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Abstract

 

Interindividual differences in plasma low-density lipopro-
tein cholesterol (LDL-C) levels reflect both environmental
variation and genetic polymorphism, but the specific genes
involved and their relative contributions to the variance in
LDL-C are not known. In this study we investigated the re-
lationship between plasma LDL-C concentrations and three
genes with pivotal roles in LDL metabolism: the low-density
lipoprotein receptor (

 

LDLR

 

), apolipoprotein B (

 

APOB

 

),
and cholesterol 7

 

a

 

-hydroxylase (

 

CYP7

 

). Analysis of 150 nu-
clear families indicated statistically significant linkage be-
tween plasma LDL-C concentrations and 

 

CYP7

 

, but not

 

LDLR

 

 or 

 

APOB.

 

 Further sibling pair analyses using indi-
viduals with high plasma LDL-C concentrations as pro-
bands indicated that the 

 

CYP7

 

 locus was linked to high
plasma LDL-C, but not to low plasma LDL-C concentra-
tions. This finding was replicated in an independent sam-
ple. DNA sequencing revealed two linked polymorphisms in
the 5

 

9

 

 flanking region of 

 

CYP7.

 

 The allele defined by these
polymorphisms was associated with increased plasma LDL-C
concentrations, both in sibling pairs and in unrelated indi-
viduals. Taken together, these findings indicate that poly-
morphism in 

 

CYP7

 

 contributes to heritable variation in
plasma LDL-C concentrations. Common polymorphisms in

 

LDLR

 

 and 

 

APOB

 

 account for little of the heritable varia-
tion in plasma LDL-C concentrations in the general popula-
tion. (

 

J. Clin. Invest.

 

 1998. 101:1283–1291.) Key words: cho-
lesterol 7 alpha-monooxygenase 

 

• 

 

polymorphism (genetics) 

 

•

 

bile acids

 

Introduction

 

Elevated plasma concentrations of low-density lipoprotein
cholesterol (LDL-C)

 

1

 

 are a major risk factor for coronary
heart disease (1). Accordingly, considerable research efforts

have been focused on the factors that determine plasma LDL-C
concentrations (2). Data from family and twin studies have in-
dicated that genetic factors account for 

 

z

 

 50% of the interindi-
vidual variation in plasma LDL-C concentrations (3–6). The
molecular mechanisms responsible for genetic variation in
plasma LDL-C concentrations have been most clearly eluci-
dated in Mendelian disorders of LDL metabolism. In familial
hypercholesterolemia (7), mutations in the gene encoding the
LDL receptor (

 

LDLR

 

) cause markedly elevated plasma LDL-C
concentrations. A similar phenotype is observed in familial de-

 

fective apoB, caused by a G

 

→

 

A mutation in codon 3500 of the
gene encoding apolipoprotein B (

 

APOB

 

; 8). Several other
mutations in 

 

APOB

 

 cause familial hypocholesterolemia in
which affected individuals have very low plasma LDL-C con-
centrations (9). These syndromes, however, are relatively rare
in most populations, and therefore account for a minor frac-
tion of the heritable variation in plasma LDL-C concentra-
tions.

Much less is known about the causes of heritable variation
in plasma LDL-C concentrations in the general population. In
most families, segregation of plasma LDL-C concentrations is
not consistent with simple Mendelian inheritance; therefore,
heritable variation in plasma LDL-C concentrations presum-
ably reflects common sequence polymorphisms in genes that
modulate LDL metabolism. Associations between plasma
LDL-C concentrations and common polymorphisms in several
genes have been reported, but these effects have generally
been small, and have not proven to be consistent (10–13). To
date the only common polymorphism that has consistently
been shown to be associated with heritable variation in plasma
LDL-C concentrations lies in the gene encoding apolipopro-
tein E (

 

APOE

 

), a ligand for receptor-mediated lipoprotein up-
take (14). Three common alleles of 

 

APOE

 

 (

 

e

 

2, 

 

e

 

3, and 

 

e

 

4)
have been systematically associated with different plasma
LDL-C concentrations in several populations (14), accounting
for 

 

z

 

 5–10% of the population variance in plasma LDL-C con-
centrations (15). Polymorphism in 

 

APOE

 

 therefore explains a
small fraction (10–20%) of the heritable variation in plasma
LDL-C concentrations. The primary cause(s) of heritable vari-
ation in plasma LDL-C concentrations remains to be deter-
mined.

Our laboratory has initiated a systematic study of several
candidate genes that may affect LDL-C concentrations. By us-
ing allele-sharing methods in nuclear families, the contribution
of these genes to heritable variation in plasma LDL-C concen-
trations can be determined. In this report we focus on 

 

LDLR

 

,

 

APOB

 

, and the gene encoding cholesterol 7

 

a

 

-hydroxylase
(

 

CYP7

 

), the rate-limiting enzyme in bile acid biosynthesis.
Each of these genes has a pivotal role in LDL-C metabolism,
and genetic (7–9) or pharmacological (16–20) alterations in
their expression leads to marked alteration in plasma LDL-C
concentrations. To assess the sensitivity of the analysis, 

 

APOE

 

was used as a positive control.
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Abbreviation used in this paper:

 

 LDL-C, low-density lipoprotein
cholesterol.
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Methods

 

Subjects

 

The study protocol was approved by the Institutional Review Board
of the University of Texas Southwestern Medical Center at Dallas.

For heritability estimation and initial linkage analysis, 934 indi-
viduals from 150 nuclear families in which both parents and three or
more children were available for sampling were recruited by adver-
tisements in newspapers, churches, and health centers (Group 1).
These families were ascertained solely on the basis of family size with
no a priori knowledge of plasma LDL-C concentrations. None of
these individuals had familial hypercholesterolemia or familial hypo-
betalipoproteinemia. Blood samples were drawn from all available
family members, but data from 102 individuals (68 parents and 34 off-
spring) who were diabetic or postmenopausal, or who took lipid-low-
ering medication or hormone replacement were excluded a priori
from the analysis. In addition, since the Friedewald equation provides
a less reliable estimate of LDL-C in hypertriglyceridemic sera (22), 22
individuals (15 parents and 7 offspring) who had plasma triglyceride
concentrations 

 

.

 

 300 mg/dl were also excluded.
Corroborative linkage analyses were performed in a second

group (Group 2) comprising 347 individuals from 54 nuclear families
ascertained through individuals who had symptomatic, premature
coronary artery disease. Association studies were performed in a
third group (Group 3) comprising unrelated men and women re-
cruited at health fairs at the Dallas Fire Department and three hospi-
tal-based fitness centers. None of these individuals used lipid-lower-
ing medication, and none of the women were postmenopausal.

All individuals in the study identified themselves as white, and
not of Hispanic origin. Fasting blood samples were drawn into 10-ml
vacuum tubes containing sodium EDTA. Plasma was separated by
centrifugation and stored at 4

 

8

 

C until analysis. Genomic DNA was
isolated from the white blood cell pellet using an automated DNA ex-
tractor (Applied Biosystems, Inc., Foster City, CA). Informed con-
sent was obtained from each study participant, and ascertainment was
essentially complete (

 

.

 

 95%) for children over the age of 5 yr. All
participants completed a detailed questionnaire to furnish data on
family history, past and current health status, diet and exercise habits,
alcohol and tobacco use, and medications.

 

Plasma lipid, lipoprotein, and apolipoprotein B assay

 

Plasma cholesterol and triglyceride concentrations were determined
in duplicate by enzymatic assay using commercial reagents (Choles-
terol/HP; Boehringer Mannheim Biochemicals, Indianapolis IN; and
Triglycerides GPO-TRINDER; Sigma Chemical Co., St. Louis, MO).
High-density lipoprotein cholesterol (HDL-C) was measured in the
supernatant after precipitation of apo B–containing lipoproteins with
sodium phosphotungstate (21). Samples from all individuals in a fam-
ily were analyzed in duplicate in the same assay. Intraassay variation
was 

 

,

 

 3% for plasma cholesterol and triglyceride, and 

 

,

 

 5% for
plasma HDL-C. Plasma LDL-C concentrations were calculated ac-
cording to the formula of Friedewald et al. (22). Calculated plasma
LDL-C concentrations were strongly correlated (

 

r

 

 

 

5

 

 0.88) with
plasma concentrations of apolipoprotein B determined by immuno-
turbidimetric assay (23, 24).

 

Segregation of candidate genes

 

In each nuclear family, segregation of the parental alleles of each can-
didate gene was determined using microsatellite polymorphisms that
cosegregated with the gene. For each parental allele, a haplotype was
constructed using at least two informative polymorphisms located
within 5 centimorgans of the gene. To preclude misspecification of al-
leles due to recombination between the marker locus and the gene,
each haplotype included one marker within the gene, or one marker
on each side of the gene. In cases where recombination could not be
excluded, the individual data were excluded from the analysis. The
microsatellite polymorphisms D19S394, D19S221, D19S411, and
D19S226 (for 

 

LDLR

 

); D2S220, D2S224, D2S1360, and APOB (for

 

APOB

 

); D8S1102, D8S1113, D8S507, and D8S285 (for 

 

CYP7

 

); and
D19S178, D19S197, and DM (for 

 

APOE

 

) were identified using the
Genome Database (25). The location of these microsatellite polymor-
phisms with respect to the candidate genes was confirmed in 20 large
nuclear families recruited by our laboratory (data not shown).

 

DNA sequencing

 

The coding region, intron/exon boundaries, and the 750 bp upstream
of the translation initiation codon of 

 

CYP7

 

 were sequenced using a
standard protocol for cycle sequencing (26). DNA regions to be se-
quenced were PCR-amplified and purified using spin columns to re-
move excess PCR primers and buffer. Sequencing reactions were per-
formed in 20-

 

m

 

l volumes containing 8 

 

m

 

l terminator mix, 100–200 ng
DNA template, 3.2 pmol primer, and 8 

 

m

 

l water. Reactions were
overlaid with 50 

 

m

 

l mineral oil, and subjected to 25 amplification cy-
cles. Extension products were purified using Centri-Sep (Princeton
Separations, Adelphia, NJ) spin columns, resuspended in loading
buffer (containing deionized formamide, 25 mM EDTA, and 10 mg/
liter blue dextran), heated to 90

 

8

 

C, and loaded onto an ABI 377 auto-
mated sequencer.

 

Assay of CYP7 polymorphism

 

A C

 

→

 

A substitution 278 bp upstream of the translation initiation
codon destroyed a Bsa I restriction site (5

 

9

 

 GGTCTC 3

 

9

 

). To assay
the polymorphism, a 968-bp fragment containing the restriction site
was PCR-amplified using the primers 5

 

9

 

 TGGTAGGTAAATTAT-
TAATAGATGT 3

 

9

 

 and 5

 

9

 

 AAATTAAATGGATGAATCAAA-
GAGC 3

 

9

 

. The fragment was labeled by adding 0.3 pmol [

 

32

 

P]dCTP
to the PCR reaction mixture. The PCR-amplified DNA fragment was
digested by adding 10 U of Bsa I in 30 

 

m

 

l NEB buffer 4 (New England
Biolabs Inc., Beverly, MA) to the PCR reaction, and was electro-
phoresed on a 5% polyacrylamide gel.

 

Statistical analysis

 

Heritability estimation.

 

The heritability index of plasma LDL-C lev-
els was estimated by regressing the average of the offspring plasma
LDL-C values on the midparent values using weighted least squares.
Weights to adjust for unequal family sizes were calculated as sug-
gested by Falconer (27), with an unweighted least squares estimate
used as the initial estimate of heritability in the weights.

 

Sibling pair linkage analysis.

 

Initial testing for linkage was per-
formed using the sibling-pair method developed by Haseman and El-
ston (28) as described in detail previously (29). In this method, the
squared sibling pair difference of plasma LDL-C concentrations (

 

D

 

)
is regressed on the proportion (

 

p

 

) of alleles shared by descent at the
candidate locus. Evidence for linkage is provided by a statistically sig-
nificant negative slope. Since our data do not meet the usual assump-
tions of the 

 

t

 

 test for the regression coefficient, corroborative testing
was performed using a nonparametric Monte Carlo simulation test
that mimics the probability mechanism of allele segregation under no
linkage. By randomly assigning arbitrarily labeled parental alleles to
each individual, the null distribution of the slope estimate can be de-
termined. We replicated this procedure 20,000 times. The 

 

P

 

 value was
calculated as the percentage of times the slope estimate based on the
randomly assigned alleles exceeded the slope calculated from the ob-
served data. All possible sibling pairs were used, and were treated as
independent observations.

 

Variance component linkage analysis.

 

To test for linkage under a
more complete genetic model that accommodates covariates and nu-
clear families, we used a robust variance components procedure pro-
posed by Hopper and Mathews (30) and developed by Amos (31).
Simulation studies indicate that this method offers greater power to
detect linkage than does the Haseman-Elston method (32). The null
hypothesis of no linkage was evaluated using a likelihood ratio test
that compares a model that allows for genetic correlation due to

 

CYP7

 

 with one that does not allow for this correlation. To provide
corroborative testing to the standard 

 

x

 

2

 

 test, we performed a Monte
Carlo simulation test (as described above) using the likelihood ratio
test statistic.
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Sibling pair correlations.

 

The intraclass correlation between the
plasma LDL-C concentrations of siblings was calculated by ANOVA.
To determine whether plasma LDL-C concentrations were more
highly correlated among siblings sharing both alleles of a candidate
gene than among siblings sharing no alleles of the gene, a Monte
Carlo simulation test was performed. Parental alleles were randomly
assigned to each individual, and the difference of the intraclass corre-
lation among sibling pairs sharing 2 and 0 alleles (r

 

2

 

 

 

2

 

 r

 

0

 

) was calcu-
lated. The procedure was repeated 10,000 times, and the 

 

P

 

 value was
calculated as the percentage of times the Monte Carlo differences ex-
ceeded the observed difference.

 

Analysis of selected samples.

 

To determine whether polymor-
phism in 

 

CYP7

 

 was specifically associated with high plasma LDL-C
concentrations, linkage studies were performed in sibships that in-
cluded at least one individual (proband) with high plasma LDL-C
concentrations. If polymorphism in 

 

CYP7

 

 is associated with high
plasma LDL-C concentrations, then plasma LDL-C concentrations
should be higher in siblings sharing both 

 

CYP7

 

 alleles in common
with the proband than in siblings who share neither of the proband’s

 

CYP7

 

 alleles. Sibling pair differences (proband 

 

2

 

 sibling) for plasma
LDL-C concentrations were calculated for all possible pairs in which
one member of the pair had plasma LDL-C concentrations exceeding
the 90th percentile for age and sex. The mean difference in LDL-C
concentrations of siblings sharing both 

 

CYP7

 

 alleles in common was
compared with the mean value of siblings sharing no 

 

CYP7

 

 alleles in
common using a one-sided, unpaired 

 

t

 

 test. The corresponding me-
dian values were compared using Wilcoxon’s rank test. These tests
were repeated using the 80th percentile as the threshold level for
probands. Sibships containing more than one potential proband were
analyzed using (

 

a

 

) all possible probands, or (

 

b

 

) one proband selected
at random from among eligible siblings. To test for linkage between
CYP7 and low plasma LDL-C concentrations, the analysis was per-
formed using the 10th and 20th percentiles as thresholds for proband
selection.

 

Association studies.

 

The association between a polymorphism
278 bp upstream of the translation initiation codon in 

 

CYP7

 

 and
plasma LDL-C concentrations was assessed in two ways.

First, plasma LDL-C concentrations were compared in siblings
that were fully discordant for the 

 

2

 

278 allele. This procedure allowed
us to compare CC and AA genotypes within families. Plasma LDL-C
concentrations were ranked within families, and the ranking scores
were analyzed across families. Let S

 

i1

 

 

 

, 

 

... 

 

, 

 

S

 

ini

 

 denote the n

 

i

 

 AA
ranks from the 

 

i

 

th family, and W

 

(i)
A

 

 

 

5

 

 S

 

i1

 

 

 

1

 

 ... 

 

1

 

 S

 

ini

 

 the Wilcoxon
rank-sum statistic computed for the 

 

i

 

th family. For unequal family
sizes, the test statistic

(where N

 

i

 

 is the number of siblings in the 

 

i

 

th family) is appropriate
for testing the significance of the effects of the polymorphism on
plasma LDL-C concentrations.

Second, plasma LDL-C concentrations of unrelated individuals
(Group 3) with the AA genotype were compared with those of indi-
viduals with the CC genotype using Wilcoxon’s rank test. Men and
women were compared separately.

 

Results

 

The genetic analyses in this study were performed in three se-
quential steps comprising linkage analysis in both unselected
and selected samples, DNA sequencing, and association stud-
ies both within families and in unrelated individuals. Overall
heritability estimation and initial linkage studies were per-
formed in subjects from Group 1. The distribution of plasma
LDL-C concentrations by age and sex in this sample were sim-
ilar to those observed in the National Health and Nutrition

WA W
i( )

A / Ni 1+( )[ ]∑=

 

Education Survey III (data not shown), a nationally represen-
tative sample of civilian noninstitutionalized US residents (1).

 

Heritability estimation.

 

To determine the overall contribu-
tion of genetic factors to variation in plasma LDL-C concen-
trations, a heritability estimate was derived using data from 77
families from Group 1 in which both parents and two or more

Figure 1. Scatterplot of plasma LDL-C concentrations in parents and 
their offspring. All families were ascertained solely on the basis of 
family size (Group 1). H is the slope of the regression line.

 

Table I. Linkage Between Plasma LDL-C Concentrations and 
LDLR, APOB, CYP7, and APOE*

 

Haseman-Elston sibling pair analysis

 

‡

 

Locus

All data Restricted data

 

t

 

 test Monte Carlo test

 

t

 

 test Monte Carlo test

 

APOE

 

0.003 0.004 0.003 0.010

 

LDLR 0.150 0.150 0.200 0.230
APOB 0.220 0.220 0.180 0.190
CYP7 0.060 0.060 0.020 0.050

Variance components analysis§

Locus Likelihood ratio Monte Carlo test

APOE 0.020 0.045
LDLR 0.140 0.270
APOB 0.460 0.880
CYP7 0.010 0.030

*Table entries are P values for linkage. All analyses were performed us-
ing data from 150 nuclear families who were selected solely on the basis
of family size (Group 1). ‡Haseman-Elston sibling pair linkage analysis
was performed using all possible pairs (n 5 1035) from 599 siblings. To
protect against the effects of outliers in the data, a second analysis was
performed on a restricted data set. Points exceeding the 97.5 percentile
at each p were excluded. §Variance components analysis was performed
using individuals in Group 1.
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children met the criteria for inclusion. Regression of mean off-
spring plasma LDL-C concentrations on the midparent value
indicated that 50% of the variation in plasma LDL-C concen-
trations was heritable (Fig. 1). The heritability estimate was
not appreciably different (53%) after z score adjustment of
plasma LDL-C concentrations for age and sex. Spousal plasma
LDL-C concentrations were not significantly correlated (r 5
0.02, P 5 0.87).

Sibling pair linkage analysis. Sibling pair linkage analyses
were performed to determine whether polymorphism in LDLR,

APOB, or CYP7 contributes to the heritable variation in
plasma LDL-C concentrations in this population. Since poly-
morphism in APOE is known to be associated with variation
in plasma LDL-C concentrations, this locus was used as a posi-
tive control for the linkage studies. The Haseman-Elston sib-
ling pair linkage procedure was used to test for linkage be-
tween each candidate gene and plasma LDL-C concentrations
in 599 siblings from 150 families in Group 1. Analyses were
performed on all possible pairs using both parametric and non-
parametric tests. To protect against the influence of outlying

Figure 2. Sibling pair analysis of linkage between plasma LDL-C concentrations and CYP7 and APOE. Data are squared sibling pair differences 
of observed plasma LDL-C levels. Subjects were unselected with respect to plasma LDL-C concentrations, and all possible sibling pairs (n 5 
1035) from 599 individuals in 150 nuclear families were included in the analysis. Median values are indicated by bars within boxes. Upper and 
lower quartiles are indicated by the tops and bottoms of the boxes, respectively. Whiskers indicate the 5th and 95th percentiles of the data.

Figure 3. Sibling pair analysis of linkage between plasma LDL-C concentrations and LDLR and APOB. Data are squared sibling pair differ-
ences of observed plasma LDL-C levels. Subjects were unselected with respect to plasma LDL-C concentrations, and all possible pairs (n 5 
1035) from 599 individuals in 150 nuclear families were included in the analysis. Median values are indicated by bars within boxes. Upper and 
lower quartiles are indicated by the tops and bottoms of the boxes, respectively; whiskers indicate the 5th and 95th percentiles of the data. 
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data points, analyses were repeated after excluding all points
beyond the 97.5th percentile at each p. Strong evidence for
linkage between APOE and plasma LDL-C was obtained un-
der all conditions tested (Table I, Fig. 2). In contrast, no evi-
dence for linkage was obtained between plasma LDL-C and
APOB or LDLR (Table I, Fig. 3). For CYP7, the P values ob-
tained were below, or very close to the nominal threshold for
significance testing (Table I, Fig. 2).

Variance component linkage analysis. To corroborate the
results of the sibling pair analyses and to estimate the propor-
tion of variation in plasma LDL-C concentrations that could
be accounted for by each candidate gene, a second series of
linkage analyses was performed using the robust variance

components procedure developed by Amos (31). This proce-
dure indicated statistically significant linkage between plasma
LDL-C concentrations and the APOE and CYP7 loci, but not
to the LDLR or APOB loci (Table I). Allelic variation in
APOE and CYP7 accounted for 11 and 15%, respectively, of
the total variation in plasma LDL-C concentrations.

Sibling pair correlations. Plasma LDL-C concentrations
were significantly more highly correlated in siblings sharing
both APOE alleles than in siblings sharing no APOE alleles in
common (Table II). Similarly, plasma LDL-C concentrations
were more highly correlated among siblings sharing both
CYP7 alleles in common, than among siblings sharing no
CYP7 alleles (Table II). Sibling pair correlations were not sig-
nificantly different among siblings sharing both, or no LDLR
or APOB alleles in common (Table II).

Analysis of selected samples. Analysis of specific subgroups
of sibling pairs was used to determine whether CYP7 polymor-
phism was associated with increased or decreased plasma
LDL-C concentrations. In Group 1, analysis of sibships includ-
ing probands with high plasma LDL-C concentrations indi-
cated statistically significant linkage between CYP7 and ele-
vated plasma LDL-C concentrations (Table III). Mean plasma
LDL-C concentrations were higher in siblings sharing both
CYP7 alleles than in siblings sharing no CYP7 alleles (Fig. 4).
No relationship was observed between CYP7 and low plasma
LDL-C concentrations. Analysis of Group 2 individuals also
indicated statistically significant linkage between CYP7 and
high plasma LDL-C concentrations (Table III).

DNA sequencing. To identify polymorphisms in CYP7, the
coding region, intron/exon boundaries, and the 750 bp up-
stream of the translation initiation codon of CYP7 were se-
quenced in 10 unrelated individuals with plasma LDL-C con-
centrations exceeding the 90th percentile for age and sex who

Table II. Intraclass Correlations Between Sibling Pairs

Gene n0 r0 n2 r2 P value for r0 2 r2

APOE 229 0.46 242 0.60 0.03
LDLR 215 0.45 240 0.48 0.38
APOB 215 0.42 240 0.48 0.20
CYP7 263 0.35 267 0.53 0.01

Data are from families selected solely on the basis of family size (Group
1). n0 is the number of sibling pairs sharing no alleles at the candidate lo-
cus. n2 is the number of sibling pairs sharing both alleles at the candidate
locus. r0 is the intraclass correlation between siblings sharing no alleles
at the candidate locus. r2 is the intraclass correlation between siblings
sharing both alleles at the candidate locus. P values were calculated us-
ing Monte Carlo simulation.

Table III. Linkage between CYP7 and Plasma LDL-C 
Concentrations in Siblings Selected for High or Low Plasma 
LDL-C Concentrations*

Proband threshold‡ n0 P 2 S0 n2 P 2 S2 t test Wilcoxon

mg/dl mg/dl P P

Group 1
90th percentile 36 53 53 30 0.001 0.001
80th percentile 96 33 110 22 0.014 0.008
20th percentile 94 223 102 220 0.200 0.330
10th percentile 43 225 59 222 0.280 0.380

Group 2
90th percentile 7 88 17 44 0.001 0.010
80th percentile 19 62 32 36 0.041 0.042
20th percentile 24 242 20 243 0.530 0.620
10th percentile 14 244 9 253 0.700 0.850

*Data in the table include all possible probands within each sibship.
Similar results were obtained using a single proband selected at random
within each sibship. ‡LDL-C percentile for age and sex. n0 is the number
of sibling pairs sharing no CYP7 alleles. n2 is the number of sibling pairs
sharing both CYP7 alleles with the proband. P 2 S0 is the mean differ-
ence in age- and sex-adjusted plasma LDL-C concentrations between
the proband and siblings sharing no CYP7 alleles in common with the
proband. P 2 S2 is the mean difference in age- and sex-adjusted plasma
LDL-C concentrations between the proband and siblings sharing both
CYP7 alleles in common with the proband.

Figure 4. Z score–adjusted plasma LDL-C concentrations (mean6 

standard deviation) among siblings sharing no or two CYP7 alleles 
with probands. Probands had plasma LDL-C concentrations above 
the 90th percentile for age and sex. Bars in boxes are means.
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shared at least one CYP7 allele with a sibling who also had
plasma LDL-C concentrations exceeding the 90th percentile.
No sequence polymorphisms were detected in the coding re-
gions or intron/exon boundaries of these individuals. A C→A
polymorphism 278 bp upstream of the translation initiation
codon, and a T→C polymorphism 554 bp upstream of the in-
itiation codon were identified in three individuals. Of 37 indi-
viduals homozygous for the C allele at 2278, 35 were hom-
ozygous and 2 were heterozygous for the T allele at 2554,
whereas 17 of 18 individuals homozygous for the A allele at
2278 were homozygous for the C allele at 2554. These results
indicate that the two polymorphisms were in almost complete
linkage disequilibrium. Therefore, association studies were
performed using the polymorphism at 2278 only. In 132 men
and 163 women, the frequency of the 2278 C allele was 0.42,
and the genotype frequencies were in Hardy-Weinberg equi-
librium.

Association studies. Association studies were performed to
test the relationship between the CYP7 2278 polymorphism
and plasma LDL-C concentrations. In the 24 nuclear families
that had both CC and AA offspring, plasma LDL-C concen-
trations were significantly higher (P 5 0.03) in CC individuals
than in their AA siblings. In unrelated individuals, LDL-C
concentrations were higher in CC than in AA homozygotes
both in men and in women (Table IV).

Discussion

Several studies (3–6) have indicated that z 50% of the varia-
tion in plasma LDL-C concentrations in the general popula-
tion is genetically determined. Polymorphism in the genes con-
trolling LDL metabolism must therefore be an important
determinant of interindividual differences in plasma LDL lev-
els, but the number of genes involved and the magnitude of

their individual effects are not known. As a first step towards
elucidating the genetic architecture of plasma LDL-C concen-
trations, we used a sequential approach comprising linkage
analysis, DNA sequencing, and association studies to assess
the overall effect of polymorphism in three candidate genes
(LDLR, APOB, and CYP7) on plasma LDL-C concentrations
in 150 nuclear families. This analysis resulted in three primary
observations: first, statistically significant linkage between
plasma LDL-C concentrations and CYP7 was detected. Allelic
variation in CYP7 accounted for 15% of the overall variation
in plasma LDL-C concentrations. Analysis of selected samples
revealed linkage between CYP7 and high plasma LDL-C con-
centrations. No relationship between CYP7 and low plasma
LDL-C concentrations was observed. Therefore, alleles of
CYP7 (or a closely linked locus) that confer susceptibility to
increased plasma LDL-C concentrations must be common in
the population. Second, an allele defined by two polymor-
phisms in the 59 flanking region of CYP7 was found to be asso-
ciated with an increase in plasma LDL-C concentrations both
in sibling pairs and in unrelated individuals. This observation
strongly supports the linkage results, and indicates that genetic
variation in cholesterol 7a-hydroxylase activity contributes to
variation in plasma LDL-C concentrations. Third, no evidence
for linkage between plasma LDL-C concentrations and LDLR
or APOB was obtained. This finding indicates that common
polymorphism in these genes accounts for little of the heritable
variation in plasma LDL-C concentrations.

For each of the candidate genes, a comprehensive series of
analyses was performed to protect against spurious linkage.
Initial testing was performed using the sibling pair method de-
veloped by Haseman and Elston. This procedure was chosen
because it is based on simple genetic principles (28), is robust
to nonindependent sibling-pairs (33), and can readily be
adapted to nonparametric statistical tests (34). Furthermore,
although the procedure was originally based on a simple bial-
lelic monogenic model (28), we have shown that it can also be
applied to more complex traits influenced by multiple genes
with two or more alleles (35). Therefore, the method is appro-
priate for genetic analysis of plasma LDL-C concentrations.
Since the Haseman-Elston procedure is sensitive to outliers in
the data, analyses were repeated after excluding pairs with ex-
tremely discordant plasma LDL-C concentrations. Corrobora-
tive testing was then performed using a variance components
procedure developed by Amos (31). This procedure offers
greater statistical power than the Haseman-Elston method,
and addresses some of the limitations of the sibling pair ap-
proach. The variance components method uses nuclear family
data rather than sibling pairs, can directly accommodate cova-
riates such as age and sex, and allows for the effects of genes
other than the candidate gene (residual polygenic effects). The
use of both methods reduces the possibility of errors due to vi-
olation of the statistical or modelling assumptions on which the
tests are based. For each of the genes examined in this study,
the two methods of analysis provided highly congruent results.

Pharmacological manipulation of CYP7 expression by ad-
ministering bile acid–binding resins leads to a fivefold increase
in cholesterol 7a-hydroxylase activity (36, 37) that is associ-
ated with a 15–20% decrease in plasma LDL-C concentra-
tions. To date, however, the effects of polymorphism in this
gene on plasma LDL-C concentrations have not been re-
ported. In this study, evidence for linkage between CYP7 and
plasma LDL-C concentrations was obtained with both sibling

Table IV. Association Between CYP7 Genotype and Plasma 
Lipoprotein Concentrations

CYP7 Genotype

AA AC CC

Men
n 49 59 24
Age 4366 4467 4468
Total cholesterol 191627 196633 203629
Triglyceride 116648 113656 136661
HDL-C* 3667 3769 3969
LDL-C* 128623 136631 140630

Women
n 56 74 33
Age 3866 3965 4265
Total cholesterol‡ 171628 180636 191634
Triglyceride 98650 98655 111664
HDL-C 46610 51613 47612
LDL-C‡ 106626 110630 122630

Data are from unrelated men and women who were not using lipid low-
ering drugs. None of the women were postmenopausal, and none used
hormones. *For AA vs. CC, P , 0.05, Wilcoxon’s test. ‡For AA vs. CC,
P , 0.01, Wilcoxon’s test. Units are mg/dl.
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pair and variance components procedures using parametric
and nonparametric tests. Under all conditions examined, the
P values obtained were below or very close to the nominal sig-
nificance threshold for linkage (0.05). Further evidence for
linkage was provided by the observation that plasma LDL-C
concentrations were significantly more highly correlated among
siblings sharing both CYP7 alleles in common than among sib-
lings who shared neither CYP7 allele. Variance components
analysis indicated that polymorphism at the APOE and CYP7
loci accounts for 11 and 15%, respectively, of the variation in
plasma LDL-C concentrations in this sample of white Ameri-
cans. Thus, the overall effect of CYP7 polymorphism in the
population appears to be comparable in magnitude to that of
APOE. The possibility that the linkage observed between
CYP7 and plasma LDL-C concentrations is due to violation of
the statistical or modeling assumptions of the test procedures
seems very unlikely, since evidence for linkage was obtained
using both parametric and nonparametric statistical proce-
dures under genetically robust models. Furthermore, the ob-
served linkage could not be ascribed to outliers, nonindepen-
dent sibling pairs, or to covariates known to affect LDL,
including age, sex, and pharmacological drug use.

To determine whether allelic variation at the CYP7 locus
was specifically linked to high plasma LDL-C concentrations,
further linkage studies were performed using individuals from
Group 1 who had high plasma LDL-C concentrations as
probands. Siblings who inherited both CYP7 alleles in com-
mon with these probands had significantly higher plasma
LDL-C concentrations than did siblings who shared no CYP7
alleles in common with the probands. This finding was repli-
cated in an independent group of families (Group 2). In both
groups, parametric and nonparametric tests provided evidence
for linkage between CYP7 and high plasma LDL-C using a
plasma LDL-C concentration above the 90th percentile as a
threshold for proband selection. Evidence for linkage was also
significant at the less stringent 80th percentile threshold. A
parallel analysis using probands selected for low plasma LDL-C
concentrations revealed no evidence for linkage between CYP7
and low plasma LDL-C concentrations.

The simplest explanation of the linkage observed between
plasma LDL-C concentrations and CYP7 is that polymor-
phisms in the CYP7 gene that cause increased plasma LDL-C
concentrations are common in the population. To identify al-
leles that encode a less active cholesterol 7a-hydroxylase pro-
tein, we sequenced the coding region and intron/exon bound-
aries of CYP7 in 10 individuals with high plasma LDL-C
concentrations. By sequencing 10 randomly selected individu-
als, any allele with a population frequency of 0.1 or more
would be detected with a probability of z 88% (1–0.8110); by
using individuals selected for high LDL-C, the probability of
detecting an allele associated with high LDL-C is even greater.
Sequencing both the coding and noncoding strands revealed
no polymorphism in these individuals. Therefore, it is unlikely
that the linkage observed between CYP7 and high plasma con-
centrations of LDL-C is due to a common polymorphism in
the coding region of this gene.

Sequencing of the 59 flanking region of CYP7 identified
two polymorphisms (2278 C→A and 2554 C→T) that were in
almost complete linkage disequilibrium. In three independent
samples including a group of families having offspring with
both CC and AA genotypes, a group of unrelated men and a
group of unrelated women, plasma LDL-C concentrations

were significantly higher in 2278 C homozygotes than in 2278
A homozygotes. Therefore, these polymorphisms define a
common CYP7 allele associated with a systematic increase in
plasma LDL-C concentrations. Taken together, the results of
the association studies and the linkage studies in unselected
and selected samples provide strong evidence that polymor-
phism in CYP7 or in a closely linked gene contributes to heri-
table variation in plasma LDL-C concentrations. Interestingly,
plasma HDL-C concentrations were also higher in men who
were homozygous for the 2278 C allele. The significance of
this finding is unclear since the CYP7 genotype did not system-
atically affect plasma HDL-C concentrations in women. How-
ever, Machleder et al. have reported that cholesterol 7a-hydrox-
ylase activity segregates with plasma HDL-C concentrations in
mice (38). Further studies will be required to assess the rela-
tionship between CYP7 polymorphism and plasma HDL-C
concentrations.

Since we did not measure cholesterol 7a-hydroxylase activ-
ity directly, we can only speculate on the mechanisms underly-
ing the association observed between CYP7 and plasma LDL-C
concentrations. Since cholesterol 7a-hydroxylase activity is in-
versely related to plasma LDL-C concentrations, the nucle-
otide substitutions at 2278 or 2554 may reduce expression of
cholesterol 7a-hydroxylase protein by reducing the rate of
transcription from the CYP7 gene. It is also possible that these
polymorphisms do not directly affect expression of choles-
terol 7a-hydroxylase protein, but that another linked poly-
morphism in CYP7 reduces gene expression. Finally, we can-
not exclude the possibility that the 2278 allele is in linkage
disequilibrium with an LDL-raising allele of another as yet un-
identified gene, and that allelic variation in a gene closely
linked to CYP7 rather than in CYP7 itself causes systematic
variation in plasma LDL-C concentrations. Although none of
the genes known to regulate LDL metabolism have been
mapped to this region (8q11-q12), other as of yet unidentified
genes that influence plasma LDL-C concentrations may be
found near the CYP7 locus.

Mutations in LDLR and APOB account for the over-
whelming majority of Mendelian hyper- and hypocholester-
olemia. The dyslipidemias associated with these mutations are
dominant, indicating that a decrease in the function of either
gene by 50% (corresponding to the loss of a single allele) leads
to markedly altered plasma LDL-C concentrations. Therefore,
it might be expected that polymorphisms associated with
more subtle alterations of gene function would lead to moder-
ate changes in plasma LDL-C concentrations. However, the
present results indicate that polymorphisms in LDLR and
APOB are not a significant cause of heritable variation in
plasma LDL-C concentrations among unselected individuals.
Comprehensive analysis using both sibling pair and variance
components methods revealed no evidence for linkage be-
tween plasma LDL-C concentrations and either of these loci.
Since linkage methods based on allele sharing are known to
have low power to detect genes with modest effects on trait
levels, we assessed the sensitivity of the analyses used in this
study by testing for linkage between plasma LDL-C concen-
trations and APOE, a gene that accounts for z 10% of the
variance in plasma LDL-C concentrations. Under all condi-
tions tested, statistically significant linkage was detected be-
tween plasma LDL-C concentrations and APOE, indicating
that the sample size and analytical procedures used in this
study were sufficient to detect genes with moderate effects on
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plasma LDL-C concentrations. Therefore, it seems unlikely
that the failure to detect linkage between plasma LDL-C con-
centrations and allelic variation in LDLR and APOB reflects
an inadequate sample size. The results of the linkage analyses
were supported by the observation that plasma LDL-C con-
centrations were equally well correlated among siblings shar-
ing no alleles of LDLR or APOB, and among siblings sharing
both alleles of either candidate gene. The possibility that link-
age between plasma LDL-C concentrations and LDLR and/or
APOB was obscured by inadvertent bias in the recruitment of
the study subjects also seems highly unlikely because (a) the
subjects were recruited without regard to any phenotype, (b)
the distribution of plasma LDL-C concentrations among indi-
viduals in Group 1 match those of a large population-based
sample, and (c) the heritability estimate of plasma LDL-C con-
centrations from our data (z 50%) is in close agreement with
estimates reported by previous investigators. Accordingly, the
most likely explanation for our data is that polymorphisms in
LDLR and APOB that are systematically associated with al-
tered plasma concentrations of LDL-C are not common in the
general population. This finding is consistent with the results
of Ludwig et al. (39), who found functionally significant
APOB polymorphisms in only a small minority (, 2%) of hy-
percholesterolemic patients. In contrast, Gavish et al. (40)
found evidence for allele-specific differences in plasma apoB
concentrations in 2 out of 20 individuals with low (, 85 mg/dl)
levels of LDL-C. Therefore, while polymorphism in APOB
does not appear to contribute appreciably to overall variation
in plasma LDL-C concentrations, the effects of allelic varia-
tion at this locus may be more significant among individuals
with low plasma LDL-C concentrations.

The results of this study have significant implications for
the genetic architecture of plasma LDL-C concentrations. The
overall heritability of plasma LDL-C concentrations in this
study was 50%, consistent with the observations of several pre-
vious studies. Genetic factors are therefore an important de-
terminant of interindividual differences in plasma LDL-C con-
centrations, even among unselected individuals. Surprisingly,
LDLR and APOB, the genes responsible for the overwhelm-
ing majority of cases with Mendelian disorders of LDL metab-
olism, contribute little to the heritable variation in plasma
LDL-C concentrations in the general population. A compre-
hensive series of linkage analyses and association studies indi-
cated a significant role for CYP7 in determining plasma LDL-C
concentrations. Polymorphism at the APOE and CYP7 loci ac-
counts for as much as one half of the genetic variation in
plasma LDL-C concentrations. This finding indicates that her-
itable variation in plasma LDL-C concentrations is not due to
allelic variation in a single gene (monogenic), and is also not
due to the aggregate effect of subtle variations in a large num-
ber of genes (polygenic). Rather, heritable variation in plasma
LDL-C concentrations is due primarily to allelic variation in a
few key genes (oligogenic), each of which have moderate ef-
fects on plasma LDL-C concentrations.
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