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Abstract
Familial combined hyperlipidemia (FCHL) is a complex trait leading to cardiovascular disease
(CVD) risk. Elevated levels and size of apolipoprotein B (apoB) and low-density lipoprotein (LDL)
are associated with FCHL, which is genetically heterogeneous and is likely caused by rare variants.
We carried out a linkage-based genome scan of four large FCHL pedigrees for apoB level that is
independent of LDL: apoB level that is adjusted for LDL level and size. Follow-up included SNP
genotyping in the region with the strongest evidence of linkage. Several regions with the evidence
of linkage in individual pedigrees support the rare variant model. Evidence of linkage was strongest
on chromosome 4q, with multipoint analysis in one pedigree giving LOD = 3.1 with a parametric
model, and a log Bayes Factor = 1.5 from a Bayesian oligogenic approach. Of the 293 SNPs spanning
the implicated region on 4q, rs6829588 completely explained the evidence of linkage. This SNP
accounted for 39% of the apoB phenotypic variance, with heterozygotes for this SNP having a trait
value that was ~30% higher than that of the high-frequency homozygote, thus identifying and
considerably refining a strong candidate region. These results illustrate the advantage of using large
pedigrees in the search for rare variants: reduced genetic heterogeneity within single pedigrees
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coupled with the large number of individuals segregating otherwise-rare single variants leads to high
power to implicate such variants.

Introduction
Familial combined hyperlipidemia (FCHL) is one of the most common genetic causes of
hyperlipidemia (Breslow 2000; Eurlings et al. 2001; Zambon et al. 2006). It was first described
in the Seattle Myocardial Infarction Study in 1973 (Goldstein et al. 1973), where at least 11%
of individuals who were myocardial infarction (MI) survivors and less than 60 years of age
had FCHL. The disease was initially characterized by variable lipoprotein phenotype
(increased triglycerides, TG, and/or increased cholesterol, TC) both in the proband and in the
relatives of the proband, such that these lipid levels could also vary within an individual over
time. Lipid variables, including apoB level, LDL level, and LDL size have been identified as
part of the phenotype (Ayyobi et al. 2003; Breslow 2000; Jarvik et al. 1994; Pauciullo et al.
2009). FCHL has been estimated to contribute to ≥20% of coronary artery disease (CAD) in
males under the age of 60 years, and presumably the same percentage in women 10 years older
(Babirak et al. 1992; Brown et al. 1990; Zambon et al. 2006). In a more recent study, 38% of
subjects with MI age <40 years were found to have FCHL: a 24-fold risk (Wiesbauer et al.
2009).

FCHL is genetically heterogeneous (Babirak et al. 1989, 1992; Bosse et al. 2004b; Goldstein
et al. 1975; Shoulders et al. 2004; Wierzbicki et al. 2008). Such heterogeneity complicates the
identification of underlying genes, regardless of the study design. However, two strategies can
mitigate the effects. The first involves the use of quantitative traits since it is well known that
the use of quantitative traits underlying a trait is a more powerful strategy than the use of
dichotomized phenotypes based on the same data (Wijsman and Amos 1997) in the search of
genetic contributions to a trait, with such higher power necessary to overcome the effects of
the heterogeneity. The second strategy focuses on individual rather than joint component
phenotypes, under the assumption that this allows the definition of individual aspects of the
pathway leading to the phenotype, thereby simplifying the mode of inheritance, and thus
reducing the problem of heterogeneity without the complexity of a multivariate analysis.
Toward this goal of gene identification in FCHL, genetic defects in lipoprotein lipase (LpL)
(Babirak et al. 1989, 1992), hepatic lipase (Pajukanta et al. 1997), the APOA1/C3/A5 gene
cluster (Wojciechowski et al. 1991), and upstream transcription factor 1 (USF1) (Pajukanta et
al. 2004) have been implicated a minority of FCHL. In these studies, little evidence was found
for apoB level, especially after adjustment for the lipid levels. In addition, there is stronger
evidence for Mendelian segregation of related continuous lipid phenotypes, including apoB
level, HDL level, and LDL density, than for FCHL as a dichotomous phenotype (Austin et al.
1990; Badzioch et al. 2004; Bredie et al. 1996; Vakkilainen et al. 2002). Finally, each of these
component traits is a well-established risk factor for atherosclerosis in subjects with and
without FCHL.

The search for genetic contributions to complex traits can be achieved with a number of
different study designs. Pedigree-based designs are well established, and range from the use
of small nuclear to large extended families. Such designs are the basis behind identification of
large numbers of genomic regions that have been implicated in lipid variation (Bosse et al.
2004a; Dastani et al. 2006; Eurlings et al. 2001; Wang and Paigen 2005). Whole genome-wide
association studies (GWAS), based on the use of unrelated individuals, have also recently
become common and have identified a number of potential low-penetrance polymorphisms
that may be associated with serum lipids (Kathiresan et al. 2008, 2009; Kooner et al. 2008;
Willer et al. 2008). However, GWAS studies are not designed to identify rare variants that
cause larger lipid effects, as illustrated by the large number of rare variants in LDLR that cause
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familial hypercholesterolemia (Day et al. 1997; Fouchier et al. 2001) or in the lipoprotein lipase
gene (Brunzell and Deeb 2000; Nickerson et al. 1998). It is also likely that rare polymorphisms
with large effects are more likely than common variants to cause heart attacks and strokes,
leading causes of death in the developed world. In the search for rare variants for a complex
trait with multiple contributing loci, the use of pedigree-based designs based on large pedigrees
is particularly advantageous since such pedigrees have sufficient power, individually, for gene
localization, unlike study designs based on either small pedigrees or unrelated individuals,
which require combining information across many unrelated individuals. In addition, the use
of single large pedigrees also tends to reduce the problem of genetic heterogeneity within
individual pedigrees, thus further increasing power to localize genes.

ApoB level is a risk factor for FCHL that has to date yielded few clues regarding the underlying
genetic basis. ApoB levels are disproportionately elevated in FCHL compared to age, sex, and
weight-matched individuals for the degree of insulin resistance (Brunzell et al. 1995; Fujimoto
et al. 1994; Purnell and Brunzell 1997; Zambon and Brunzell 1993) and obesity (Purnell et al.
1997). Reductions of apoB (Brown et al. 1990) or increase in LDL density (Zambon et al.
1999) were the best predictors of regression of CAD in a treatment trial. FCHL is characterized
by increased numbers of small very-low-density lipoprotein (VLDL) (Brunzell et al. 1983) and
small, dense LDL (Hokanson et al. 1993), and VLDL apoB secretion and LDL apoB turn-over
are altered in FCHL (Chait et al. 1980; Venkatesan et al. 1993). ApoB levels are thus correlated
with both LDL size and density. However, since apoB level is an independent predictor of
FCHL over both LDL size (Jarvik et al. 1994) and level (Pauciullo et al. 2009), a portion of
variation in apoB level may be influenced by variation in genes that do not directly affect these
other two traits. Thus, genetic loci controlling apoB level independently of LDL size and level
may also be etiologic in FCHL. Consistent with this, apoB level shows strong evidence for a
genetic basis (Coresh et al. 1993; Hasstedt et al. 1987; Jarvik et al. 1993; Pairitz et al. 1988).
Additionally, elevated apoB levels may be responsible for a larger portion of cardiovascular
disease (CVD) than that in patients recognized as having FCHL (Brown et al. 1990; Zambon
et al. 2006). Notwithstanding a few examples of Mendelian inheritance (Neuman et al. 2002;
Schonfeld et al. 2005; Yuan et al. 2000), however, the relative paucity of studies that report
loci contributing to the inheritance of apoB level as well as the diverse, non-overlapping
locations of the few such loci reported to date (Allayee et al. 2002; Cantor et al. 2004; Feitosa
et al. 2005; Sherva et al. 2007; Yuan et al. 2000) suggests that apoB level may be affected
largely by rare variants in multiple genes.

Here, we address the genetic basis of apoB level in families with FCHL. Our general strategy
is the identification of rare variants through the use of modern linkage methods that
accommodate multilocus trait models, combined with use of large pedigrees that maximize
power to detect such variants within individual pedigrees. The families in use show evidence
of inheritance of high-penetrance hyperlipidemia (Jarvik et al. 1994). A subset have,
individually and jointly, previously provided evidence for relatively simple inheritance of HDL
(Gagnon et al. 2003, 2005) and LDL size (Badzioch et al. 2004), supporting the hypothesis
that rare variants with relatively large effect are segregating in these families. We focus here
on apoB level that is independent of LDL size and level, and we present strong evidence for
the existence of rare variants segregating in these families, with strong evidence for a locus on
chromosome 4 that is additionally supported by association with SNP genotypes.

Methods
Subjects and phenotypes

Pedigrees—The available pedigrees consisted of four large pedigrees, as described
elsewhere (Badzioch et al. 2004; Gagnon et al. 2003, 2005; Goldstein et al. 1973; Jarvik et al.
1994; Wijsman et al. 1998) and summarized in Table 1. In brief, this data set comprises four
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families ascertained through a proband with FCHL. The ascertainment event for families F1
and F2 was early myocardial infarction (Goldstein et al. 1973), and for families F3 and F4 was
presence of severe hypertriglyceridemia in the proband. In family F2, an extension of the
pedigree ascertainment in a second individual was also through the most extreme TG values
(TG < 1,000 mg/ml) (Brunzell et al. 1983; Chait et al. 1980) with combined hyperlipidemic
patterns in the families of both parents. For purposes of the analyses reported here, the size
range of these pedigrees was 48–87 individuals in 4–6 generations, for a total of 253
individuals.

Phenotypes—We used apoB level, adjusted for covariates, as the primary variable of
interest. Covariates used for adjustment included body mass index (BMI), age, gender, and
two quantitative traits that are correlated with traits that define FCHL: LDL size (peak particle
diameter, PPD) and LDL-C level. Covariate adjustments were determined by linear regression,
using the complete sample but without specifically accounting for relationships among
individuals. Inclusion of relatives in such an analysis affects the variance but not the expectation
of parameter estimates (Durbin and Watson 1950; Tregouet et al. 1997), and so should have
little effect on the resulting parameter values used for adjusting apoB levels. Residuals were
used for further genetic analysis, after extreme values in two subjects were Winsorized (Dixon
and Tukey 1968; Rivest 1994) to 4 SD from the mean. Such Winsorization has previously been
shown to improve the robustness of results of genetic analysis (Igo et al. 2006) since it retains
the existence of extreme values without such values being unduly influential.

Standard methods were used to determine plasma apoB (Warnick 1986) and LDL cholesterol
(Warnick et al. 1990) levels, measured in mg/dl. LDL size, measured as peak particle diameter
(PPD) in nanometers, was determined by gradient gel electrophoresis of whole plasma (Jarvik
et al. 1994; Krauss and Burke 1982) with PPD measurements normalized to the same internal
standards. BMI was computed using self-reported height and weight.

Genotyping
A total of 213 individuals were genotyped by the NHLBI Mammalian Genotyping service
(MGS), using genome screening set 9, which comprised a total of 387 highly polymorphic
STR markers spaced at ~10 cM intervals. This set of markers will henceforth be referred to as
the MGS scan. Dense STR follow-up genotypes were obtained on 247 individuals for key
regions from deCode (DCD markers), including samples for which whole-genome
amplification was used to augment scarce samples. Finally, the Illumina HumanCVD Bead
chip, consisting of a cardiovascular gene-centric SNP panel comprised of 48,742 SNPs, was
used to provide dense SNP genotyping on 147 individuals. For key regions of interest as
determined by the STR linkage analyses, the SNPs were used for further analyses to narrow
the regions of interest, as described below. SNP genotypes were not used for genome-scan
analyses for three reasons. First, there was already evidence from the STR analyses that no
further information for linkage detection was expected by adding more markers in key regions.
Second, computational demands on these large pedigrees would have been extreme (Wijsman
et al. 2006; Wilcox et al. 2005). Third, the MCMC-based methods used (see below) are the
only available approaches that allow the analysis of large pedigrees with large numbers of
markers, but do not account for linkage disequilibrium (LD) among markers. It is necessary to
account for LD in order to avoid the undesirable effect of inflated evidence of linkage that
occurs when LD is not taken into account (Huang et al. 2004; Sieh et al. 2007).

Data cleaning and quality control procedures are described elsewhere (Gagnon et al. 2005).
The average percentage of MGS markers for which genotypes were obtained on an individual
was 98.4%. For the DCD markers, genotypes for 26 individuals were removed from analysis
because joint consideration of low genotype completion rates (<90%) and/or high

Wijsman et al. Page 4

Hum Genet. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



homozygosity rates (>35%) suggested incomplete amplification of their DNA and thus
unreliable genotypes. These 26 subjects represented older DNA samples that had been
subjected to whole-genome amplification. For the SNP markers, any cases of Mendelian
inconsistencies in the pedigrees were resolved by deleting genotypes from the parents and all
descendents of the parents in such pedigrees.

Statistical analysis
General strategy—Because of the concerns of probable underlying genetic heterogeneity,
the pedigrees were analyzed in two groupings. First, all pedigrees were analyzed jointly to
identify trait models for model-based analyses. Pedigrees were also analyzed, jointly, in a
genome scan to identify regions with evidence of linkage in the full data set. Second, genome-
scan linkage analyses were carried out on individual pedigrees since each pedigree was
sufficiently large to provide evidence of linkage as an individual sample. This separate set of
analyses on individual pedigrees allowed a deeper exploration of possible genetic heterogeneity
among pedigrees than would be possible with only a joint analysis, including the possibility
of locus heterogeneity, with different loci segregating in different families, and allelic
heterogeneity, leading to different inheritance patterns at the same locus in separate pedigrees.
Finally, additional markers and analyses were added to the genome-scan results, and used to
refine results in the regions of greatest interest.

Trait model—Both complex segregation analysis (CSA) and Bayesian oligogenic
segregation analysis (OSA) were used for trait model estimation. PAP, v. 5
(http://hasstedt.genetics.utah.edu) (Hasstedt and Cartwright 1981) was used to maximize the
likelihood under different possible models for CSA, using combinations of models containing
possible major gene, polygenic, and environmental effects, as well as estimation of the major-
gene heterozygous transmission probability. Likelihood ratio (LR) tests were used for model
comparison under the assumption of asymptotic equivalence to a chi-square distribution with
degrees of freedom as the difference in number of free parameters between nested models. In
the context of multiple segregating loci with sizeable effects, the single-locus model that can
be modeled via CSA may not identify all the underlying major-gene models (Igo et al. 2006).
In this context, comparison of the model obtained by CSA with the posterior distribution of
models obtained from OSA with the Bayesian approach implemented in Loki (Heath 1997)
can provide useful insights into the model complexity and parameters for additional models
(Igo et al. 2006). Therefore, we also compared the results obtained with CSA to those obtained
from posterior model distributions with OSA, and also with the posterior model distributions
for the models with location parameters on chromosomes with evidence of linkage in the
Bayesian oligogenic joint segregation and linkage analyses, as described further below.

Oligogenic segregation and linkage analysis—Bayesian oligogenic segregation
analysis with and without joint linkage analysis was carried out with the program Loki, ver.
2.4.7 (Heath 1997), with analysis details as described elsewhere (Wijsman and Yu 2004). In
brief, this approach uses prior distributions coupled with reversible-jump (Green 1995)
MCMC-based sampling to obtain posterior distributions of parameters of interest, including
parameters for models with variable dimensionality, including the number of diallelic
quantitative trait loci (QTLs) affecting the trait. For analyses, we used 1,000 sweeps for burn-
in, 100,000 sweeps for analysis (unless otherwise noted), and a thinning interval of 2, where
a sweep is one round of updating all relevant parameters. For prior distributions, we assumed
a Poisson distribution with mean = 2 for the number of QTLs and with a maximum of 17 QTLs,
and a prior variance of 1,280 on the genotypic effects. This provided a relatively uniform, and
therefore uninformative, prior distribution on the genotypic effects. The posterior probability
(PP) of a trait model was computed as the proportion of all QTL models in a run with a particular
bivariate distribution of genotype effects, defined by a ~99% confidence interval around the
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mean for each genotype effect. Evidence of linkage was evaluated with the Bayes’ factor (BF)
for linkage (Wijsman and Yu 2004), which is the ratio of the posterior to the prior odds of
linkage, with results presented on a base 10 logarithmic scale. Calibration of log10 BF as
supporting evidence of linkage is approximate, but log10 BF > 1.5 corresponds to strong
evidence and log10 BF > 2 to very strong evidence in favor of the alternative hypothesis of
linkage (Kass and Raftery 1995). In addition, in our experience, most cases with log BF > 1.5
based on a prior mean = 2 for the number of QTLs appear to be equivalent to p < 0.001, either
by reference to a different calibrated linkage statistic, or by carrying out computationally
expensive simulations to provide calibration (Igo and Wijsman 2008). Genome-scan analyses
were carried out on the set of four pedigrees, jointly, as well as on each individual pedigree,
using all MGS markers on each chromosome in a multipoint analysis of that chromosome. No
ascertainment correction was used, both because the complex ascertainment of the pedigrees
violated the assumptions needed (Cannings and Thompson 1977) to apply an ascertainment
correction, and because QTL localization is not affected by the absence of such a correction
(Ma et al. 2007).

Follow-up analyses—We carried out additional analyses in key regions. These initially
included long runs with Loki (1,000,000 sweeps) and parametric lod score analyses based on
QTL models extracted from CSA of all pedigrees, as well as additional multipoint analyses
with Loki that included the additional DCD markers. Parametric lod scores provide an
interpretation of the strength of evidence of linkage that is widely used, provide an upper bound
on the significance level (Morton 1955), which generally provides a conservative linkage test
(Rao et al. 1978). These follow-up analyses were primarily directed toward chromosome 4
because this chromosome provided the strongest and most consistent evidence of linkage across
families, and because evidence of linkage increased across families in the joint analysis over
the single-family analyses, which is consistent with support from more than one family.

Follow-up analysis also included evaluation of evidence for association of the trait with
genotypes of all available 293 SNPs in the region with the strongest evidence of linkage on
chromosome 4. Association is indicative of probable refined trait QTL localization. For these
analyses, each SNP was included, individually, as a major-gene covariate in the Bayesian
oligogenic segregation and linkage analysis, similar to the measured genotype approach
(Boerwinkle et al. 1986). As a major-gene covariate, genotype effects are estimated separately
for each of the three possible genotypes. In addition, the SNP has a location on the map so that
together with the observed SNP genotypes and pedigree structure, information on other
markers can be used to impute SNP genotypes for unsampled individuals, thereby increasing
the sample size for use in determining evidence for association. The goal was to determine
whether the SNP could explain most or all of the segregating trait variance, with a SNP that
explains all of the segregating trait variance representing one that is perfectly associated with
the causal site (Almasy and Blangero 2004). Evidence for the role of such a SNP was obtained
both by estimation of its contribution to the genetic variance, and also by the average difference
in the log BF achieved when the SNP was included as a covariate compared to an analysis
without inclusion of the SNP. This was computed over the region spanning 153–189 cM, which
was the region in the genome scan with log BF > 1 for all positions. Linkage disequilibrium
between pairs of SNPs was estimated from the HapMap CEU samples, using HaploView
(http://www.broad.mit.edu/mpg/haploview) (Barrett et al. 2005), and was used for
interpretation of results obtained across analyses of individual SNPs. To reduce the
computational burden for the large number of SNP-covariate analyses, markers included as
the framework panel for this purpose were restricted to the STRs from the original MGS scan
that spanned the region of interest.

Parametric linkage analysis—We carried out parametric LOD score analyses, including
additional follow-up markers, for selected regions, based on the genome-scan results. These
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analyses required a prespecified model of inheritance, but trait model misspecification typically
only reduces evidence of linkage over use of a more accurate trait model, and is therefore
unlikely to give false positive evidence of linkage (Amos and de Andrade 2001; Clerget-
Darpoux et al. 1986; Greenberg et al. 1998; Ott 1999). The trait model used was based on the
most parsimonious dominant mixed model obtained from CSA for all families, using the major-
gene parameter values, but defining the within-genotype residual variance as the total of the
polygenic and environmental variance. In all cases, we carried out such analyses for the total
data set, and for individual pedigrees, which, in this sample, are large enough to be analyzed
individually. For these analyses, we used VITESSE
(http://watson.hgen.pitt.edu/register/soft_doc.html) (O'Connell and Weeks 1995) for single-
marker analyses, and lm_markers (Wijsman et al. 2006) from the MORGAN package
(http://www.stat.washington.edu/thompson/Genepi/pangaea.shtml) for multipoint analyses, in
all cases using the entire intact pedigree structures for analysis. For multipoint analyses, the
use of the MCMC-based program lm_markers allowed simultaneous analysis with all available
markers on a chromosome, including additional dense follow-up markers. To our knowledge,
the program lm_markers is the only option available for computation of parametric lod scores
with a quantitative trait model on large pedigrees and many markers (Wijsman et al. 2006).

Maps and marker allele frequencies—We used sex-average map positions based on the
Marsh-field map (Broman et al. 1998), with map positions based on the Haldane map function.
In the initial genome scan, maximum likelihood estimates of marker allele frequencies were
estimated from the complete observed pedigree and marker data. For subsequent analyses,
marker allele frequencies were forced to be those initially estimated from the data to eliminate
marker allele frequency variation across analyses based on subsets of the data. For analysis of
key SNPs, allele frequencies were based on either direct allele counting or on maximizing the
likelihood given the pedigree data as indicated, and map positions were based on interpolation
from the sequence map position to a meiotic map position.

Results
Sample characteristics

Summaries of the marker completion and lipid measurements are in Table 1. The fraction of
all individuals in the pedigrees, including deceased and unsampled individuals, with observed
phenotypic data was 78% overall, with little variability among pedigrees. Genotype completion
with the MGS panel was 84% overall, but because of scarce sample, was only 59% for follow-
up genotyping with DCD and SNP markers. The four families have similar, but not identical,
lipid distributions. Mean BMI and PPD were very similar across the four pedigrees although
the variability of PPD was lower for pedigree F2 and higher for pedigree F3 than for the other
two pedigrees. The mean apoB level was somewhat higher for pedigree F2 than for the other
three pedigrees, and the mean LDL level was lower for pedigree F3 and F4 than for the other
two pedigrees. After adjustment for covariates, pedigree F1 had the lowest mean and least
variable adjusted apoB, while F2 had the highest mean adjusted apoB. All further analyses
were carried out only on the adjusted apoB trait, and all references here to apoB level henceforth
refer to this covariate-adjusted apoB.

QTL models
Segregation analysis identified genetic factors as important for explaining the pattern of
inheritance of apoB (Supplementary Table 1). Models identified as part of CSA that had a
genetic component, including polygenic and Mendelian models, had statistically significantly
(p < 0.05) higher likelihoods than did a simple single-mode environmental model. A dominant,
mixed model (i.e., including polygenic variance) was most parsimonious although a major-
gene general model with or without polygenic background factors had likelihoods that were
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similar to that of the dominant, mixed model (Supplementary Table 1). The parameters from
this model used for parametric linkage analysis were a major allele frequency of 0.71 with
heterozygotes and homozygotes for this allele having adjusted apoB values of −5.68, the
homozygote for the minor allele having a mean value of 28.73, and a within-genotype standard
deviation of 12.56.

The posterior distribution of QTL model parameters identified a relatively simple model space.
The genotypic means for a diallelic QTL can be summarized as two differences between mean
values of genotypes, denoting the homozygote effect as ε22 = μ22 - μ11, and the heterozygote
effect as ε12 = μ12 - μ11 (Fig. 1), where μ11 is the mean trait value of genotypes of individuals
homozygous for allele 1, with similar terms for the other mean trait values. Analysis of all four
families identified three modes in the oligogenic QTL model space (Fig. 1a, b). Relative to the
baseline homozygote genotype mean, μ11, the model with the highest posterior probability, PP
(PP = 0.38) is model 1 (Fig. 1a), and represents a small value for ε12 and a large value for
ε22 (Fig. 1b). Model 1, which is dominant for allele 1, is most similar to the general Mendelian
model identified for the full data set by CSA (Supplementary Table 1), with a high allele
frequency, p1, and a large increase the mean genotype of the rare homozygote relative to the
common homozygote, ε22. Model 1 was also the model that explained the pattern of inheritance
and the evidence of linkage for family F3 (Fig. 1c, d), as described further below. Model 2 had
lower overall support (PP = 0.28), a heterozygote effect that is centered on zero, and a more
modest ε22 effect. This model is similar to both the dominant mixed and general mixed models
identified by maximizing the likelihood under CSA, and explains only slightly less (31%) of
the total variance than does model 1 (39%). Finally, model 3 is slightly overdominant,
explained only about half as much of the total variance as did Model 2, and had still lower
support (PP = 0.19). Model 3 describes a model that is essentially recessive for allele 1. Models
2 and 3, jointly, were the models that also were identified in analysis of the three families F1,
F2, and F4, when family F3 was excluded (results not shown).

Genome scan
The genome scan identified one region with strong evidence of linkage to apoB in analysis of
all families, as well as strong evidence of linkage in one individual family (Fig. 2; Table 2). A
very strong log BF = 2 (posterior odds ratio of 98.5:1 supporting linkage) was obtained for the
complete sample at 175 cM on chromosome (chr) 4q (Fig. 2), with no other regions with support
for linkage as strong as this. There was particularly strong support for this region (log BF =
1.5) in family F3 alone, with additional modest support (log BF = 0.7) in family F4, and a
relatively neutral signal (log BF = −0.15) in family F1. The overall strength of the evidence of
linkage in the full sample likely reflects this support from more than one family since evidence
of linkage in Bayesian methods increases non-linearly with increasing positive support from
multiple families as the methods borrow strength across the evidence. The trait model that
mapped to the region on chr 4q between 159 and 195 cM in analysis of the full sample, as well
as analysis of family F3 alone, was Model 1 from the OSA (Fig. 1c, d). This model explained
78% of the total genetic variance segregating in family F3 and 60% of the genetic variance in
analysis of all families. Additional follow-up analyses of this region is described below, and
provided further support for linkage to this region.

Several additional genomic regions also provided support for linkage to apoB either in the full
sample or in individual families (Table 2). In addition to the region on chr 4, analysis of all
families identified two other regions with strong evidence of linkage: a strong log BF = 1.3
was obtained on chr 2q at 279 cM and on chr 8p at 41 cM. The region on chr 2q appears to be
a region in which the total support across pedigrees provides evidence of linkage, since there
is modest support in three pedigrees, but no individual pedigree provides strong support. The
region on chr 8p has reasonably strong support from pedigree F3 (log BF = 1.1), along with
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modest additional support from other pedigrees, to give an overall stronger signal in the analysis
of all the families than in analysis of any individual family. Several additional regions with
notable evidence of linkage only appeared in individual families. These included: in family
F2, regions on chr 6 (log BF = 1.6 at 151 cM), chr 17 (log BF = 1.3 at 135 cM), chr 16 (log
BF = 1.2 at 65 cM), and chr 14 (log BF = 1.2 at 143 cM); in family F3, a second region on chr
1 (log BF = 0.8); and in family F4, regions on chr 2 (log BF = 1.5 at 171 cM) and on chr 21
(log BF = 1.5 at 40 cM). In total, each of families F2–F4 yielded at least one region with very
strong evidence of linkage (log BF > 1.5), and at least one additional region with more modest
evidence of linkage (log BF > 1). Of these three families, the mode of inheritance in family F3
appeared simplest with only one strong and one modest signal, while the mode of inheritance
in the other two families appeared potentially more complex with several additional notable
signals. Family F1 yielded no regions with evidence of linkage anywhere in the genome.

Chromosome 4 follow-up analyses
STR markers—Linkage analysis with a parametric lod score approach provided statistically
significant evidence of linkage of apoB to chr 4q, with family F3 achieving a maximum lod
score, Zmax > 3 (Fig. 3). In this family, the multipoint Zmax = 3.05, based on the MGS markers,
occurred at 161.8 cM, and the interval over which the lod score was within 1 of the maximum
spanned 148.45–191.34 cM. Inclusion of DCD markers in the multipoint analysis slightly
increased Zmax to 3.09 in a long MCMC-based run of 1 × 106 sweeps, while also narrowing
the interval over which the lod score was within 1 of the maximum to 152.88–176.85 cM. In
addition, all genome-scan markers within this same interval provided positive evidence of
linkage in single-marker analyses, with several attaining Zmax near 3.0, typically at a
recombination fraction of 0 (Supplementary Table 2).

SNP markers—Further evaluation of 293 SNPs across this region identified a smaller region
with evidence of association with apoB in family F3. Fifty-two of the 293 SNPs each explained
>5% of the total genetic variance, and another 10 SNPs each explained >10% of the total genetic
variance (Supplementary Figure 1). SNP rs6829588, in particular, explained ~39% of the total
genetic variance and 50% of the genetic variance attributable to QTLs with a location in this
region for family F3. Use of this SNP as a major-gene covariate virtually eliminated the
evidence of linkage (Fig. 4), reducing the evidence of linkage to a trivial max log BF = 0.17,
as would be expected if this SNP were in strong linkage disequilibrium with a causal variant
(Almasy and Blangero 2004). Adjustment for flanking SNPs also reduced the evidence of
linkage but to a lesser extent (Fig. 5). SNP rs6829588 is not in linkage disequilibrium with
other SNPs used for analysis in this region (r2 < 0.02 with all other SNPs), and genotyping
quality appeared to be excellent, in that there were no failed genotypes and no Mendelian
inconsistencies. SNP rs6829588 was a single SNP on the CVD SNP panel, in an intergenic
region, but SNPs in the flanking two gene clusters also had an effect on reducing the log BF
when similarly investigated (Fig. 5).

The estimated parameter values for rs6829588 are consistent with the presence of association
with a tightly linked QTL in family F3 (Table 3). In the full sample, the estimate of the rare
homozygote effect was ~1.9 SD greater than zero, with a posterior probability of 0.97
exceeding zero. In family F3, the effects were much stronger, with both the heterozygote and
the rare homozygote effects exceeding zero: the rare homozygote effect was more than 6 SD
above zero with a posterior probability >0.99 that the effect exceeds zero; the heterozygote
effect was 1.6 SD above zero with a posterior probability of 0.94 exceeding zero. For family
F3, the estimated major allele frequency, pC = 0.83, and genotypic effects, εAA = 56.8 and
εAC = 5.6, are remarkably similar to the genotypic effects for OSA model 1 (p1 = 0.83, ε22 =
61.05, e12 = 12.44), estimated over the entire sample in the absence of marker data, and to the
equivalent model on chromosome 4 obtained for family F3 for the STR-only analysis (Fig. 1c,
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d; Table 3). It is worth noting that the allele frequency estimated for the minor allele of this
SNP among founders in this FCHL sample is somewhat higher (0.15 in the whole sample) than
in the reference Hapmap CEU sample (pA = 0.085, N = 118), and that in the two families with
the greatest positive contribution to the evidence of linkage (F3, F4), the observed proportion
of the A allele among all individuals was even higher (pA = 0.24 in family F3 and pC = 0.18
in family F4), suggesting chance excess of informative transmissions of the high risk but rarer
A allele.

Discussion
Here, we have provided strong evidence for a locus on chromosome 4q that contributes to
variation in apoB level in a subset of FCHL families, with evidence for additional contributing
loci on other chromosomes, including chromosomes 2q and 8p. The specific covariate
adjustments used to define the trait were designed to isolate variation contributing to apoB
level that is independent of that contributing to LDL cholesterol levels and size, with the goal
of improving power to detect QTLs through reduction in the complexity of the trait. To our
knowledge, this is the first report of the genetic basis of apoB level that is not confounded by
the strong correlation between APOB and LDL cholesterol levels and size. The evidence for
a locus on chromosome 4 derives from multiple sources. This includes genome-scan linkage
analysis with more than one approach, inclusion of additional markers in the region with
evidence of linkage, and demonstration that for the region with strongest evidence of linkage,
inclusion of SNPs as measured genotypes explains much of the segregating variance.

The evidence for QTLs affecting apoB levels at particular genomic locations derives primarily
from individual families. This pattern of evidence of linkage in single pedigrees has been
observed in genome scans of other lipid traits in these large pedigrees (Badzioch et al. 2004;
Gagnon et al. 2005), with little overlap in the regions identified for different traits/family
combinations, consistent with a multilocus model for FCHL. It is also consistent with the
marked heterogeneity in results of genome scans for many other complex traits, and is the
expected pattern in the context of genetic heterogeneity, where it is harder to replicate evidence
for any particular genomic region than it is to obtain evidence for at least one genomic region
(Suarez et al. 1994). Different ascertainment criteria are also likely to complicate such
replication studies: in the current analysis, the three pedigrees with initial ascertainment or
extension through high TG levels all produced multiple genomic regions with evidence of
linkage to apoB level, with some contribution to the same regions from the two pedigrees that
had identical ascertainment criteria. Family F1, which had a very different ascertainment, did
not produce even suggestive evidence of linkage to any genomic regions. This absence of
evidence of linkage is unlikely to be explained through low power: this pedigree was the second
largest and well typed, and yielded strong evidence of linkage to other lipid traits in previous
analyses (Badzioch et al. 2004).

There is some overlap between our results and those of two previous genome scans for apoB
level, despite the overall relative paucity of reports of genomic scans for apoB QTLs (Bosse
et al. 2004a). There is modest statistical support from previous studies for a QTL in the same
region of chromosome 4q as we identify here, also in FCHL families, but without the covariate
adjustments used here (Cantor et al. 2004). There is also overlap between the region on chr 6q
identified in our analysis and a region that provided suggestive evidence of linkage in a previous
genome scan of apoB in pedigrees with familial hypobetalipoproteinemia (Sherva et al.
2007). Because almost all previous genome scans of apoB level have been analyzed with
methods that do not easily allow evaluation of the contributions of individual pedigrees, it is
not possible from the published information to determine whether there are any other large
pedigrees with evidence of linkage to the regions we report here. However, it would be useful
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to individually re-analyze the existing large pedigrees to determine if there is evidence of
linkage that has been missed in joint analyses.

The strong association between apoB level and genotypes at rs6829588 on chromosome 4 has
two implications. First, it narrows, considerably, the size of the region on chromosome 4 that
is likely to contain the variant(s) of interest. This is supported by the reduced contribution to
apoB variance of SNPs in flanking genes, and suggests that the region of interest is bounded
by genes that flank rs6829588. Such a ~2 cM region is vastly reduced in size over the 24 cM
region defined by the linkage analysis, and is also much smaller than that could reasonably be
expected to be obtainable from linkage analysis, alone, in a single, albeit large, pedigree
(Boehnke 1994). Second, the location of this SNP in an intergenic region, the modest minor
allele frequency in the HapMap CEU sample (0.085), high variation in allele frequency among
HapMap reference samples (0.085–0.880), and the evidence for a strong effect only in one
pedigree suggest that it is unlikely to be the causal locus. More likely, the causal variant
occurred on a haplotype bearing the minor allele at this SNP, and other independent copies of
the minor allele do not also carry the causal variant. This is supported by the observation that
although this SNP explains a substantial fraction of the genetic variance in one pedigree, it
neither accounts for all of the genetic variance in pedigree F3 nor does it appear to explain the
genetic variance in the rest of the pedigrees, as suggested by the attenuation of the genotype
effects when estimated on the whole sample. Explanations that could explain the current
observations include (1) that there are multiple contributing loci in the region, and that this
SNP is only one of them or only tags only one of them, (2) that this SNP is in strong but
imperfect LD with the causal variant in the family with strong evidence of linkage, or (3) that
the mode of inheritance of apoB level in this region is multiallelic, and this SNP only captures
some of the segregating variance.

There are several possibilities regarding the causal loci contributing to the QTL on chromosome
4 identified here. The associated SNP, rs6829588, is in an intergenic region with the closest
annotated genes 0.32 Mb (ANP32C) and 0.45 Mb (TRIM61) away. Neither of these genes has
to date been implicated in CVD. The closest genes with published evidence for CVD
implications, and specifically dyslipidemias, are NPY5R (Arnett et al. 2009; Blumenthal et al.
2002; Coletta et al. 2007) and carboxypeptidase E (CPE) (Jeffrey et al. 2008; Jia et al. 2008,
2009), which are 1.2 and 0.87 Mb from rs6829588, respectively. LD between SNPs in these
genes and rs6829588 is low in the HapMap sample (r2 < 0.02) as would be expected from the
large physical distances. No SNP in or near an annotated coding region with r2 > 0.1 with
rs6829588 was identifiable in the HapMap sample, and all SNPs with r2 > 0.1 are in intergenic
regions. The possibility remains that variation in either non-coding DNA or one of the other
genes in the region on chromosome 4 may affect apoB levels, including TRIM61, MARCH1
or TKTL2. Further experimental work will be needed to identify the causal SNP, since there
is no in silico information on this SNP in published eQTL databases (Dixon et al. 2007; Myers
et al. 2007; Schadt et al. 2008).

The results obtained here are consistent with the hypothesis that rare variants contribute to the
traits of interest segregate in these unusual pedigrees. The evidence is also consistent with the
growing evidence that rare variants may be more important than common variants in explaining
the genetic variance of some complex traits (Cohen et al. 2004; Hamsten and Eriksson 2008;
Manolio et al. 2009). In this context, our results illustrate an important advantage of large
pedigrees: such pedigrees may be particularly useful for identifying some trait loci of interest
since individual large pedigrees can be analyzed as individual units of study, and may represent
near-Mendelian inheritance for any single trait. Identification of the causal site(s) is likely to
require evaluation of sequence data in a future analysis. Finally, our results here coupled with
other results reported elsewhere on the same families (Badzioch et al. 2004; Gagnon et al.
2005) suggest that one possible explanation for FCHL is that of an oligogenic mode of
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inheritance, even within these large families. The diagnosis of FCHL may reflect the existence
of more than one QTL within a family, with the different extreme lipid levels explained by
segregating variants for the different component phenotypes at different loci, as suggested by
the results obtained in the extended families used here.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Posterior distributions of QTL genotype effects for apoB in analysis of all four families in
oligogenic segregation analysis only (a, b) and for family F3 alone for QTLs that visited
chromosome 4 (c, d). Model numbers identified by OSA (Supplementary Table 1) are noted
in a
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Fig. 2.
Genome scan for adjusted apoB for all four families jointly (All), and for each individual family
(F1–F4). Vertical dotted lines delimit the chromosome boundaries
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Fig. 3.
LOD score curves on chromosome 4 for adjusted apoB and family F3. Solid line analysis based
on 21 genome-scan STRs (D4S2366, D4S403, D4S2639, D4S2397, D4S2632, D4S1627,
D4S3248, D4S2367, D4S3243, D4S2361, D4S1647, D4S2623, D4S2394, D4S1644,
D4S1625, D4S1629, D4S2368, D4S2431, D4S2417, D4S408, and D4S1652). Dashed line
analysis that also included nine additional STRs (D4S1575, GATA150B10, D4S1520,
D4S2962, D4S2976, D4S3354, D4S1603, D4S3339, and D4S620). Tic marks on top
horizontal axis denote positions of all 30 MGS and DCD markers
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Fig. 4.
log BF for linkage in joint oligogenic segregation and linkage analysis for family F3 for the
original panel of 21 genome-scan STRs without (solid line) and with (dashed line) inclusion
of SNP rs6829588 as a major-gene covariate. Vertical dotted line depicts position of rs6829588
at 182.17 cM
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Fig. 5.
QTL size versus position on chromosome 4 for each of 293 SNPs used as a major-gene
covariate. Solid circles represent the same SNPs as those indicated with solid circles in
Supplementary Figure 1. Points above the dashed line represent more than a twofold change
in the BF
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