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A DNA Probe for the LDL Receptor Gene Is Tightly
Linked to Hypercholesterolemia in a Pedigree

with Early Coronary Disease
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SUMMARY

A large, multigenerational family with dominantly inherited hyper-
cholesterolemia was analyzed for genetic linkage between blood
levels of low-density lipoprotein (LDL) cholesterol and the locus for
the LDL receptor. A genetic marker was identified by restriction frag-
ment length polymorphism (RFLP) in a cloned segment of the LDL
receptor gene. We found no exceptions to segregation of the high-
LDL cholesterol phenotype with a unique allele at the LDL receptor
locus in this pedigree; tight linkage was indicated by a maximum lod
score of 7.52 at 0 = 0. Knowledge of the LDL receptor genotype will
enable investigators to study variability of phenotypic expression in
response to environmental influences or to different genetic determi-
nants.

INTRODUCTION

Genetic markers based on DNA sequence polymorphisms represent one of the
most important recent developments in analysis of human genetic disease,
because individual genotypes can now be defined by linkage analysis in families
suspected of segregating a mutant allele of a gene of interest. When, as some-
times happens, DNA sequence polymorphisms are detected by a cloned human
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gene sequence, we have a direct method for defining a genetic marker located
very close to a specific gene [1]: the cloned sequence serves as a probe to
identify restriction fragments at the gene locus by the method of Southern [2].
The proximity of the polymorphisms (marker alleles) to the site of the hy-
pothesized mutation within the gene, rarely more than a few thousand base
pairs away, means that recombination should occur at a frequency less than
10-4. Linkage analysis becomes, therefore, a precise means of defining geno-
types at a specific gene locus for individuals in families.

Furthermore, the genetic linkage approach can detect mutations that affect
gene expression only in a temporal or a tissue-specific fashion. These regula-
tory mutants might be otherwise very difficult to detect, because examination
of the protein amino acid sequence or measurement of the level of the specific
protein product in gross tissue might fail to reveal the mutation. However,
occasionally a particular gene is implicated in the etiology of a disease and
becomes the obvious choice for a linkage analysis. A probe cloned from such a
candidate gene can detect regulatory mutants by linkage approaches in family
studies, even under circumstances of reduced penetrance.

In diseases that are characterized by altered levels of certain proteins, link-
age studies with a candidate gene could determine whether the protein alter-
ation is a cause, or only an effect, of the disease. Moreover, if a marker with
several alleles can be developed at the gene locus, linkage studies need not be
large in scale; a single family with perhaps a half-dozen affected individuals
may be sufficient to establish the null hypothesis if even a few recombinants are
observed. Limiting such a study to a single family should reduce concerns over
heterogeneity.
The group of disorders that includes coronary heart disease and hypertension

is an interesting prospect for application of the candidate gene approach. There
is mounting evidence that genetic predisposition is an important risk factor in
these disorders, although heterogeneity and multifactorial etiology are likely
[3]. One of the clearest examples of inherited predisposition to coronary heart
disease is familial hypercholesterolemia (FH), which is characterized by high
levels of total cholesterol and low-density lipoprotein (LDL) cholesterol; stud-
ies in many families have indicated that this disorder can result from a genetic
defect in the LDL receptor protein [4, 5]. Individuals heterozygous for this
receptor defect are at increased risk for early coronary disease and show a
characteristic phenotype of elevated total and LDL cholesterol from early
childhood, and xanthomas later in life. In some hypercholesterolemic families,
xanthomas are infrequent or absent; in these cases, physicians may not be
alerted to an early diagnosis. But if the elevated LDL cholesterol levels in such
families are due to an inherited deficiency in the LDL receptor gene, the high
levels should segregate with a specific allele of the gene, and FH could be
confirmed by genetic testing at a preclinical stage, even as early as birth. We
examined this hypothesis in a large Utah kindred showing a high incidence of
elevated LDL cholesterol in the absence of xanthomas, using the recently
cloned gene for the LDL receptor [6] to test affected individuals for linkage of
elevated LDL cholesterol with the LDL receptor locus.
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MATERIALS AND METHODS

Family Ascertainment

Coronary heart disease pedigree #26 (CHD 26) was among several Utah pedigrees
previously ascertained through men with early (before age 55) myocardial infarction, as
part of an ongoing study of coronary heart disease. This particular pedigree was selected
for linkage studies because support for the segregation of a major gene for hypercholes-
terolemia had been found earlier by pedigree analysis [7].

Lipid Determinations

Serum total cholesterol, triglycerides, and high-density lipoprotein (HDL) cholesterol
measurements were performed by the clinical laboratories at the University of Utah,
using well-established techniques [8]. LDL cholesterol values were subsequently cal-
culated from these measurements, according to the Friedewald equation [9].

Genotype Determinations at the LDL Receptor Locus

A cDNA clone of the LDL receptor gene, pHH 1 [6], reveals a two-allele site polymor-
phism with the restriction enzyme PvuII [10, 11]. Allele 1 is 16.3 kilobases (kb) long and
has a frequency in unrelated individuals of .8. Allele 2 has fragments of 14.0 kb and
2.3 kb, with a frequency of .2. Individual human DNA was isolated from the nuclei of
peripheral white blood cells. The genotypes were determined by hybridization of the
radiolabeled, nick-translated LDL receptor cDNA probe to PvuII-cut human DNA,
after electrophoresis of the DNA in agarose gels and transfer to nylon membranes [12].

Linkage Analysis

Lod scores were computed using the Pedigree Analysis Package, PAP [13]. LDL
cholesterol levels were adjusted for age and sex effects by regression analysis after
logarithmic transformation. We assumed a mixed model of inheritance [14, 15], in which
a major locus and independent polygenes determine the level of a quantitative trait. The
parameters of the model, fixed at the maximum likelihood estimates obtained previously
[7], were: hypercholesterolemia allele frequency of .0052; means of 124 and 304 mg/dl in
the original scale for normal homozygotes and heterozygotes, respectively, and poly-
genic heritability of 68%.

RESULTS

Mendelian inheritance of polymorphism at the LDL receptor locus was
confirmed by segregation studies in our large panel of complete, 3-generation
linkage pedigrees [16]. No exceptions to Mendelian inheritance were found
when 10 of these families were genotyped at the LDL receptor locus. Figure 1
shows segregation of these alleles in a selected family of CHD 26. The informa-
tive part of the CHD 26 pedigree is shown in figure 2, which indicates the
individual genotypes at the LDL receptor locus and adjusted LDL cholesterol
values. The distribution of age- and sex-adjusted LDL cholesterol levels in
figure 2 suggests a bimodality consistent with a significant genetic component.
The mean of LDL cholesterol levels for affected heterozygous individuals
in CHD 26 is 328 + 6.32 (SE) mg/dl, and for unaffected persons 145 ± 0.96
mg/dl. The corresponding levels for total cholesterol are 360 4.50 mg/dl and
209 ± 0.81 mg/dl. Triglycerides were not elevated in affected individuals, and
HDL cholesterol levels were consistently lower in affected family members
than in their normal counterparts.
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FIG. 1.-Autoradiograph of DNA sequence polymorphism showing Mendelian inheritance in a
portion of CHD 26. Half-filled symbols represent individuals who are heterozygous for the defec-
tive LDL receptor gene and who have elevated LDL values. The marker lane on the left indicates
fragment lengths of 18.4 kb (top) and 8.5 kb (bottom). The figure does not include the lower part of
the autoradiograph that contains the constant 3.3-kb band and the smaller (2.3-kb) fragment of
allele 2.

Linkage analysis demonstrated that high LDL cholesterol levels were linked
at the LDL receptor locus, with a maximum lod score of 7.52 at 0 = 0 (fig. 3).
This strongly suggested that the LDL receptor locus is, in fact, responsible for
the high LDL cholesterol levels. Similar analysis using total cholesterol pro-
duced a maximum lod score of 7.99 for 0 = 0.

DISCUSSION

Our data provide strong support for the hypothesis that a mutant LDL recep-
tor gene accounts for the occurrence of high LDL cholesterol levels among
individuals in CHD 26. As shown in figure 3, the maximum likelihood value for
0 is zero, with a steep rate of decline in likelihood with increasing recombina-
tion fraction: the chance is greater than 95% that the true value for the recombi-
nation fraction is within the bounds defined by a one-unit drop in the lod score
[17]. The one-unit lod score range indicates that the high cholesterol phenotype
is within a .08 recombination distance from the LDL receptor gene. The likeli-
hood that this result would be obtained by chance between genes located on
different chromosomes is less than 1%.
Another hypothesis, based on the chance that the result obtained may be due

to a different gene in the vicinity of the LDL receptor, is somewhat harder to
quantify but is related to the probability that the second gene would happen to
be physically located within a distance that would give us the observed recom-
bination data. If we use the 95% confidence level to define the segment, we
need only calculate the probability that a gene locus would fall within a .16
recombination distance window in the genome. Taking the total genetic length
of the genome to be 3,300 centimorgans, and making a few simplifying assump-
tions, we calculate that the probability of such a chance occurrence is less than
.005.
Therefore, by either hypothesis of chance, the likelihood of observing our

dataset is quite small and support for the hypothesis that the high cholesterol
values are due to a defect in the LDL receptor gene is strong. Ultimately, the
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FIG. 3.-Lod score vs. recombination. Lod values for linkage between adjusted LDL levels in
107 members of CHD 26 and the LDL gene sequence polymorphism (allele 2) were calculated as
described in MATERIALS AND METHODS.

issue of chance association vs. mutation may be resolved by careful determina-
tions of LDL receptor activity in fibroblasts or by the demonstration that the
cloned LDL receptor gene from this family has a mutational lesion adequate to
account for the phenotype. The tight linkage we have observed rules out many
other genes known to be involved in lipid metabolism as major contributors to
hypercholesterolemia in CHD 26, because these other candidates do not map
close to the LDL receptor gene on chromosome l9p [17]. Occasionally, how-
ever, phenotypically similar families might be found in which the biochemical
etiology for FH is different, and such families would be expected to show no
linkage to the LDL receptor.

It is noteworthy that the entire study was accomplished within a single kin-
dred, since the possibility of heterogeneity was markedly reduced with such a
strategy. Furthermore, by doing the study within a single kindred, we main-
tained knowledge of the allelic phase relationships, considerably increasing the
efficiency of the study. However, Humphries et al. [11] were able to establish
tight linkage between the LDL receptor gene and hypercholestrolemia by com-
bining linkage data from two families; they obtained a lod score of 3.6 at 0 = 0.
The defective LDL receptor gene cosegregated with the more frequent 16.3-kb
allele in both families of that study, while in CHD 26, the cosegregating marker
was the less frequent allele.
The single-site polymorphism at the LDL receptor locus that was used for

the linkage studies in CHD 26 clearly is inadequate at the present time for
routine clinical or research purposes in many small FH families because the
allele frequencies are .8 and .2. However, development of other useful poly-
morphisms awaits only the discovery of RFLPs in sequences adjacent to the
pHHI clone.
CHD 26 was chosen for our initial study because its structure and phenotypic

pattern were optimal for the purpose. Nevertheless, we anticipate that the
approach is sufficiently powerful to reveal linkage even when the bimodal
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distribution of cholesterol values is not as obvious. In particular, it would be
instructive to examine large families that show only moderately increased
cholesterol levels in order to investigate the possible etiologic involvement of
mutant LDL receptor alleles showing milder phenotypic expression. In any
event, the ability to unambiguously determine genotype at a defective LDL
receptor locus will help investigators to elucidate the effects of environmental
factors such as drug therapy or diet on phenotypic expression of the mutant
gene, as well as possible interactions between the LDL receptor locus and
other genes. Variability in expression of disease in persons with the mutant
genotype is suggested by the observation that four affected male ancestors of
extended CHD 26 lived to ages 62-81 without early coronary disease [7].
The findings reported here validate the candidate gene approach to the study

of coronary heart disease; moreover, they are likely to have significant useful-
ness to members of CHD 26. Presumably, life-style changes and genetic coun-
seling could lessen the impact of the disease on the carriers of the defective
gene in this family and on their progeny. On the other hand, when individuals,
of whom there were five in CHD 26, are distinguished as a normal genotype
with the DNA marker but exhibit marginally elevated cholesterol levels, coun-
seling by the clinician need not take into account the risk of passing FH to
offspring.
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