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Abstract The genetic dissection of complex inherited dis-
eases is a major challenge. Despite limited success in finding
genes, substantial data based on genome-wide scan strategies
is now available for a variety of diseases and related pheno-
types. This can perhaps best be appreciated in the field of lipid
and lipoprotein levels, where the amount of information gen-
erated is becoming overwhelming. We have created a data-
base containing the results from whole-genome scans of lipid-
related phenotypes undertaken to date. The usefulness of this
database is demonstrated by performing a new autosomal ge-
nomic scan on apolipoprotein B (apoB), LDL-apoB, and apoA-I
levels, measured in 679 subjects of 243 nuclear families.
Linkage was tested using both allele-sharing and variance-
component methods. Only two loci provided support for link-
age with both methods: a LDL-apoB locus on 18q21.32 and
an apoA-I locus on 3p25.2.88 Adding those findings to the
database highlighted the fact that the former is reported as
a lipid-related locus for the first time, whereas the latter has
been observed before. However, concerns arise when display-
ing all data on the same map, because a large portion of the
genome is now covered with loci supported by at least sug-
gestive evidence of linkage.—Bossé, Y., Y. C. Chagnon, J-P.
Després, T. Rice, D. C. Rao, C. Bouchard, L. Pérusse, and M-C.
Vohl. Compendium of genome-wide scans of lipid-related
phenotypes: adding a new genome-wide search of apolipo-
protein levels. J. Lipid Res. 2004. 45: 2174-2184.

Supplementary key words lipoproteins ¢ quantitative trait locus e car-
diovascular risk factors e linkage ¢ dyslipidemia

Mapping genes involved in complex human diseases is
one of the major challenges in human genetics. With the
increasing incidence of chronic diseases in industrialized
societies, finding these genes is clinically and economically
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relevant. During the past few years, considerable research
resources have been deployed to study the genetic causes of
complex human diseases to better understand their patho-
genesis and, ultimately, improve prevention strategies, diag-
nostic tools, and therapies (1). Encouraged by the early
success in the identification of genes responsible for mono-
genic diseases, many investigators have embraced genome-
scan strategies. This trend has resulted in an enormous
amount of information, which is now typically difficult to
synthesize and interpret for a given complex disease.

The importance ascribed to lipid and lipoprotein levels
in risk estimation and in the treatment of coronary heart
disease (CHD) (2) has stimulated molecular studies to in-
vestigate the genetic causes underlying human variation
in these traits. A large number of genome-wide screens of
serum lipid-related phenotypes have been performed to
date, and a review of such studies seems timely. Because
linkage results must be replicated to be credible (3), a
compendium of published quantitative trait loci (QTLs)
may facilitate the identification of replicated findings. To
provide an example on how such information can be use-
ful, we add the results of a new genome scan of apolipo-
protein B (apoB) and apoA-I levels to this compendium.

ApoB and apoA-I levels are good markers of CHD risk
(4, 5). A number of studies have clearly established that
genetic factors contribute to interindividual differences in
apolipoprotein levels. An elegant study comparing identi-
cal and fraternal twins reared together with twins reared
apart has shown that a large portion of the variance in

Abbreviations: apoB, apolipoprotein B; CHD, coronary heart dis-
ease; cM, centimorgan; IBD, identical by descent; LOD, logarithm of
the odds; QFS, Québec Family Study; QTL, quantitative trait locus.
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apoB and apoA-I levels is attributable to genetic factors,
with heritability estimates greater than 50% (6). In addi-
tion, based on complex segregation analyses, major gene
effects have been reported for these two phenotypes (7, 8).
Mutations in genes that encode apoB, LDL receptor, and
ABCALI have been implicated in monogenic disorders al-
tering plasma apolipoprotein levels, including familial hy-
pobetalipoproteinemia [Online Mendelian Inheritance
in Man (OMIM) 605019], familial hypercholesterolemia
(OMIM 143890), and hypoalphalipoproteinemia (OMIM
604091). However, these mutations do not account for the
variation in plasma apoB and apoA levels in the general
population. In an attempt to identify the responsible
genes, a large number of association and linkage studies
have been performed with candidate genes. These studies
have been difficult to interpret because of conflicting results,
lack of replication, and the occurrence of positive find-
ings only in specific subgroups. Perhaps the highest link-
age signal for apoB levels was reported in Dutch pedigrees
on chromosome 1p31 [logarithm of the odds (LOD) =
4.7] (9). Other suggestive linkages (LOD > 1.7) have been
found on chromosome 12q24 for apoA-I (10) and on Ip,
11924, 21g21, and Xq23 for apoB (11, 12). However, other
genome-wide scans failed to identify QTLs for apoB levels
(10, 13). To search for additional loci influencing apoB
and apoA-I levels or to replicate previous findings, we per-
formed an autosomal genome scan among 243 nuclear
families participating in the Québec Family Study (QFS).

MATERIALS AND METHODS

Population

Subjects were participants in the QFS, an ongoing project with
French-Canadian families investigating the genetics of obesity
and its comorbidities (14). In this study, 679 subjects of 243 nu-
clear families had apolipoprotein measurements available. This
cohort represents a mixture of random sampling and ascertain-
ment through obese (body mass index > 32 kg/m?) probands.
Table 1 presents the characteristics of subjects in each of the sex
and generation groups. The study was approved by the Laval
University Medical Ethics Committee, and all subjects provided
written informed consent. All procedures followed were in accor-
dance with institutional guidelines.

Apolipoprotein measurements

Blood samples were obtained from an antecubital vein in the
morning after a 12 h overnight fast. The apolipoprotein measure-
ments were performed with the rocket immunoelectrophoretic
method (15). ApoB concentrations were measured in plasma,
whereas LDL apoB and apoA-I concentrations were measured in

the infranatant (d > 1.006 g/ml) obtained after separation of
very low density lipoprotein from the plasma by ultracentrifuga-
tion. The measurements were calibrated with reference stan-
dards obtained from the Centers for Disease Control and Preven-
tion (Atlanta, GA).

Linkage analysis

A total of 443 markers spanning the 22 autosomal chromo-
somes with an average intermarker distance of 7.2 centimorgan
(cM) were genotyped as described by Chagnon et al. (16). The
apolipoprotein traits were adjusted for the effects of age (up to
cubic polynomial to allow for nonlinearity), gender, and body
mass index using a stepwise multiple regression procedure re-
taining only significant covariates (P < 0.05) as described previ-
ously (17). Adjustments of the phenotypes were performed using
SAS (version 8.2).

We conducted quantitative trait linkage analyses using both al-
lele-sharing and variance-component methods. For the allele-shar-
ing method, we used the new Haseman-Elston regression-based
method (18), which models the mean corrected cross-product of
the sibs’ trait values instead of the squared sib pair trait differ-
ence used in the original method (19). Two-point and multipoint
(at 1 cM intervals) estimates of alleles shared identical by descent
(IBD) were generated using GENIBD software, and linkage was
tested using SIBPAL2 software from the S.A.G.E. 4.0 statistical
package (20). The maximum number of sib pairs was 347. Em-
pirical P values of the test statistic were also computed using a
Monte Carlo permutation procedure with 10,000 replicate per-
mutations for genomic regions containing two-point linkage
markers with suggestive evidence of linkage (P < 0.0023). Link-
age was also performed with a variance-component model using
the QTDT (quantitative transmission disequilibrium test) com-
puter program (21). Under this model, a phenotype is influ-
enced by the additive effects of a QTL (q), a residual familial
component attributable to polygenes (g), and a residual nonfa-
milial component (e). Hypothesis testing was performed with
the likelihood ratio test. The likelihood of the null hypothesis is
obtained by restricting the additive genetic variance attributable
to the QTL (O'q) equal to zero (oq = 0). The test is conducted by
contrasting this restricted model with the alternative, in which o4
is estimated (o4 # 0). The difference in minus twice the log like-
lihoods between the null and alternative hypotheses is approxi-
mately distributed as a Chi-square, which allowed LOD score
computation as x2/(2 log. 10). We have taken a LOD score of
=3.00 (P = 0.0001) as evidence of linkage and a LOD score of
=1.75 (P < 0.0023) as evidence of suggestive linkage (22). We
have also retained LOD scores of =1.18 (P =< 0.01) to identify
potential independent confirmation of a previously reported sig-
nificant linkage (23).

Database

The initial search for genome-wide scan publications on lipid-
related phenotypes was accomplished with keywords (genome
scan + lipoprotein and linkage + lipoprotein + genome) at the
bioinformatics site of the National Center for Biotechnology In-

TABLE 1. Characteristics of genome scan participants by gender and generation groups

Variable Fathers (n = 132) Mothers (n = 175) Sons (n = 164) Daughters (n = 208)
Age (years) 54.1 £ 9.7 50.9 = 9.2 27.2 £ 10.8 28.8 = 11.6

Body mass index (kg/m?) 295+ 6.3 30.56 =85 27478 28.3*+9.4

Total apoB (g/1) 1.13 = 0.22 1.02 = 0.24 0.89 = 0.23 0.87 = 0.20

LDL-apoB (g/1) 1.00 = 0.20 0.90 = 0.21 0.80 = 0.21 0.77 = 0.19

ApoA-I (g/1) 1.20 = 0.17 1.33 = 0.20 1.19 = 0.16 1.24 = 0.17

apoB, apolipoprotein B. Values are means = SD.
Bossé et al. Genome scans of lipid-related phenotypes 2175
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formation (www.ncbi.nlm.nih.gov). The publication list was com-
pleted and verified by examination of both the discussion section
and the reference list of the publication found in the initial
search. The search focused on results published before the end
of April 2003 and excluded abstracts presented at meetings.

A whole-genome scan Excel database for lipid-related pheno-
types was established. The database contained bibliographic de-
tails (first author, source, and years), study population (ethnic-
ity), ascertainment scheme, phenotypic traits, sample size details

(number of individuals, sib pairs, and families), linkage analysis
methods, and results. Any evidence of linkage, from suggestive
and better (LOD score = 1.7 or P< 0.0023) was treated as an ob-
servation (a hit). Results were entered in the database with the
name of the linked marker/gene, its location (megabase and chro-
mosomal band), and its maximum LOD score or Z score or P
value. For most studies, markers were provided in the papers and
were those defining the peak or were the closest to the signal.
When the marker’s name or the specific location of the QTL (hits)

TABLE 2. Summary of LOD scores = 1.18 or Pvalues < 0.01

pPb
Trait Chromosome Band? Distance Marker Two-Point (Empirical P Value) Multipoint LOD Score
cM

Total apoB 2q33.3 208.3 D2S1384 0.004439 NS NS
6p22.3 30.8 D6S2439 NS NS 1.32
6p21.33 38.0 TNF« NS NS 1.28
6p21.1 48.1 D6S1017 NS NS 1.34
6q23.1 143.2 D6S1040 NS NS 1.35
15q26.1 90.8 D15S652 0.007851 NS NS
18q21.32 62.0 D18S38 0.005121 NS NS
19q13.2 56.0 LIPE 0.009221 0.009682 NS
19q13.32 58.6 APOE 0.002271 (0.022600) NS NS
20p13 4.5 D20S482 0.002712 NS NS

LDL-apoB 1q42.2 230.4 D1S3462 NS 0.009261 NS
1q43 239.8 D1S547 0.005565 0.006285 NS
2q35 221.7 D2S434 NS NS 1.31
4q21.23 88.0 D4S1534 0.007840 NS NS
7q32.1 127.9 D7S1875 0.008742 NS NS
11q22.3 107.8 D11S2000 NS NS 1.28
12p13.32 3.3 D12S372 0.006271 0.009195 NS
13g32.1 97.0 D13S793 0.006976 NS NS
18q21.32 62.0 D18S38 0.004792 0.007469 2.05
18q21.32 62.5 MC4R NS NS 1.33
19q13.2 56.0 LIPE 0.001798 (0.097400) 0.003889 NS
19q13.32 58.6 APOE 0.001581 (0.051000) NS NS
20p13 4.5 D20S482 0.000051 (0.003200) 0.005086 NS

ApoA-1 3p25.2 12.6 D3S1259 0.000022 (0.040200) 0.000161 1.21
4q31.1 149.6 UCP1 NS 0.000800 NS
4q31.21 153.0 D4S1586 NS 0.000001 NS
5q21.3 138.0 D5S1453 0.000084 (0.038600) NS NS
5q31.3 158.7 D5S1480 0.001577 (0.009200) NS NS
5q33.2 169.8 D5S497 0.003630 NS NS
7p22.2 4.2 D7S3056 0.002641 NS NS
9q31.3 100.2 D9S1835 0.000086 (0.052600) NS NS
9q33.3 115.2 D9S282 0.000450 (0.011689) NS NS
10q21.1 58.2 D10S1221 0.001651 (0.005800) NS NS
11p15.1 18.6 SUR 0.000900 (0.001300) NS NS
11q13.2 72.1 D11S4136 NS 0.001624 NS
12q24.21 115.0 D12S2070 0.000026 (0.021000) 0.000176 NS
12q24.23 119.1 D12S395 NS 0.008953 NS
13933.3 106.9 D13S796 NS 0.000008 NS
15q11.2 21.9 D15S63 0.000001 (0.001100) NS NS
16p13.13 3.4 D16S748 NS 0.002019 NS
16p13.11 6.5 D16S405 NS 0.000091 NS
16p12.3 7.4 D16S287 NS 0.005713 NS
16p13.11 7.6 D16S764 0.000428 (0.072000) NS NS
16p11.2 30.8 D16S753 NS 0.007298 NS
16q12.1 49.3 D16S261 NS 0.000518 NS
16q12.2 55.6 D16S3253 NS 0.000006 NS
16q22.2 81.9 D16S2624 0.001318 (0.336600) NS NS
19q12 43.1 D19S433 NS 0.005224 NS
20q13.2 51.6 D20S480 NS 0.002670 NS
20q13.2 52.7 D20S120 NS 0.004233 NS
22q13.31 41.9 D22S274 0.006556 NS NS

LOD, logarithm of the odds.

“Chromosome bands are from the Human Genome browser of the University of California, Santa Cruz (http://

genome.ucsc.edu/).

®Markers showing suggestive evidence of linkage (P =< 0.0023 or LOD = 1.75) are in boldface, and markers show-
ing evidence of linkage (P = 0.0001 or LOD = 3.00) are in boldface and underlined. NS, P> 0.01 or LOD < 1.18.
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was not available in the original paper, the authors were contacted
and asked to provide the missing information. To identify possi-
ble replication and compared loci across studies, the location of
each linked marker/gene was positioned on a single map pro-
vided by the Human Genome browser of the University of Cali-
fornia, Santa Cruz (assembly, June 2002; http://genome.ucsc.edu).
When a two-stage strategy was reported in the publication, the P
value of the second stage was favored unless it did not reach the
criteria to be included in Table 4 (criteria based on whole-genome
scan). This decision was made to take the best out of these stud-
ies considering that the criteria for claiming significant linkage
are different between the first and second stages of the analysis.
Similarly, when multiple linkage methods were used in the same
publication, the most significant result was kept for the database.

To evaluate whether QTLs were randomly distributed across
the genome, we regressed the observed hit ratio against the ex-
pected hit ratio as reported previously (24). The observed hit ra-
tio of each chromosome was obtained as number of hits on a spe-
cific chromosome/number of hits across all chromosomes X 100;
the expected hit ratio of each chromosome was obtained as num-
ber of genes on a specific chromosome/total number of genes in
the genome X 100. The gene content of each chromosome and
for the whole genome are from Venter et al. (25). A significant
association (positive slope) between the observed and expected
hit ratios would suggest that the positive linkages reported in the
literature are distributed randomly across the genome. In con-
trast, if the association is missing, it would suggest that the ob-
served hits are concentrated within specific chromosomes con-
taining the genes controlling lipid and lipoprotein levels.

RESULTS

Genome scan on apoB, LDL-apoB, and apoA-I
in the QFS cohort

Detailed results for all chromosomes and phenotypes
are available in the three supplementary tables online. Ta-
ble 2 summarizes the markers showing weak to moderate
evidence of linkage (P =< 0.01 or LOD score = 1.18) with
the allele-sharing (two-point and multipoint) and the vari-
ance-component linkage methods. The highest variance-
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Fig. 1. Variance-component-based linkage results for chromo-
some 18 with the total apolipoprotein B (apoB) and the LDL-apoB
phenotypes. The two traits are adjusted for the effects of age, age?,
age’, gender, and body mass index. LOD, logarithm of the odds.

component LOD score was obtained for LDL-apoB on
chromosome 18q21.32 (LOD = 2.05) (Fig. 1). Hits were
also observed by the variance-component method for total
apoB on 6p22.3-p21.1 and 6q23.1, for LDL-apoB on 2q35
and 11g22.3, and for apoA-I on 3p25.2.

In this study, the new Haseman-Elston linkage method
yielded more genetic loci. For LDL-apoB, single-point evi-
dence of linkage was observed on 20p13. In addition, the
apoE and LIPE locus on 19q13 suggested the presence of
a susceptibility locus for LDL-apoB as well as for apoB lev-
els. The search for loci influencing apoA-I concentrations
has been the most productive. Indeed, single-point link-
ages were demonstrated in five genomic regions: 3p25.2
(Fig. 2), 5q21.3, 9q31.3, 12q24.21, and 15q11.2. Sugges-
tive evidence was also observed on 10q21.1, 11pl5.1,
16p13.11, and 16q22.2. Multipoint linkage analysis, on the
other hand, revealed strong evidence of linkage (P <
0.000001) on a2 cM region (151-153 cM) flanked by UCP1
and D4S1586 markers. Additional multipoint linkages
were observed on 13q33.3 and 16p13.11, with the stron-
gest signals observed with markers D13S796 and D16S405,
respectively. Finally, a multipoint linkage was observed on
16q12, with the highest peak (P = 0.000003) located be-
tween marker D16S261 and D16S3253 at 54.4 cM.

Most of the strong linkage evidence observed with the
allele-sharing linkage method (both single point and mul-
tipoint) was not supported by the variance-component
method. Only two loci, one at 18q21.32 (marker D18S38;
Fig. 1) for LDL-apoB and the other at 3p25.2 (D3S1259;
Fig. 2) for apoA-I, were supported by both the allele-shar-
ing and the variance-component methods. These findings
were added to the accumulating database derived from the
published genome-wide scans for lipid-related phenotypes.

Descriptive statistics of the database containing published
genome-wide scans for lipid-related phenotypes

The database included 32 citations published from 1998
through 2003. Phenotypes incorporated in the database

Chromosome 3

0.0001+

0.0014

0.014

Probability

0.19

0 50 100 150 200
Centimorgans

Fig. 2. Two-point (solid line) and multipoint (dashed line) sib
pairs linkage analysis for chromosome 3 with the apoA-I phenotype.
ApoA-1 is adjusted for the effects of age, age?, age?, gender, and body
mass index. The horizontal dotted line is a reference correspond-
ing to P = 0.01.
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and the number of genome scans for each phenotype are
presented in Table 3. The most frequently studied pheno-
types were total cholesterol (n = 10), LDL-cholesterol (n =
11), HDL-cholesterol (n = 18), and triglyceride (n = 16).
Studies of familial hypercholesterolemia, familial combined
hyperlipidemia, and familial hypobetalipoproteinemia typ-
ically used a disease affliction status (affected or unaffected)
based on lipid and nonlipid criteria. The other phenotypes
were treated as either quantitative or qualitative variables.
The study design, the sample size, and the linkage meth-
ods varied greatly between studies. Only 15.6% of the in-
vestigations were conducted among families ascertained
randomly. The remaining were ascertained based on specific
clinical criteria such as familial combined hyperlipidemia,
familial hypercholesterolemia, familial hypobetalipopro-
teinemia, CHD, myocardial infarction, low HDL-choles-
terol concentrations, hypertension, obesity, and type 2 diabe-
tes. Few studies were from genetically isolated populations,
such as the Hutterites, North-Eastern Indian, and Pima In-
dians.

Table 4 presents a summary of the loci providing evi-
dence of linkage from the compendium of whole-genome
scans. A total of 152 hits were identified, which suggests
that an average of 4.8 positive loci per study reached the
suggestive threshold of significance (P < 0.0023 or LOD =
1.7). To evaluate whether positive loci were randomly dis-
tributed across the genome, we plotted the observed num-
ber of hits against the expected number of hits for chro-
mosomes 1-22 (Fig. 3) (see Materials and Methods). A
close relationship between positive loci and theoretical gene
content was apparent. This suggests that the null hypothe-
sis of random linkage across the genome cannot be re-
jected. On the other hand, some chromosomes showed an
increased number of observed hits relative to expected

hits. Indeed, chromosomes 21, 13, 15, and 2 had observed-
to-expected hit ratios of 2.7, 2.4, 1.8, and 1.5, respectively.

DISCUSSION

The avalanche of information anticipated from whole-
genome linkage scans (23) has certainly been confirmed
for the field of blood lipids and lipoproteins. The accumu-
lating information may soon be overwhelming even for
the scientists. Here, we have produced a summary of the
loci providing evidence of linkage from published ge-
nome-wide scans carried out on blood lipid-related phe-
notypes (Table 4). We believe that such a compendium
will be useful to others in the field. For instance, it may
help investigators to access quickly the data on linkage for
a specific genomic region or a particular phenotype. We
have integrated all linkage signals on the same map to fa-
cilitate comparisons across studies.

To provide an example of the usefulness of this com-
pendium, we performed a new genome-wide search of apoB,
LDL-apoB, and apoA-I levels. The results suggested the ex-
istence of a susceptibility locus for LDL-apoB on 18q21.32
and a second one for apoA-I on 3p25.2. Additional link-
ages were observed with the allele-sharing linkage method,
but the lack of consistency across linkage methods made
the significance of these findings quit doubtful. From Ta-
ble 4, we can easily identify the other QTLs that have been
reported in the same regions from previous genome-wide
scan studies. Interestingly, the apoA-I locus on 3p overlaps
with the locus for low HDL-cholesterol levels reported in
Finnish families (26) and with the locus for LDL-3 (pheno-
type defined as the cholesterol concentration in small LDL
particles) observed in Mexican Americans (27). The re-

TABLE 3. Whole-genome scans of lipid-related phenotypes

Phenotype No. of Studies References
CH 10 10-12, 40-46

LDL-CH 11 13, 27, 40-42, 44-49
HDL-CH 18 10, 12, 13, 26, 40-43, 45, 46, 48-55
TG 16 10-13, 26, 40, 41, 43, 45, 46, 48, 49, 51, 54, 56, 57
Non-HDL-CH 1 13

CH/HDL-CH 1 10

LDL-CH/HDL-CH 2 45, 55

TG/HDL-CH 4 10, 45, 55, 57

TG/apoC-II1 1 13

Total apoB 5 10-13, this study

LDL-apoB 1 This study

ApoA-1 2 10, this study

ApoA-Il 1 10

ApoC-I 1 10

ApoC-II 2 10, 13

ApoE 1 10

Lp[a] 2 48, 49

FCHL 3 11-13

FH 5 44, 58-61

FHBL 1 28

HDL subfractions 1 29

LDL subfractions 1 27

LDL-PPD 2 17, 54

CH, cholesterol; FCHL, familial combined hyperlipidemia; FH, familial hypercholesterolemia; FHBL, familial
hypobetalipoproteinemia; LDL-PPD, LDL peak particle diameter; Lp[a], lipoprotein [a]; TG, triglyceride.
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Mb

D1S1608, 3735  4.3-65.1 1p36.32-p31.3 31 subjects; 1 kindred FH LOD = 6.8 58
D1S214, 228 6.5-13.4 1p36.31-p36.21 576 subjects; 42 families LDL-C LOD = 2.4 45
D152826, 513 18.1-31.1  1p36.13p35.2 74 subjects; 1 kindred FH LOD = 3.1 44
D1S552, 2843 18.8-20.1  1p36.13-p36.12  Twins and parents Cholesterol LOD = 1.8 44
LDL-C LOD =19 44
D182725,2787  21.7-27.3  1p36.12-p35.3 17 subjects; 2 families FH LOD =5.3 60
D1S233, 193 31.3-43 1p35.2-q34.2 576 subjects; 42 families Ratio LDL/HDL LOD =21 45
D1S2892,2722  40.2-41.6  1p34.2 1 pedigree; 12 families FH LOD = 3.1 61
D15405 58.7 1p32.1 383 sib pairs; 75 families TG Z=3.1 40
LEPR 65.9 1p31.2 681 subjects; 236 nuclear families LDL-PPD LOD = 2.6 17
D1S1665 74.4 1p31.1 269 subjects; 48 families ApoB (qualitative) LOD = 2.0 12
D1S484 158.6 1q23.3 383 sib pairs; 75 families Cholesterol Z=34 40
D1S1679 160 1q23.3 1,406 subjects; 513 families Lpla] LOD =338 49
D1S104 161.3 1q23.3 269 subjects; 48 families TG (qualitative) LOD = 2.8 12
FCHL LOD =25 12
D152623° 180.4 1q25.3 649 sib pairs HDL-C LOD = 2.1 41
D1S547 239.8 1q43 930 subjects; 292 nuclear families LDL-C LOD =25 46
D252211° 7.3 2p25.1 649 sib pairs Cholesterol LOD = 2.2 41
D252952 7.9 2p25.1 269 subjects; 48 families ApoB (qualitative) LOD =1.8 12
TG (qualitative) LOD = 1.8 12
240 subjects; 18 families FCHL LOD = 2.6 13
D2S423 9.7 2p25.1 269 subjects; 48 families FCHL LOD =22 12
29 families HDL-C (qualitative) LOD =34 26
D2S1788 36.2 2p22.3 547 sibs; 188 nuclear families TG LOD =1.7 43
D25441 68.4 2pl4 930 subjects; 292 nuclear families TG LOD =23 46
D2S1394 73.1 2p13.2 25 families HDL-C (qualitative) LOD = 2.1 26
D25286, 2216 75.5-88 2p12-pll.2 535 subjects; 99 families Ratio TG/HDL LOD =1.9 55
D2S1790 85.1 2p11.2 477 subjects; 10 pedigrees Unesterified HDLy,-C LOD =23 29
D25410 113.4 2ql4.1 485 subjects; 1 pedigree TG P =0.000006 56
451 subjects; 1 pedigree TG P = 0.000006 48
D2S81391 183.2 2q32.1 201 subjects; 42 families TG (qualitative) LOD =23 11
D2S1384 203.4 2q33.3 681 subjects; 236 nuclear families LDL-PPD LOD =23 17
D2S338 235.3 2q37.2 31 subjects; 1 kindred FH LOD =22 58
D2S338, 125 235.3-240.3 2q37.2-q37.3 576 subjects; 42 families HDL-C LOD =23 45
D252968 236.1 2q37.3 930 subjects; 292 nuclear families Cholesterol LOD = 2.0 46
D3S2387, 2403 1-13.1 3p26.3-p25.2 470 subjects; 10 pedigrees LDL-3 LOD = 2.6 27
D3S1304 6.8 3p26.1 25 families HDL-C (qualitative) LOD =21 26

D3S1259 12 3p25.2 679 subjects; 243 nuclear families ApoA-I P =0.000022 This study
D3S2407,1578  40.7-52.9  3p22.1-p21.2 38 subjects; 1 family FHBL LOD = 3.3 28
D3S2406 71.7 3pl3 547 sibs; 188 nuclear families TG LOD = 1.8 43
D352406, 2459 71.7-98.9  3p13-q12.3 1,702 subjects; 332 families Ratio TG/HDL-C LOD =1.8 57
D3S1271 97.4 3ql2.2 535 subjects; 99 families Ratio TG/HDL LOD = 2.1 55
D352459,1310  98.9-111.6 3q12.3-q13.31 31 subjects; 1 kindred FH LOD =1.9 58
D3S1764 136.1 3q23 930 subjects; 292 nuclear families LDL-C LOD =2.8 46
D3S3053 168.8 3q26.31 590 sibs; 201 nuclear families HDL-C LOD = 2.6 43
D3S1754, 1311 174.4-193  3q26.32-q29 470 subjects; 10 pedigrees LDL-3 LOD = 4.1 27
D4S3007° 6.7 4p16.1 622 sib pairs HDL-C LOD = 2.0 41
D4S2397 27.4 4p15.2 681 subjects; 236 nuclear families LDL-PPD LOD =22 17
D4S3248 59.8 4ql13.1 477 subjects; 10 pedigrees Unesterified HDL;,-C LOD = 2.6 29
D4S1647,1644  99.7-142.6 4q23-q31.21 470 subjects; 10 pedigrees LDL-3 LOD = 4.1 27
D4S2623 111.3 4p25 269 subjects; 48 families TG (qualitative) LOD =1.8 12
D452368 169.5 4q32.3 1482 subjects; 232 pedigrees ApoA-Il LOD =24 10
D552849 3.5 5p15.33 2799 subjects; 500 families LDL-C LOD =19 47
D5S593° 4.4 5p15.33 649 sib pairs HDL-C LOD = 2.7 41
D5S1470 32.3 5pl3.3 1,027 subjects; 101 families HDL-C LOD = 3.6 50
D552500 58.9 5ql1.2 1,482 subjects; 232 pedigrees ApoA-Il LOD = 2.1 10
D5S427 63.1 5ql2.1 576 subjects; 42 families Cholesterol LOD =21 45
D5S1501 77.3 5ql4.1 681 subjects; 236 nuclear families LDL-PPD LOD = 2.4 17
930 subjects; 292 nuclear families TG LOD =22 46
D5S1505 118.8 5q23.1 240 subjects; 18 families HDL-C LOD = 2.4 54
D5S1456 169.3 5q35.1 477 subjects; 10 pedigrees Unesterified HDLg,-C LOD =238 29
D5S211, 408 173.5-180.1 5q35.2-q35.3 576 subjects; 42 families LDL-C LOD = 2.0 45
D6S282 43.2 6p21.1 535 subjects; 99 families HDL-C LOD = 2.0 55
D6S257 55.9 6pl2.1 96 subjects; 1 pedigree Cholesterol (qualitative) LOD = 2.0 42
D6S1717° 99.5 6q16.2 622 sib pairs HDL-C LOD =18 41
D6S1003, 1277 144.2-163.7 6q24.2-q27 470 subjects; 10 pedigrees LDL-3 LOD =29 27
D6S305 161.6 6q26 451 subjects; 1 pedigree Lpla] P < 0.000001 48
1,406 subjects; 513 families Lp[a] LOD = 27.0 49
D7S691, 479 41.7-949  7pl4.1-q21.3 418 subjects; 27 families TG LOD =21 51
D78520%, 820 63.4-82.3  7q11.21-q21.11 470 subjects; 10 pedigrees LDL-3 LOD = 2.1 27
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TABLE 4. (Continued)
Markers or Genes Location® Chromosome Band® Samples Phenotypes P, Z, or LOD Values References
Mb
D7S653, 471 70.5-110.5 7q11.22-q31.1 418 subjects; 27 families HDL-C LOD = 1.7 51
D7S1824, 688 138.3-146.8 7q34-q36.1 418 subjects; 27 families TG LOD =1.9 51
D752195, 3058 142.1-152.8 7q35-q36.2 1,702 subjects; 332 families TG LOD =1.8 57
D752195, 3058 142.1-152.8 7q35-936.2 1,702 subjects; 332 families Ratio TG/HDL-C LOD =25 57
D8S1477 32 8p12 477 subjects; 10 pedigrees Unesterified HDLg,-C LOD =21 29
D8S259, 1121 33-35.6 8pl2 472 subjects; 10 families HDL-C LOD = 2.0 53
D8S1132 106.4 8q23.1 25 + 29 families HDL-C (qualitative) LOD = 4.7 26
D8S1128 127.6 8q24.21 477 subjects; 10 pedigrees Unesterified HDL,,-C LOD =4.9 29
D9S921 10.7 9p23 269 subjects; 48 families HDL-C (qualitative) LOD = 2.1 12
D9S925, 741 18.5-23.4  9p22.2-p21.3 415 subjects; 27 families HDL-C LOD = 3.4 52
IFNA 21.8 9p21.3 485 subjects; 1 pedigree TG P =0.000043 56
D9S1122 70.7 9q21.2 1,406 subjects; 513 families TG LOD =1.9 49
D10S81220 51.5 10q11.23 269 subjects; 48 families TG (qualitative) LOD = 3.3 12
D10S568 52.6 10q21.1 269 subjects; 48 families HDL-C (qualitative) LOD = 2.0 12
D10S1221 56.3 10q21.1 201 subjects; 42 families TG (qualitative) LOD = 3.2 11
D108520, 521 95.3-108.3  10q23.33-q25.1 2,799 subjects; 500 families LDL-C LOD =25 47
D10S169 131.3 10q26.3 201 subjects; 42 families FCHL LOD =23 11
Cholesterol (qualitative) LOD = 2.6 11
D11S1324% 30.2 11pl14.1 1,482 subjects; 232 pedigrees Cholesterol LOD =1.8 10
D11S1392 36.2 11p13 930 subjects; 292 nuclear families TG LOD =21 46
D11S1993 46.3 11p12 2,799 subjects; 500 families LDL-C LOD = 3.7 47
D11S1985 60.9 11q12.1 240 subjects; 18 families FCHL LOD = 2.6 13
DI118911, 912 79.8-130.6 11q13.5-q24.3 930 subjects; 292 nuclear families LDL-C LOD = 3.2 46
D11S4464 125.6 11q24.1 201 subjects; 42 families ApoB (qualitative) LOD = 1.8 11
930 subjects; 292 nuclear families TG LOD =19 46
D125334 61 12ql14.1 930 subjects; 292 nuclear families HDL-C LOD =4.1 46
PAH 102.4 12g23.2 477 subjects; 10 pedigrees Unesterified HDLy,-C LOD = 2.1 29
D12S1091, 378 104.2-123.4 12q23.3-q24.31 383 sib pairs; 75 families TG Z=3.0 40
D1252070 115 12q24.21 1,482 subjects; 232 pedigrees ApoA-1 LOD = 2.0 10
D13S171, 263 31.2-40.1  13q13.1-q14.11 576 subjects; 42 families HDL-C LOD = 2.0 45
D1351493 32 13q13.1 25 + 29 families HDL-C LOD =1.9 26
1,027 subjects; 101 families HDL-C LOD =24 50
D13S800 71.8 13q22.1 201 subjects; 42 families TG (qualitative) LOD =1.9 11
D13S156, 158 72.6-102.3 13q22.1-q33.1 96 subjects; 1 pedigree Cholesterol (qualitative) LOD = 5.7 42
222 pairs of twins Cholesterol P =0.0002 42
LDL-C P =0.0002 42
HDL-C P =0.004 42
D13S1300, 1266  91-101.5 13q31.3-933.1 74 subjects; 1 kindred FH LOD = 3.1 44
D13S793 96.3 13q32.1 930 subjects; 292 nuclear families LDL-C LOD =1.9 46
D14S53 74.4 14q24.3 681 subjects; 236 nuclear families LDL-PPD LOD =238 17
D15S811, 659 20.5-41.9  15q11.2-q21.1 418 subjects; 27 families TG LOD = 3.9 51
D15S81007 29 15q14 535 subjects; 99 families Ratio LDL/HDL LOD = 1.7 55
D15S1040° 29.4 15q14 649 sib pairs TG LOD =1.9 41
ACTC, D15S659  30.4-41.9  15ql4-q21.1 470 subjects; 10 pedigrees LDL-1 LOD =1.8 27
D15S659 41.9 15g21.1 240 subjects; 18 families LDL-PPD LOD =22 54
D15S643 55.3 15q22.2 477 subjects; 10 pedigrees Unesterified HDLy,-C LOD = 3.3 29
D155653 81.5 5q25.3 477 subjects; 10 pedigrees Unesterified HDLg,-C LOD =25 29
D158963, 207 88.3-92.7  15q26.1-q26.2 5 families FH LOD = 3.3 59
D155652 89 15q26.1 930 subjects; 292 nuclear families LDL-C LOD = 3.1 46
D16S769 25.6 16p12.1 269 subjects; 48 families TG (qualitative) LOD =19 12
D16S3136 41.1 16q12.1 535 subjects; 99 families Ratio TG/HDL LOD = 1.7 55
D1652624, 518 62.6-69.1  16q22.2-q23.1 472 subjects; 10 families HDL-C LOD = 4.3 53
D168518, 3091 69.1-73.8  16q23.1-q23.3 560 subjects; 73 families HDL-C (qualitative) LOD = 3.6 12
D16S3091 73.8 16q23.3 25 + 29 families HDL-C (qualitative) LOD =22 26
D175938° 6.6 17p13.2 622 sib pairs TG LOD =1.8 41
D1781290 56.1 17q23.2 1,406 subjects; 513 families LDL-C LOD =23 49
D1751291 63.8 17q24.1 383 sib pairs; 75 families TG 7=26 40
D17S51535, 928 72.5-79 17q25.1-q25.3 31 subjects; 1 kindred FH LOD = 2.7 58
D17S81301 72.7 17q25.1 681 subjects; 236 nuclear families LDL-PPD LOD = 6.8 17
044XG3 77.7 17q25.3 2,799 subjects; 500 families LDL-C LOD =23 47
D175928 79 17q25.3 1,482 subjects; 232 pedigrees Ratio total cholesterol/HDL-C LOD = 2.5 10
D18S843 8.7 18p11.22 451 subjects; 1 pedigree Lp[a] P = 0.000069 48
D18S38 58.4 18q21.32 679 subjects; 243 nuclear families LDL-apoB LOD = 2.1 This study
D195247, 209 3.2-3.4 19p13.3 576 subjects; 42 families Ratio TG/HDL LOD =21 45
D19S1034, 219 6.2-46.6 19p13.3-q13.32 998 sibs; 292 nuclear families Cholesterol LOD =3.9 43
D19S916 9.2 19p13.2 38 subjects; 1 family FHBL LOD = 1.7 28
D19S714, 433 16.1-31 19p13.12-q12 470 subjects; 10 pedigrees LDL-1 LOD =23 27
D19S433 31 19q12 451 subjects; 1 pedigree LDL-C P =10.00011 48
D1958245, 254 34.7-58.6  19q13.11-q13.43 1,482 subjects; 232 pedigrees ApoE LOD =4.2 10
D19S587, 178 35.8-45.1  19q13.12-q13.31 470 subjects; 10 pedigrees LDL-2 LOD =19 27
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TABLE 4. (Continued)
Markers or Genes Location® Chromosome Band® Samples Phenotypes P, Z, or LOD Values References
Mb
D19S178, APOCII 45.1-46.1  19q13.31-q13.32 576 subjects; 42 families TG LOD = 3.2 45
APOE 46.1 19q13.32 930 subjects; 292 nuclear families LDL-C LOD = 3.6 46
D20S103 0.5 20p13 38 subjects; 1 family FHBL LOD =1.8 28
D20S900° 7.3 20p12.3 622 sib pairs TG LOD = 2.8 41
D20S171 57.5 20q13.32 25 + 29 families HDL-C (qualitative) LOD =1.9 26
D21S1437 18.3 21q21.1 201 subjects; 42 families ApoB (qualitative) LOD =22 11
D215263 28.8 21q22.11 535 subjects; 99 families Ratio LDL/HDL LOD = 2.0 55
D21S1246 37.4 21q22.2 2,799 subjects; 500 families LDL-C LOD = 2.7 47
D2151260° 39.4 21q22.3 622 sib pairs Cholesterol LOD =23 41
D21S1411¢ 40.7 21q22.3 622 sib pairs LDL-C LOD = 1.7 41
D22S1161 45.6 22q13 31 subjects; 1 kindred FH LOD = 2.0 58
DXS6804 107.3 Xq23 201 subjects; 42 families ApoB (qualitative) LOD =1.9 11

FCHL, familial combined hyperlipidemia; FH, familial hypercholesterolemia; FHBL, familial hypobetalipoproteinemia; HDL-C, HDI-choles-
terol; LDL-1,2,3,4, cholesterol concentration in four LDL size fractions (LDL-1, 26.4-29.0 nm; LDL-2, 25.5-26.4 nm; LDL-3, 24.2-25.5 nm; LDL-4,
21.0-24.2 nm); LDL-C, LDL-cholesterol; LDL-PPD, LDL peak particle diameter; Lp[a], lipoprotein [a]; NA, not available; TG, triglyceride. When
two markers per line are shown, these give the interval within which the peak is located.

“The physical and genetic locations of markers and genes are from the Genome Browser of the University of California, Santa Cruz (http://

genome.ucsc.edu).

® When the authors provided only the location of linkage (in genetic distance) without mentioning the name of the marker, we identified a
possible marker within the region showing evidence of linkage from the genetic map used by the authors.

gion is also close to the locus for familial hypobetalipopro-
teinemia (28). In contrast, the LDL-apoB locus (18q21.32)
observed in this study represents a newly identified locus.
Although some genome-wide scans have been performed
on apoB levels before (9-11), this study was the first to in-
vestigate the LDL-apoB subfraction. Genome-wide scans
with subphenotypes have been successful in the past (27,
29) and may explain the identification of this new locus
on 18q21.32.

Our biggest challenge in the compilation of Table 4 was
the choice of a significance level for inclusion of a linkage
result. This question is related to the ongoing debate con-
cerning significance levels appropriate for reporting evi-

R?=0.57, p < 0.0001
104 Observed hits = -0.72 + 1.16 expected hits ’e

Expected hits (%)

Fig. 3. Regression analysis of observed and expected hits on the
autosomal chromosomes. The observed hit ratio of each chromo-
some was obtained as number of hits on a specific chromosome /all
152 hits X 100, and the expected hit ratio of each chromosome was
obtained as number of genes on a specific chromosome/total num-
ber of genes in the genome X 100. The gene content of each chro-
mosome and the genome are from Venter et al. (25).

dence of linkage from genome-wide scans of complex traits
(23, 30-34). With the emergence of genome-wide scans to
identify loci underlying complex traits, geneticists have pro-
posed a refinement of the originally proposed LOD score
of 3 threshold (35). Although some advocated a continua-
tion of the more stringent guideline to control false-posi-
tives (23), others suggested more flexible guidelines to hunt
down genes with small effects believed to be involved in
complex traits (31). Rao (32) proposed a middle ground,
for the purpose of carrying out follow-up studies, to deal
with both false-positive and false-negative claims. The rec-
ommendation was to increase tolerance from one false-
positive in 20 genomic scans assuming a continuous map,
as suggested by Lander and Kruglyak (23), to one per scan
assuming a more realistic map density of 400 markers, and
to additionally rely on replication. These modifications set
the nominal P value to 0.0023, which corresponds to a
LOD score of 1.75 (22, 36). However, it is interesting that
this new threshold corresponded to what was called “puta-
tive” linkage by Thomson (31) and “suggestive” linkage by
Lander and Kruglyak (23). Accordingly, all point-wise signif-
icance levels below this threshold were included in Table 4.

For complex traits, independent replication of an ear-
lier finding gives substantial credibility to the results. Accord-
ingly, it is a standard practice in the literature to compare
the newly identify loci with those previously published
even if the lipid-related phenotypes are not the same. How-
ever, this practice is questionable considering the large
number of genome scans performed to date and the un-
certainty about the location estimates of a QTL. Indeed,
determining whether a given study has replicated an ear-
lier finding is not simple, particularly when different
markers have been used. When do we accept that two lo-
cation estimates in a genomic region represent the same
QTL? This issue has been addressed before, and it has been
proposed that the location estimate may sometimes be sev-
eral centimorgan away from the true locus (37). In fact,

Bossé et al. Genome scans of lipid-related phenotypes 2181

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

0.DC1.html

Supplemental Material can be found at:
http://www.jlr.org/content/suppl/2004/11/17/R400008-JLR20

the 95% confidence interval of the location estimate can
span tens of centimorgan depending on family size and
number, penetrance of locus, and heterogeneity. Based
on the above, the cumulative evidence from genome-wide
screens for lipid-related phenotypes now covers a very
large portion of the genome (Table 4). It is likely that the
entire genome will be covered with at least suggestive evi-
dence of linkage in a few years, and replication of findings
will be guaranteed in future genome-wide scans if the
lipid-related phenotypes are grouped together. This phe-
nomenon is not unique to lipid-related phenotypes. The
evolution of the human obesity gene map is a good exam-
ple of this trend, with more than 300 genes, markers, and
chromosomal regions that have now been associated or
linked with human obesity phenotypes (38).

Despite the large number of QTLs reported to date, a
coherent and comprehensive picture of the loci contribut-
ing to variations in lipid and lipoprotein has not been
achieved. This is demonstrated by the inability to reject
the hypothesis of random positive linkage (Fig. 3). We have
learned that the genetic mechanisms underlying the pre-
disposition to favorable or unfavorable plasma lipoprotein-
lipid levels are more complicated than previously thought.
The emergence of such a large number of potential sus-
ceptibility loci for lipid-related phenotypes should be in-
terpreted with caution and used carefully before claiming
replication. It is commonly accepted that a P value of less
than 0.01 from an independent study sample is sufficient
to declare replication of an earlier significant linkage
(23). However, a large part of the data in Table 4 is only
suggestive linkage, which implies that some of the loci are
false-positives. In addition, given the large number of ge-
nome scan reports and the inability to precisely localize
the loci (37), many regions are likely to be replicated solely
by chance. For example, more than 30 loci reached the P <
0.01 threshold in the present genome scan study of apo-
lipoprotein levels, and many of them could be considered
replicated linkage. New strategies to deal with these issues
are urgently needed.

CONCLUSION

In summary, the identification of genes for complex hu-
man diseases and their associated biological traits has had
limited success to date. This limited success may be ex-
plained by genetic heterogeneity, incomplete penetrance,
epistasis, phenocopy and pleiotropy (39), and undoubt-
edly other factors. In this paper, we provide a compen-
dium of previous results from genome scan studies of lipid-
related phenotypes. We have recorded a large number of
loci covering a large portion of the genome. The number
of false-positives is difficult to assess but is likely to be high
because positive findings are more frequently published.
Because of this publication bias, a lot of positive hits pre-
sented in Table 4 will eventually turn out to be false-posi-
tives. Accordingly, even though a single tool summarizing
the extensive literature on the subject may prove to be
useful, it should be used with caution. Caution is also ad-
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vised for claiming replication, because a large number of
loci have been reported and the probability of claiming
replication just by chance is getting high. We also report a
new genome scan of apolipoprotein levels. Linkage was
tested using both allele-sharing and variance-component
methods. Many loci provided weak to moderate evidence
of linkage, but only two QTLs were supported by both an-
alytical methods. 50
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