage disequilibrium for gene mapping, we compared physical distances and linkage
disequilibrium among eight RFLPs in the neurofibromatosis 1 (NF1) region. Seven of the polymorphisms span
most of the NF1 gene, while the remaining polymorphism lies approximately 70 kb 3’ to a stop codon in exon
49. By using Centre d’Etude du Polymorphisme Humain (CEPH) kindreds, 91-110 unrelated parents were
genotyped. A high degree of disequilibrium is maintained among the seven intragenic polymorphisms (r > .82,
P < 1077), even though they are separated by as much as 340 kb. The 3’ polymorphism is only 68 kb distal to
the next polymorphism, but disequilibrium between the 3' polymorphism and all others is comparatively low
(Jr| < .33, P values .27-.001). This result was replicated in three sets of unrelated kindreds: the Utah CEPH
families, the non-Utah CEPH families, and an independent set of NF1 families. Trigenic, quadrigenic, three-
locus, and four-locus disequilibrium measures were also estimated. There was little evidence of higher-order
linkage disequilibrium. As expected for a disease with multiple mutations, no disequilibrium was observed
between the disease gene and any of the RFLPs. The observed pattern of high disequilibrium within the gene
and a loss of disequilibrium 3’ to the stop codon could have implications for gene mapping studies. These are

discussed, and guidelines for linkage disequilibrium studies are suggested.

Introduction

Linkage studies are frequently plagued by a lack of re-
combinations among closely linked polymorphisms.
When recombination fractions are less than .01, the
number of informative meioses needed to establish
gene order tends to become prohibitively large. Linkage
disequilibrium, which reflects the effects of recombina-
tion over many past generations, is sometimes used as
an alternative. Disequilibrium analysis has been used,
for example, in studies of cystic fibrosis (Estivill et al.
1987), Huntington disease (Theilmann et al. 1989;
MacDonald et al. 1991; Skraastad et al. 1992), Fried-
reich ataxia (Hanauer et al. 1990), myotonic dystrophy
(Harley et al. 1991), adult polycystic kidney disease
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(Pound et al. 1992), dystonia-Parkinsonism syndrome
(Kupke et al. 1992), torsion dystonia (Ozelius et al.
1992), and diastrophic dysplasia (Hastbacka et al.
1992).

The use of linkage disequilibrium in gene mapping
assumes a predictable relationship between disequilib-
rium and genetic distance between polymorphisms.
Theoretically, these two quantities have an inverse rela-
tionship of the form 7> = 1/(1 + 4N,c), where 7 is a
standard measure of linkage disequilibrium, N_ is effec-
tive population size, and ¢ is the recombination fraction
(Hill and Robertson 1968; Sved 1971). However, this
relationship is expected to hold only when 4N c is fairly
large. Thus, a monotonic relationship between disequi-
librium and distance may not necessarily exist in small
genomic segments, where the effects of recombination
may be overcome by factors such as drift, mutation,
admixture, and gene conversion (Litt and Jorde 1986;
Templeton et al. 1987; Lalouel and Jorde 1988). In ad-
dition, the variance of linkage disequilibrium statistics
becomes large when N c is small (Hudson 1985; Hill
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and Weir 1988), and the statistical power to detect dis-
equilibrium can be quite low (Thompson et al. 1988).
Even if recombination and disequilibrium are closely
related, it is clear that recombination rates are not uni-
form across the genome (Steinmetz et al. 1987). Because
of these considerations, some have questioned the util-
ity of linkage disequilibrium for gene mapping.

The empirical evidence on this issue is conflicting.
Some studies have found a fairly uniform inverse rela-
tionship between physical distance and disequilibrium
in small genomic regions (Bech-Hansen et al. 1983;
Aschbacher et al. 1985; Chakravarti et al. 1986;
Chakraborty et al. 1987; Daiger et al. 1989; Leitersdorf
et al. 1989; Elbein 1992), while others have not (Barker
et al. 1984; Chakravarti et al. 1984¢; Litt and Jorde
1986; Borresen et al. 1988; Thompson et al. 1988; Tzall
et al. 1989; Hegele et al. 1990; Benlian et al. 1991;
Haviland et al. 1991; Walter and Cox 1991; Zerba et al.
1991; Miserez et al. 1993). Nonuniform disequilibrium
patterns have led some investigators to infer the pres-
ence of recombinational “hot spots” (Chakravarti et al.
19844, 1986; Migone et al. 1985; Steinmetz et al. 1987)
and “cold spots” (Murray et al. 1984). For the reasons
cited above, the inference of hot spots from disequilib-
rium patterns has been criticized (Weir and Hill 1986;
Hedrick 1987, 1988).

Some of the inconsistencies regarding disequilibrium
and physical distance can be attributed to small sample
sizes, poorly characterized populations, and inadequate
statistical techniques. To clarify whether linkage dis-
equilibrium may be useful in gene mapping studies, fur-
ther empirical tests are needed. In this paper, we present
the results of a study of linkage disequilibrium and phys-
ical distance among eight RFLPs in the neurofibroma-
tosis 1 (NF1) region. The sample, generated from the
Centre d’Etude du Polymorphisme Humain (CEPH)
collection, is large and well characterized. We show
that our results are replicated in two subsets of the
CEPH collection and in an independent sample of NF1
families. Several different analytic measures of disequi-
librium are used, and patterns of higher-order disequi-
librium are explored.

Material and Methods

Study Subjects

All polymorphisms were typed in 60 CEPH kindreds.
All generations of each kindred were typed so that
phase-known haplotypes could be scored. Only the hap-
lotypes from unrelated parents are used in the disequi-
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librium analysis. Since members of several CEPH
kindreds are relatives (kindreds 13291, 13292, 13293,
and 13294), only one of these kindreds, 13294, was
analyzed. This provided a maximum of 228 phase-
known haplotypes, although the number of two-locus
haplotypes that could be successfully typed and in-
ferred was 138-210 (most were in the 160-190 range).

The CEPH collection includes 43 Utah kindreds as
well as French, Venezuelan, and Amish kindreds. Since
linkage disequilibrium statistics can be affected by pop-
ulation structure, the Utah and non-Utah kindreds
were analyzed both separately and together.

A second data set consisted of 17 NF1 families that
were typed for five polymorphisms in the NF1 region.
Sixty phase-known haplotypes were scored in unrelated
members of these families. Among these haplotypes, 17
carried an NF1 disease mutation. The NF1 kindreds,
which include Caucasian, Hispanic, and Chinese fami-
lies, are ethnically more diverse than the CEPH collec-
tion.

To assess the age of the polymorphisms, several sys-
tems were also typed in 10 Asians and 10 Africans.
These DNA samples were purchased from the Coriell
Institute, Camden, NJ.

Laboratory Methods

CEPH, Asian, and African DNAs were prepared
from lymphoblast cell lines according to the method of
Bell et al. (1981). Restriction enzyme digests were per-
formed according to the manufacturer’s (Molecular Bi-
ology Resources) instructions, using twofold excess en-
zyme. Restriction enzyme-digested samples (5 pg) were
fractionated in 0.8% agarose gels in 2 X Tris-acetate
buffer. Gels were denatured in 0.4 N NaOH for 30
min, transferred in 0.4 N NaOH to Hybond-N+
(Amersham) for 8-12 h, and neutralized in 2 X SSC.
Membranes were prehybridized in 10% polyethylene
glycol, 8% SDS, and 200 pg total human DNA /ml for 4
h and hybridized overnight with a radiolabeled probe at
65°C. Final stringency washes were 0.1 X SSC, 0.1%
SDS at 65°C. Radiolabeled probes were prepared by
random priming using standard methods (Feinberg
and Vogelstein 1984). Probes f7G4-GL.2, fHBS-E.3,
fPL37-B.2, and T315.5 were isolated from whole cos-
mid and were labeled in low-melting-temperature aga-
rose (SeaPlaque, FMC).

Eight probes detecting two-allele RFLPs of high het-
erozygosity were used to genotype individuals from 60
two- and three-generation CEPH families. Clone
pHu39.3 and probe f7G4-GL.2 have been described
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elsewhere (O’Connell et al. 1990; Watkins et al. 1991).
Clone p11-1F10 is derived from cosmid c11-1F10
(O’Connell et al. 19894) and detects two polymorphic
Pst1 alleles of 3.0 and 2.0 kb. To identify additional
RFLPs at the NF1 locus, whole cosmids were used to
screen a panel of six random individuals for polymor-
phisms, with nine common restriction enzymes.

Physical distances between polymorphisms were de-
termined by restriction mapping. Sequence data and
existing map data were both used to deduce the loca-
tions of restriction fragments.

Statistical Analysis

For each pair of diallelic loci, A and B, the link-
age disequilibrium coefficient, D, was measured as D
= P,; — D141, where Py, is the haplotype frequency of
the two more common alleles at A and B, and p, and ¢,
are the gene frequencies of these alleles (Lewontin and
Kojima 1960). A positive value of D thus indicates that
the two common alleles tend to co-occur on the same
chromosome more often than expected, while a nega-
tive value of D indicates that the common allele at one
locus and the rarer allele at the second locus tend to
co-occur. Following Hill and Robertson (1968), it is
common to estimate a linkage disequilibrium coefh-
cient, 7, which is standardized by gene frequencies and
varies between —1.0 and 1.0, as

D
Vordi029,

Ninety-five-percent confidence limits for r were ob-
tained using Fisher’s z-transformation. Non-normality
of gene frequencies may in principle violate the as-
sumptions underlying the use of this method. However,
z-transformations have been shown to work well even
with small sample sizes where non-normality tends to
be greatest (Weir 1979). The confidence limits provide
a convenient test of the null hypothesis that » = 0.0. In
addition, a %2 test of the null hypothesis is given by x?
= Nr?, where N is the number of haplotypes in the
sample.

Although 7 is defined to be within the range —1.0-
1.0, its true range as a measure of linkage disequilibrium
is dictated by the allele frequencies. Thus, it can be
misleading to compare 7 values when one value is close
to its maximum while another is not. In particular, He-
drick (1987) showed that frequency-dependent mea-
sures such as D and r can lead one to falsely infer the
presence of a recombinational hot spot. Accordingly, D
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was also compared to its maximum possible value,
D,.... which is given by min(p,q,, p,q,) (Lewontin
1964). Then, D' = D/D,,,,. Lewontin (1988) has shown
that even this measure is not strictly independent of
gene frequencies.

In addition to estimating standard gametic disequilib-
rium coefficients, genotypic disequilibrium estimates
were obtained (Weir 1990). These calculations were
first done by using the genotypes of only those subjects
who could be haplotyped and later by using all subjects.

Trigenic and quadrigenic disequilibria were evalu-
ated using the procedures of Weir and Cockerham
(1989). Trigenic disequilibrium measures association be-
tween one allele at locus A and both alleles at locus B,
after adjusting for standard digenic disequilibrium and
any departure from Hardy-Weinberg equilibrium.
There are thus two trigenic disequilibrium coefficients,
Djps and Dy,p. Similarly, quadrigenic disequilibrium,
Apapp, measures association between both alleles at
both loci, after adjusting for Hardy-Weinberg depar-
tures and digenic and trigenic disequilibrium. Compu-
tational details, as well as methods for obtaining the
variances of these measures, are given in Weir and
Cockerham (1989).

Disequilibrium was also estimated for the three- and
four-locus cases (Weir 1990). D 55 measures disequilib-
rium for loci A, B, and C after adjusting for two-locus
disequilibrium. Similarly, Dspcp measures disequilib-
rium for loci A, B, C, and D after adjusting for two- and
three-locus disequilibrium. Further details are given in
Weir (1990).

Traditional disequilibrium statistics may not be ap-
propriate in disease families, since they represent a se-
lected sample. Accordingly, conditional disequilibrium
(Chakravarti et al. 1984b) was estimated for the NF1
genotype versus other marker loci in the NF1 disease
families.

All possible pairs of the eight loci were considered,
giving a total of 28 pairwise disequilibrium coefficients.
With this number of comparisons, it is likely that at
least one 7 value would be “significant™ at the .05 level
simply by chance. Since the null hypothesis is that there
is no disequilibrium for any pair of loci, the familiar
Bonferonni procedure (Weir 1990) was used to adjust
for multiple comparisons. An adjusted significance
level, o, of .05, is given by a = 1 — (1 — o)"/?. Thus, the
required significance level becomes .0018. While we
regard this procedure as appropriately conservative,
some investigators feel that it unnecessarily increases
the probability of type II error (Zerba et al. 1991).
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Physical distance and pairwise disequilibrium were
compared in order to test the hypothesis that there is a
uniform negative relationship between distance and dis-
equilibrium. The distance values and disequilibrium co-
efficients each form an 8 X 8 matrix whose elements are
not independent of one another. The Mantel matrix
comparison technique (Mantel 1967; Smouse et al.
1986) takes this lack of independence into account. An
empirical distribution of association coefficients for
the two matrices is generated by randomly permuting
the columns of one of the matrices a given number of
times (in this case, 10,000 times). A significance level is
then obtained by comparing the actual correlation be-
tween the two matrices with the empirical distribution.

Results

Cosmids detecting new RFLPs of high heterozygos-
ity include cHBS, cPL37, cEVI36, and cT31S. Frag-
ments and subclone probes were isolated from cosmids
and include markers fHBS-E.3, fPL37-B.2, pEVI36.5,
and fT315.5. Probe fHBS5-E.3 is a 5.5-kb EcoRlI frag-
ment from cosmid cHBS, which reveals polymorphic
EcoRlI alleles of 5.5 and 4.9 kb. fPL37-B.2 represents a
6.5-kb BamHI fragment derived from a BamHI digest
of cosmid ¢PL37 and detects polymorphic BamHI al-
leles of 10.0 and 6.5 kb. A 1.2-kb EcoRI fragment from
cosmid cEVI36 was subcloned into pUC18 to create
probe pEVI36.5, which identifies polymorphic Tagl al-
leles of 6.9 and 3.2 kb. fT315.5 is a 1.5-kb EcoRI end
fragment from cosmid cT315 that detects polymorphic
EcoRI alleles of 4.2 and 3.8 kb. Subclone pDV1.9 was
derived from a genomic clone containing the t(17;22)
NF1 translocation and represents a 4.2-kb EcoRI frag-
ment that reveals polymorphic HindIll alleles of 2.0
and 1.6 kb. pDV1.9 also detects RFLPs with other re-
striction enzymes, and, in each case, allele sizes differ by
approximately 400 bp, which indicates a possible inser-
tion or deletion in this region. Probes fT315.5 and
pDV1.9 cross-hybridize and identify EcoRI alleles of
4.2 and 3.8 kb, which suggests that both markers detect
the same DNA alteration. A summary of allele sizes,
frequencies, and heterozygosities for each of the eight
polymorphisms is presented in table 1. The table also
shows how many parents were genotyped for each po-
lymorphism.

The physical distances between the markers at the
NF1 locus were determined by restriction mapping.
Markers pHu39.3, pEVI36.5, fPL37-B.2, pDV1.9, and
fT315.5 were positioned on an NF1 cosmid contig
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(Viskochil et al. 1990) by using existing restriction map
data. Sequence data (GenBank accession no. L03723)
were later used to refine probe positions and polymor-
phic fragments located between the 5’ end of cosmid
cEVI36 and the 3’ end of cosmid c7DS5. Good concor-
dance was seen between initial and refined distance es-
timates. To position markers {7G4-GL.2 and p11-1F10,
we extended the existing cosmid contig to include cos-
mids ¢7G4 and c1F10-12. A 14-kb Notl fragment from
cosmid c7G4 shows approximately 10 kb of overlap
with cosmid ¢7D5. An overlap of 6.5 kb between
cosmids ¢7G4 and c1F10-12 was established by cross-
hybridization and extends the contig distally to in-
clude marker p11-1F10. Cross-hybridization between
marker p11-1F10 and cosmid c1F10-12 was tested by
using several restriction enzymes and indicates the posi-
tion of p11-1F10 to be about 3-5 kb from the 3’ end of
cosmid c1F10-12. The distance between probes {7G4-
GL.2 and p11-1F10 was estimated by using restriction-
fragment-size data.

The location of the 3’ end of the NF1 gene has not
yet been established conclusively (Viskochil et al.
1993). However, a stop codon in exon 49 (fig. 1) lies 15
kb centromeric to the distal end of cosmid c7DS. The
f7G4-GL.2 polymorphism maps just 4-8 kb 3’ of the
stop codon. The p11-1F10 polymorphism, which is 68
kb 3' from f7G4-GL.2, lies well beyond the stop codon
and most likely represents sequence outside of the NF1
gene.

Probe fHBS-E.3 is not represented in the cosmid
contig. However, a relatively accurate estimate of the
physical distance between it and other markers can be
calculated by using the Notl site in ¢cHBS. Cosmid
cHBS spans the proximal Notl site of the 360-kb Notl
pulse-field gel fragment containing the NF1 gene; the
polymorphic EcoRI site detected by probe fHBS-E.3
lies 10 kb distal to the 5’ Not site (J. Stevens, personal
communication).

Since it was not always possible to determine unam-
biguously the location of the polymorphic site within
each restriction fragment, distances between pairs of
RFLPs are given as a narrow range. The locations of
probes and midpoint distance estimates between poly-
morphic sites are shown in figure 1.

Nine distinct haplotypes were observed in the CEPH
kindreds. These haplotypes and their frequencies in the
Utah and non-Utah CEPH kindreds are shown in table
2. Several additional haplotypes with unscored geno-
types for the most proximal and distal polymorphisms
are also shown here. One haplotype, 12112221, was
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Probe-Enzyme Combinations, Allele Sizes and Frequencies, Heterozygosity, and Sample Size
(No. of Typed Individuals) for Each Polymorphism

Allele Sizes Allele

Probe Enzyme (kb) Frequencies Heterozygosity N
fHBS-E3....... EcoRl 5.5/49 .69/.31 37 97
pHu39.3 ....... EcoRI 9.6/7.2 .62/.38 42 108
pEVI36.5 ....... Tagl 69/3.2 63/.37 43 91
fPL37-B.2 ...... BamHI1 10.0/6.5 .60/.40 42 95
pDV19 ........ Hindlll 2.0/1.6 .35/.65 41 106
fT315.5 ........ EcoRI 4.2/3.8 .38/.62 .49 92
f7G4-GL2 ..... Bglll 41/33 36/.64 41 101
pl1-1F10 ....... Pstl 3.0/2.0 48/.52 43 110

seen only once. It is most easily attributed to a single
crossover occurring between the pHu39.3 and cEVI36
polymorphisms of haplotypes 1 and 4.

None of the eight systems showed significant depar-
tures from Hardy-Weinberg equilibrium. All of the sys-
tems tested in Africans and Asians (fHBS-E.3, fPL37-
B.2, f7G4-GL.2, and p11-1F10) were polymorphic in
these populations, which indicates that they probably
predate the divergence of the major human races. No
obligate recombinants were observed in the CEPH fam-
ilies.

Pairwise disequilibrium coefficients, , and their 95%

confidence limits, are given in table 3. The r values are
given above the diagonal of the table, and pairwise phys-
ical distances are given below the diagonal. The table
shows that the six internal polymorphisms are all in
extremely tight disequilibrium with one another. In
fact, five of the six systems are in complete disequilib-
rium with one another (r = 1.0), while the sixth
(pHu39.3) yields r values exceeding .985 with the other
five systems. Pairwise values for the fHBS-E.3 polymor-
phism, which is 260 kb 5’ to the next polymorphism, are
slightly lower but still very high and statistically signifi-
cant. The p11-1F10 polymorphism, which is only 68 kb

Distance (kb):
260 11 3 18 1 46 68
I T T 1 LU T 1
v 4 Vo v $
17q cen [ /= . —117q ter
i t(1:17) (17.22)
- - -
exon 1 exon 28 exon 49
Probes:
HB5-E3 =m pHuU39.3 == pDV1g9 w=m 7G4-GL.2 == p11-1F10 ==
PEVI36.5 ® fT3155 ®
fPL37-B2 =
Cosmids:
HBS L3 1F10-12
VI36 7G4
EVI20
10 kb 1315
Figure | Map of the NF1 region, showing the locations of each of the eight RFLPs, several exons of the NF1 gene,and a cosmid contig.

Only the portion of exon 49 §' to the stop codon is shown. Also shown are the locations of previously described translocation breakpoints

t(1;17) and £(17;22). N = Notl.
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Table 2
NF I-Region Haplotype Frequencies

Haplotype No. and No. in Utah No. in Non-Utah
Composition Kindreds Kindreds

1. 11112221 ...... 61 12

2. 11112222 ...... 38 6

3. 12112221 ...... 1 0

4. 12221111 ...... 2 0

5. 12221112 ...... 10 3

6. 22221111 ...... 12 8

7. 22221112 ...... 28 7

8. 01112221 ...... N N

9. 01112222 ...... 7 6
10. 02221112 ...... 2 1
11. 22221110 ...... 2 0

NoTE.—For haplotypes in which a genotype for systems 2-7 was
unknown, the genotype was inferred on the basis of the observed
complete disequilibrium with other polymorphisms.

3’ to the other polymorphisms, exhibits much lower
disequilibrium values. As the 95% confidence limits in-
dicate, the disequilibrium values for the p11-1F10 com-
parisons are significantly lower than those of the other
seven systems. After the Bonferroni correction for mul-
tiple comparisons is applied, all of the pairwise compari-
sons except those involving p11-1F10 are highly signifi-
cant, with corrected significance values less than 1077.
Among the comparisons involving p11-1F10, one
corrected value (p11-1F10 vs. fHB5-E.3) was not signifi-
cant, while the other corrected significance values had a
range of .03-.001.

The D' values for these comparisons show a very

Table 3
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similar pattern. All comparisons except those involving
p11-1F10 yielded D' values of .90 or greater (most were
1.0). The D' values for comparisons involving p11-1F10
had a range of .20-.40.

The disequilibrium estimates based on genotypic
data yielded patterns nearly identical to those based on
haplotype data. This was true both for the genotypes
from only the haplotyped subjects as well as for the
total set of genotypes. This result is expected, since all
systems were in Hardy-Weinberg equilibrium and since
it was possible to haplotype the great majority of sub-
jects.

Table 4 presents 7 values both for the Utah kindreds
only (above the diagonal) and for the non-Utah
kindreds (below the diagonal). The patterns observed in
these two populations are remarkably similar to those
seen in table 2 for the whole population. To test further
the hypothesis that haplotype distributions (and hence
disequilibrium patterns) are similar in these two popula-
tions, a multicolumn extension of Fisher’s exact test
was applied to the haplotype distributions shown in
table 2 (only the nonzero haplotypes were used). As
expected, the test indicated that the two haplotype dis-
tributions do not differ significantly (P > .29). These
results are consistent with genetic distance analyses that
show that the Utah population is genetically representa-
tive of European-derived populations (McLellan et al.
1984).

Table 5 presents pairwise disequilibrium values for
the NF1 family data set. Once again, the pattern for the
five polymorphisms typed here is very similar to that
observed in the CEPH kindreds. Virtually no disequilib-
rium is observed between NF1 itself and any of the

Linkage Disequilibrium Coefficients (r) for All CEPH Kindreds (above the Diagonal) and Physical Distances (in kb, below the

Diagonal) for Each Pair of Loci

fHBS-E.3  pHu39.3 pEVI36.5 fPL37-B.2 pDV1.9 fT315.5 f7G4-GL.2 p11-1F10
fHBS-E3 ....... .85 (.80, .89) .85(.80,.89) .83(.77,.87) .83(.78,.87) .86(.82,.90) .82(.77,.87) 8 (.05, .32)
pHu39.3 ....... 247-273 1.00 99 (.98,.99) .99 (.98,.99) .99 (.98,.99) .99 (98,.99) - 24 (=.10, —.37)
pEVI36.S ....... 258-284 9-13 1.00 1.00 1.00 1.00 —.33 (—.18, —.46)
fPL37-B.2 ...... 261-287 12-16 1-5 1.00 1.00 1.00 —.26 (—.12, —.40)
pDV19 ........ 279-305 30-34 19-23 16-20 1.00 1.00 —.28 (—.15, —.40)
fT315.5 ........ 280-306 31-35 20-24 17-21 0-2 1.00 - 25 (—.11, —.38)
f7G4-GL.2 ..... 325-353 76-82 65-71 62-68 44-50 43-49 7 (.14, .40)
pl11-1F10 ....... 391-423 142-152 131-141 134-144 110-120 109-119 62-74

NOTE.—Ninety-five-percent confidence limits are shown after each r value (confidence limits cannot be estimated by Fisher’s transformation

when r = 1.0).
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Table 4

Linkage Disequilibrium Coefficients (r) for Utah CEPH Kindreds (above the Diagonal) and Non-Utah CEPH Kindreds (below
the Diagonal)

fHBS-E.3 pHu39.3 pEVI36.5 fPL37-B.2 pDV1.9 fT315.5 f7G4-GL.2 p11-1F10
fHBS-E3....... .86 (.81,.90) .86(.81,.90) .83(.78,.88) .83(77,.87) .85(.79,.89) .82 (.75, .87) .24 (.08, .38)
pHu39.3 ....... .79 (.58, .90) 1.00 98(98,.99) .98(98,.99) .98(.98,.99) .98 (.98, .99) —.28(-.12, —.42)
pEVI36.S....... —.78 (—.46, —.92) 1.00 1.00 1.00 1.00 1.00 -.33(-.17, —.47)
fPL37-B.2 ...... —.78 (—.54, —.90) 1.00 1.00 1.00 1.00 1.00 —.30 (—.14, —.44)
pDV19 ........ .85 (.72, .92) 1.00 1.00 1.00 1.00 1.00 —.31(-.16, —.44)
fT315.5 ........ 93 (.85,.97) 1.00 1.00 1.00 1.00 1.00 —.28 (—.12, —.43)
f7G4-GL.2 ..... —.83(—.67,-91) 1.00 1.00 1.00 1.00 1.00 —.31(-.16, —.45)
p11-1F10........ .04 (—.29,.36) .11(-.22, .41) .37(-.07,.68) .13(—.23,.45) .20(—.09, 45) .15(-.18,.45) —.16(—.43,.14)

NOTE.—Ninety-five-percent confidence limits are shown after each r value (confidence limits cannot be estimated by Fisher’s transformation

when r = 1.0).

RFLP systems. The conditional disequilibrium esti-
mates (not shown) also indicated no significant disequi-
librium between NF1 and any of the marker loci (all P
values for the x? estimates were greater than .05).

All of the trigenic and quadrigenic disequilibrium co-
efficients were very small, and none approached sta-
tistical significance. The three-locus disequilibrium
analysis yielded 56 different three-locus combinations
among eight loci. The )2 values for the three-locus com-
parisons were much smaller than those of the two-locus
comparisons, and, after correction for multiple compar-
isons, only one of them was significant at the .05 level.
This involved three of the six internal polymorphisms,
pHu39.3, pDV1.9, and f7G4-GL.2. In general, the y?
values for comparisons involving the p11-1F10 poly-
morphism were somewhat lower than those involving
other loci. The four-locus disequilibrium analysis
yielded 70 comparisons. Again, the y* values are much
smaller than those for the two-locus comparisons, and

Table 5
Linkage Disequilibrium Coefficients (r) for NFI Families

those involving p11-1F10 are smaller still. After correc-
tion for multiple comparisons, 20 of the comparisons
yielded ¥? values that could be considered significant
(with corrected P levels of .05-.005). It is somewhat
difficult to discern a recognizable pattern in these asso-
ciations, although most of them involved the fHBS-E.3
locus and adjacent polymorphisms.

None of the higher-order comparisons reached sig-
nificance for the non-Utah haplotypes alone. In part,
this probably reflects a smaller sample size. For the
Utah haplotypes, none of the three-locus comparisons
reached significance, and only one of the four-locus
comparisons did (systems 1, 4, 5, and 7).

The relationship between physical distance and dis-
equilibrium is shown in figure 2. The upper points in
the graph correspond to the pairwise comparisons in-
volving all polymorphisms except p11-1F10. These
show the theoretically predicted negative relationship
between distance and disequilibrium. Application of

NF1 fHBS-E.3 pHu39.3 pDV1.9 f7G4-GL.2 p11-1F10
NF1 .o, .09 (—.21, .36) 10 (~.18, .37) 17 (=12, .42) .06 (—.21, .32) —.01 (~.28, .26)
fHBS-E.3 ....... 62(.39,.78) 73 (.55, .85) 75 (.57, .86) 18 (.13, .45)
pHu39.3 ........ 91 (.84, .95) 92 (.86, .95) 45 (.18, .65)
pDV19 ......... 1.00 40 (.11, .62)
f7G4-GL2 ...... 42 (.15, .63)
p11-1F10........

NOTE.—Ninety-five-percent confidence limits are shown after each r value (confidence limits cannot be estimated by Fisher’s transformation

when r = 1.0).
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Figure 2 The relationship between physical distance (X-axis)
and linkage disequilibrium (Y-axis) for all CEPH kindred data. For
comparability to other studies, the absolute value of the linkage dis-
equilibrium coefficient, 7, is shown here.

the Mantel matrix comparison test shows that the
correlation between physical distance and disequilib-
rium for these seven loci is large and statistically signifi-
cant (r = —.98, P < .04). However, when comparisons
involving p11-1F10 (represented by the lower set of
points in fig. 2) are included in the matrix comparison
test, the distance-disequilibrium correlation becomes
nonsignificant (r = —.27, P > .17).

Discussion

These results show that disequilibrium and physical
distance are quite highly correlated for the seven poly-
morphisms located within the NF1 gene. Virtually
complete disequilibrium is maintained among six inter-
nal polymorphisms in an 80-kb region that lies within
the coding sequence (with the exception of only several
kb). A slight decrease in disequilibrium is observed be-
tween these polymorphisms and the relatively distant
fHBS-E.3 polymorphism. Yet disequilibrium decreases
substantially when one proceeds only 68 kb in the 3’
direction to the p11-1F10 polymorphism, which lies
well outside the coding region of the gene. Several ex-
planations for this pattern can be considered.

First, the age of the polymorphisms could differ. Less
disequilibrium is expected between ancient polymor-
phisms, since disequilibrium dissipates through time as
a result of repeated recombinations. The fact that p11-
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1F10 shows low disequilibrium with all other polymor-
phisms argues against this interpretation. In addition,
the four polymorphisms assayed in Africans and Asians,
which span the region under study, were polymorphic
in both populations. This means that each polymor-
phism is relatively ancient, predating the divergence of
the major human races.

Second, lower disequilibrium with p11-1F10 could
be the result of a substantially higher mutation rate at
this locus. This may explain the lower disequilibrium
values sometimes observed for some repeat polymor-
phisms (Elbein 1992) and for polymorphisms recog-
nized by the Tagl or Mspl enzymes. The p11-1F10 poly-
morphism, however, is a simple two-allele restriction
site polymorphism recognized by Pstl.

Third, it could be posited that this result is a statisti-
cal artifact resulting from high sampling variance and a
lack of statistical power. Several lines of evidence argue
against this conclusion. The sample sizes used here are
large enough to detect even relatively small amounts of
disequilibrium. The formulas devised by Brown (1975)
show that 138 haplotypes (the minimum number used
here) will detect an r value as low as .31 with 95%
power (this is a conservative estimate based on two-al-
lele systems with gene frequencies of .70 and .30). The
confidence limits around the disequilibrium estimates
are small, indicating a high level of precision. Two dif-
ferent measures of disequilibrium, 7 and D/, yield the
same pattern. While these two measures are correlated,
it has been shown that D' is less likely to indicate a false
recombinational hot spot than is r (Hedrick 1987).

A related possibility, one that is more difficult to
exclude, is that this result is due to the effects of evolu-
tionary factors—such as drift, admixture, gene conver-
sion, and mutation—in small genomic regions (al-
though mutation is unlikely to have substantial effects
on disequilibrium [Carothers and Wright 1992]). These
effects, which arise in the history of the population,
cannot necessarily be overcome by increasing sample
sizes (Kaplan and Weir 1992). However, replication of
the same disequilibrium pattern in different popula-
tions, with different histories, increases confidence that
the pattern is biologically meaningful. In the present
study, the same pattern is seen in the Utah CEPH
kindreds, the non-Utah CEPH kindreds, and an ethni-
cally diverse sample of NF1 kindreds. In addition, a
recent brief report (Messiaen et al. 1993) demonstrated
strong disequilibrium among five polymorphisms (not
the same ones used here) within the NF1 gene in a series



1046

of Belgian kindreds. Replication of the result in several
different populations argues strongly for its reality.

A fourth explanation is that this pattern is the result
of low recombination in the pericentromeric region of
chromosome 17. It is well known that recombination is
relatively rare near centromeres, and previous studies
have noted a lack of recombinants 5’ to the NF1 gene
(O’Connell et al. 19895, 1993; Ward et al. 1990). While
this phenomenon may help to account for the high level
of disequilibrium among seven of the polymorphisms,
it is somewhat difficult to reconcile with the relatively
rapid decrease in disequilibrium for the p11-1F10 poly-
morphism.

Finally, it seems possible that recombination rates in
the region near p11-1F10 may be greater than those
within the coding portion of the NF1 gene. This could
be interpreted either as a hot spot for recombination
near p11-1F10 or as a cold spot for the remainder of the
region. The fact that disequilibrium, while lower, is still
significant for the p11-1F10 polymorphism seems to
argue against a recombinational hot spot. In the §' re-
gion of the B-globin gene, which may contain a hot
spot, disequilibrium values approach zero within 9 kb
(Chakravarti et al. 19844). Also arguing against this in-
terpretation is a lack of recombinants involving p11-
1F10 in the CEPH kindreds. Additional polymor-
phisms near the p11-1F10 polymorphism would have
been useful in better resolving this issue. However, no
other polymorphisms were found near p11-1F10.

It is more striking that there is so little decay of dis-
equilibrium across 340 kb of the NF1 gene. Typically,
disequilibrium dissipates more quickly than this. For
example, 7 values within the phenylalanine hydroxylase
locus are generally less than .50 for polymorphisms sep-
arated by 50 kb, and the values approach zero for those
separated by 90-100 kb (Chakraborty et al. 1987). Val-
ues that range from only .10 to .34 are seen in polymor-
phisms 35 kb apart or closer in the proa2(I) collagen
locus (Borresen et al. 1988). Correlation values drop
below .50 for polymorphisms separated by 60-70 kb in
the immunoglobulin heavy-chain region on chromo-
some 14 (Bech-Hansen et al. 1983). Correlations within
the 43-kb Apo B gene have a range of .09-.37 (Zerba et
al. 1991), and many of these are statistically nonsignifi-
cant. Three polymorphisms located within 10 kb of one
another in the LDL receptor locus have r values of .10-
47 (Hegele et al. 1990). In the insulin receptor locus,
Elbein (1992) obtained D’ values less than .20 for most
pairs of polymorphisms separated by more than 60 kb,
while the D’ values in the NF1 region are 1.00 for poly-
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morphisms separated by over 300 kb. Disequilibrium
also decreases rapidly with physical distance when ex-
tragenic regions are examined (Barker et al. 1984;
Litt and Jorde 1986). Significant disequilibrium is
maintained between major-histocompatibility-complex
class II polymorphisms that are approximately 1 map
unit apart, but this is likely to be caused by natural
selection (Begovich et al. 1992). It appears, then, that
the degree of disequilibrium maintained across the NF1
gene is rather remarkable in comparison with most
other measured genomic regions.

Reduced disequilibrium can be caused by sequences
thought to be recombinogenic, such as Alu inserts
(Vnencak-Jones and Phillips 1990). Sequence analysis
of a portion of the NF1 gene has shown that there are at
least six Alu inserts located between the pHu39.3 and
f7G4-GL.2 polymorphisms, but virtually complete dis-
equilibrium is maintained in this region. Strong disequi-
librium has also been observed near Alu sequences in
the insulin receptor (Elbein 1992) and LDL receptor
loci (Leitersdorf et al. 1989), and Alu repeats near the
human growth hormone (GH1) locus are not associated
with increased recombination (Vnencak-Jones and
Phillips 1990).

Evidence from yeast systems indicates that promoter
regions may also be associated with increased recombi-
nation (Oliver et al. 1992). Promoters may be located
within the NF1 gene, since three smaller genes are em-
bedded within a large intron of NF1 and are tran-
scribed from the opposite strand (Cawthon et al. 1990,
1991; Viskochil et al. 1991). These three genes, OMGP,
EVI2A, and EVI2B, are located in the same region as
the six internal polymorphisms reported in tight dis-
equilibrium here. If the promoters are located near the
embedded genes, the yeast data, if applicable to mam-
malian systems, would predict increased recombination
in this region. The disequilibrium results clearly indi-
cate otherwise.

It has often been suggested that linkage disequilib-
rium results may be useful for gene mapping and for
guiding chromosome walking experiments (Murray et
al. 1987; Pandolfo et al. 1990; Kupke et al. 1992). In
some cases, such as those of cystic fibrosis and Hun-
tington disease, disequilibrium patterns have been valu-
able in this regard (Kerem et al. 1989; Huntington’s
Disease Collaborative Research Group 1993). But there
are good reasons for caution and skepticism (Hedrick
1987, 1988; Thompson et al. 1988; Weir 1989, 1992).
The results presented here, as well as those reported in
other studies, offer the following guidelines: (1) Issues
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such as sample size, statistical power, and the age and
type of polymorphisms must be considered. (2) The
disequilibrium approach tends to be more useful for
locating disease genes caused primarily by one or a few
mutations. The disequilibrium gradient observed be-
tween cystic fibrosis and nearby polymorphisms re-
flects, in part, the fact that a single lesion, AF508, ac-
counts for 50%-70% of cystic fibrosis mutations in
Caucasians (Cystic Fibrosis Genetic Analysis Consor-
tium 1990). Similarly, about one-third of Huntington
disease genes are found on the same chromosome hap-
lotype (MacDonald et al. 1992). For a disease such as
NF1, in which any particular mutation accounts for
only a small proportion of cases, linkage disequilibrium
comparisons using the disease genotype would not be
useful for isolating the disease gene. (3) Even with large
sample sizes and a small number of mutations, evolu-
tionary forces such as genetic drift and admixture may
upset the predicted relationship between disequilib-
rium and physical distance, especially in small genomic
regions. A judicious choice of populations may help to
overcome this problem. Isolated, well-defined popula-
tions with well-characterized histories may be most
useful (Histbacka et al. 1992). (4) As with any associa-
tion study, disequilibrium results are much more con-
vincing when replicated in multiple populations.

It is intriguing that disequilibrium is much higher
within the NF1 coding sequence than it is in the region
3’ of the stop codon. A similar finding was reported in
the B-globin region, where two intragenic polymor-
phisms defined by HgiAl and Awvall were in strong dis-
equilibrium with one another but revealed no disequi-
librium with a Hinfl polymorphism located 1 kb 5 to
the gene (Chakravarti et al. 1984a). Although studies of
other regions tend to show less intragenic disequilib-
rium than in NF1, few have systematically compared
disequilibrium in extragenic versus intragenic polymor-
phisms. Such comparisons should be made in addi-
tional genomic regions to test the generality of the pat-
tern observed in this study. If this pattern proves to be
sufficiently general, then the observation of increased
disequilibrium among polymorphisms in previously un-
characterized regions could be useful in helping to lo-
cate genes.

Note added in proof.—The 3’ end of the NF1 gene
was recently cloned by one of us (D.V.) and lies 3.5 kb
telomeric to the stop codon in exon 49. This proves
that the p11-1F10 polymorphism is located approxi-
mately 70 kb from the 3’ end of the NF1 gene.
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