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 Cardiovascular disease (CVD) has a complex etiology 
and is the leading cause of death in the United States ( 1 ). 
Risk factors for CVD include dyslipidemia (e.g., high 
plasma cholesterol and triglycerides), elevated blood pres-
sure (e.g., hypertension), and obesity [e.g., body mass 
index (BMI) > 30.0 kg/m 2 ]. These factors have strong 
environmental contributions, including whether an indi-
vidual smokes, activity level, and percentage of dietary sat-
urated fat ( 2 ). Heritability estimates for the risk factors of 
CVD indicate there is a strong genetic contribution as well, 
and heritabilities vary between the sexes as well as within 
and across ethnic populations ( 3 ). Many candidate genes 
for CVD risk factors have been identifi ed in human link-
age and in genome-wide association studies (GWAS) ( 4 ). 
However, these genes account for a very small proportion 
of the overall heritable variation of risk, approximately 
5–10% cumulatively ( 5 ). This is due partly to the con-
founding factors of genetic and environmental heteroge-
neity in human populations and partly to the lack of 
statistical power to detect genes with small phenotypic ef-
fects, those genes that underlie much of the variation in 
complex traits, such as circulating lipid levels, blood pres-
sure, and obesity. 

 Despite not developing CVD per se, mice have neverthe-
less made major contributions to our knowledge of disease 
etiology, particularly in our understanding of disease phys-
iology and in our identifi cation of genetic risk factors. 
This is because phenotypes are ascertained in controlled 
environments and large numbers of offspring are generated 
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obtained from fat, which is 15% in the low-fat diet (catalog 
D12284, Research Diets, New Brunswick, NJ) and 43% in the 
high-fat diet (catalog TD88137, Harlan Teklad, Madison, WI). 
All animals were fed ad libitum. 

 Phenotyping 
 At 20 weeks of age, animals were fasted for 4 h and anesthe-

tized with sodium pentobarbital. A terminal blood sample was 
collected via cardiac puncture. Serum was frozen at  � 20°C until 
assayed. Concentrations of cholesterol, free-fatty acids, triglycer-
ides, glucose, and insulin were measured by the Nutrition Obe-
sity Research Center, Animal Model Research Core at Washington 
University. Additionally, fat pads (inguinal, mesenteric, renal, 
and reproductive) and internal organs (heart, kidneys, liver, and 
spleen) were removed and weighed. Genetic mapping of the fat 
pads and of glucose and insulin levels, as well as response to glu-
cose stress, is reported in Cheverud et al. ( 11 ) and Lawson, Lee, 
Fawcett, et al. (unpublished observations). 

 Genotyping 
 DNA was extracted from liver tissue using the QIAGEN kit, 

and 1536 single nucleotide polymorphisms (SNP) were selected 
from the CTC/Oxford SNP survey (www.well.ox.ac.uk/mouse/
INBREDS/) for scoring with the Illumina Golden Gate Bead Ar-
ray. SNP genotyping was performed at the Washington University 
Genome Sequencing Center. At total of 1,402 autosomal SNPs 
were reliably scored and used for this analysis (supplementary 
Table II). Recombination fractions between the markers were 
estimated using the package R/qtl ( 17 ), and a genetic map was 
created for the SNPs based on their physical order along the 
autosomes (mm9; NCBI build 37). 

 Ordered genotypes were reconstructed at each marker for 
all F 16  animals from familial SNP data (F 15  parents and their F 16  
offspring) using the integer linear programming algorithm as 
implemented in PedPhase 2.1 ( 18 ). Due to the computational 
intensity of the algorithm, it was necessary to partition the larger 
chromosomes. Additive (X a ) and dominance (X d ) genotypic 
scores were assigned at each marker: X a  = 1, 0,  � 1 and X d  = 0, 1, 
0 for the LG/LG, LG/SM and SM/LG, and SM/SM genotypes, 
respectively. “LG” refers to an allele derived from the LG/J strain, 
and “SM” refers to an allele derived from the SM/J strain. Fur-
ther, we assigned imprinting genotypic scores (X i ) to distinguish 
between the two reciprocal heterozygotes, LG/SM and SM/LG, 
where the fi rst allele is inherited from the father, and the second 
from the mother. For the four ordered genotypes, LG/LG, LG/
SM, SM/LG, and SM/SM, X i  = 0, +1,  � 1, 0, respectively ( 19 ). 
Additional genotypes were imputed at 1cM intervals between 
the most proximal and the most distal SNP on each autosome 
using the equations of Haley and Knott ( 20 ), with the inclusion 
of newly derived equations for imputing imprinting genotypic 
scores (supplementary Table III). 

 QTL analysis 
 Single locus analyses were performed across each autosome 

using maximum likelihood in the Mixed Procedure in SAS 
(version 9.2; SAS Institute, Cary, NC). Our full mapping model 
included sex, diet, the direct effects of the genomic locations (X a , 
X d , X i ), and their two- and three-way interactions with sex and 
diet as fi xed effects. We included family, sex, diet, and their two- 
and three-way interactions as random effects in the model. Inclu-
sion of these random effects accounts for the infl uence of family 
structure, which could infl ate the results. The full model explains 
variation in trait (Y) using the linear equation: 

 Y ijklm  =  �  + Sex i  + Diet j  +  a X ak  +  d X dl  +  i X im  +  sd (Sex i ×Diet j ) + 
 as (X ak ×Sex i ) +  ds (X dl ×Sex i ) +  is (X im ×Sex i ) +  ad (X ak ×Diet j ) + 

from a set of founder animals of known genomic back-
ground. For example, after the mouse leptin and the lep-
tin receptor pathways were characterized, subsequent 
human familial studies identifi ed over 600 mutations in 
the homologous LEPR gene ( 6 ). Additionally, mutations 
in other genes in the LEP and LEPR pathways, e.g., apoli-
poprotein B ( 7 ) and the ATP-binding cassette (ABCG5) 
( 8, 9 ), have been characterized in humans and associated 
with CVD risk. Recently, a QTL associated with variation in 
blood pressure in a mouse model was used to identify the 
candidate gene uredopropionase ( Upb1 ). Studies of the 
human homolog revealed this locus to be a determinant 
of variation in both systolic and diastolic blood pressures 
( 10 ). Currently there are approximately 250 different 
mouse strains used for CVD risk research, including 27 to 
model hypertension, 57 to model hypercholesterolemia, 
and 17 to model hypertriglyceremia (www.jaxmice.org/
research/index/html). 

 Here we present results of a study examining variation 
in serum cholesterol, free-fatty acids, and triglycerides in 
an F 16  generation of the LG/J×SM/J advanced intercross 
line (Wustl:LG,SM-G16). The LG/J×SM/J cross has proven 
to be an excellent system for identifying QTL associated 
with variation in serum lipid levels and with variation in 
other metabolic traits, such as obesity and glucose toler-
ance ( 11, 12 ). Genetic responses to high- and low-fat diets 
between these two strains, as well as trait heritabilities, 
have been reported elsewhere ( 13–15 ). Here we utilize the 
LG/J×SM/J cross to dissect the complex interactions of 
genetic effects, environmental factors, and the interplay 
between them by examining genome-wide genetic and, 
for the fi rst time, genomic imprinting effects on serum 
lipids among different sex, diet, and sex-by-diet cohorts. 
Understanding how genetic variants interact with the envi-
ronment is critical for understanding the genetics of CVD 
risk factors. We examine the genetic architecture of previ-
ously identifi ed QTL associated with CVD risk factors, and 
we add to the serum lipid QTL landscape by identifying 
new loci. 

 MATERIALS AND METHODS 

 Mouse population 
 The mice used in this study are from the F 16  generation of the 

LG/J×SM/J advanced intercross line (Wustl:LG,SM-G16). The 
line is managed as a pseudo-randomly mated line starting from 
the F 2  generation. One male and one female are chosen from 
each family as breeders for the next generation. These animals 
are randomly mated, except that sibling mating is not allowed. 
For this study, 71 pairs of F 15  animals were double mated, produc-
ing an experimental F 16  population of 1,002 animals in 76 litters, 
averaging 6.8 animals per sibship. Pups were housed with their 
mothers until weaning at three weeks of age, and then they were 
separated into sex-specifi c cages of no more than fi ve animals per 
cage [details of the animal husbandry are described in Ehrich et 
al. ( 16 )]. At this time, one-half of the animals from each litter 
were fed a high-fat diet (253 males, 248 females), and one-half 
were fed relatively low-fat diet (247 males, 254 females). The two 
diets were chosen to be as nutritionally similar as possible (sup-
plementary Table I), with the exception of percentage of calories 
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age approximately 0.25 SD for cholesterol (range, 0.10–
0.43 SD) so that, on average, the two homozygotes are 
approximately 0.50 SD units or 28.05 mg/dl apart. For 
free-fatty acids, signifi cant additive effects average approx-
imately 0.27 SD (range, 0.13–0.46 SD) so that, on average, 
the two homozygotes are approximately 0.54 SD units or 
0.262 mmol/l apart. For triglycerides, signifi cant additive 
effects average approximately 0.22 SD (range, 0.14–0.42 
SD) so that, on average, the two homozygotes are approxi-
mately 0.44 SD units or 20.03 mg/dl apart. Signifi cant 
dominance effects also tend to be relatively small, averag-
ing approximately 0.27 absolute SD units for cholesterol, 
approximately 0.32 absolute SD units for free-fatty acids, 
and approximately 0.32 absolute SD units for triglycerides. 
The same holds true for signifi cant imprinting effects, 
which average approximately 0.18 absolute SD units for 
cholesterol, approximately 0.24 absolute SD units for free-
fatty acids, and approximately 0.21 absolute SD units for 
triglycerides. 

 Surprisingly, we fi nd that dominance and imprinting ef-
fects occur as frequently as additive effects. Further, many 
of these QTL have signifi cant interactions with sex, with 
diet, and/or with sex and diet jointly (  Fig. 2  ).  On average, 
for QTL with additive effects among the nine cohorts (the 
full F 16  population, sex, diet, or sex-by-diet cohorts), ani-
mals that are LG homozygotes have higher levels of choles-
terol, free-fatty acids, and triglycerides. For QTL with 
dominance effects among the cohorts, the LG allele is 
dominant to the SM allele 57% of the time for cholesterol, 
20% of the time for free-fatty acids, and 50% of the time 
for triglycerides. Additionally, we see 7 examples of loci 
showing under-dominance effects, where heterozygote 
animals have signifi cantly lower serum lipids than either of 
the two homozygotes, and 13 examples of loci showing 
over-dominance effects, where heterozygote animals have 
signifi cantly higher serum lipids than either of the two ho-
mozygotes. For QTL with imprinting effects among the 
cohorts, 72% of imprinting values are positive for choles-
terol, 53% are positive for free-fatty acids, and 50% are 
positive for triglycerides, indicating that most often, 
heterozygote animals that inherit their LG allele from 
their fathers and their SM allele from their mothers have 
higher serum lipids. 

 Maternal effects (i.e., the effect of the maternal geno-
type and, hence, maternal environment, on the expres-
sion of traits in her offspring) have been shown to produce 
genetic patterns similar to imprinting ( 23 ). To determine 
whether maternal effects contribute to the imprinting 
patterns we identify, we reran the full model, including 
maternal additive and dominance scores, and their 2- and 
3-way interactions with diet and sex at loci showing signifi -
cant imprinting effects. Of the 13 QTL showing imprint-
ing effects, 2 loci,  Dserum1c  and  Dserum11a,  show maternal 
effects in addition to the imprinted effects. One locus, 
 Dserum8c , shows signifi cant maternal effects with no im-
printing ( Table 1 ). 

 The imprinting patterns among the cohorts are com-
plex, with 4 examples of paternal expression imprinting, 
6 examples of maternal expression imprinting, 14 examples 

 dd (X dl ×Diet j ) +  id (X im ×Diet j ) +  asd (X ak ×Sex i ×Diet j ) +  dsd (X dl ×
Sex i ×Diet j ) +  isd (X im ×Sex i ×Diet j ) + e ijklm  

 where  �  is the population mean and e is the residual. The  � 2 
ln (likelihood) of this model was compared with a null model: 

 Y ijklm  = �  + Sex i  + Diet j  +  sd (Sex i ×Diet j ) + e ijklm  
 using a chi-square test with 12 degrees of freedom. Probabilities 

were transformed into logarithm of odds (LOD) =  � log 10 (Pr). 
The regression coeffi cients are the additive [ a  = (G LG/LG  � G SM/

SM )/2], dominance { d  = [(G LG/SM +G SM/LG ) � (G LG/LG  � G SM/SM )]/2} 
and imprinting [ i  = (G LG/SM  � G SM/LG )/2] genotypic values, where 
G refers to the average phenotypic value of all individuals sharing 
the subscripted genotype. The coeffi cients are combined, when 
appropriate, with the interacting factors of sex ( as ,  ds ,  is ), of diet 
( ad ,  dd ,  id ), and of sex-by-diet ( asd ,  dsd ,  isd ). If the full model fi t 
the data better than the null model, we examined the coeffi cients 
at the locus post hoc to identify the genetic effects and any signifi -
cant interactions with sex, diet, and/or sex-by-diet. 

 The number of independent tests, both genome-wide and 
chromosome-wise, was calculated using the eigenvalues of the 
correlation matrix of the marker additive genotypic scores as de-
scribed in Li and Ji ( 21 ). This was then used to calculate Bonfer-
roni adjusted signifi cance thresholds, 1 � (1 �  � ) 1/M , where M is 
the number of independent tests, at the genome-wide level (LOD  �  
3.97) as well as separately for each autosome (supplementary 
Table IV). The chromosome-wise threshold is less conservative 
than the genome-wide threshold and has been shown to increase 
discovery of true positives while avoiding problems using the false 
discovery rate in linkage mapping ( 22 ). A standard one LOD 
drop from the peak of the QTL was used to determine the 95% 
confi dence intervals. 

 RESULTS 

 Mapping results 
 We identifi ed 25 trait-specifi c loci for serum cholesterol, 

free-fatty acids, and triglycerides mapping to 23 locations 
across the genome. Of these 25 QTL, 4 are highly signifi -
cant by the genome-wide threshold of LOD  �  3.97, and 21 
pass chromosome-wise signifi cance levels. The most com-
monly mapped trait is cholesterol with 10 QTL. Triglycer-
ides have 9 QTL, followed by free-fatty acids with 6 QTL. 
The average QTL spans 4 Mb and contains 51 genes. Many 
of these genes have been demonstrated to affect serum 
chemistry and are well-studied positional candidates for 
susceptibility to dyslipidemia and hypertension. We fi nd 
that 14 of our QTL correspond to known QTL previously 
mapped in mouse models of dyslipidemia, hypertension, 
and atherosclerosis that utilized strains both related and 
unrelated to LG/J and SM/J (Mouse Genome Database 
queried October 10, 2009). For example, we fi nd a highly 
signifi cant QTL on chromosome 1,  Dserum1c , which con-
tains the candidate genes  Rgs5 ,  Rgs4 ,  Hsd17b7 ,  Apoa2 , and 
 Fcer1g , and which overlaps previously identifi ed QTL, 
 Bodwt1 ,  Bpg21 ,  Hdl34 , and  Lprq3  (  Fig. 1  ).  Additionally, we 
identify 9 novel QTL, each of which contains fruitful can-
didates for further investigation (  Table 1  ).  

 Genetic effects of QTL 
 The genetic effects of these QTL are small, which is the 

general case for genes underlying variation in complex 
traits such as serum lipids. Signifi cant additive effects aver-
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LG allele from their mothers have higher cholesterol than 
heterozygote animals inheriting their LG allele from their 
fathers. In low-fat fed males, there is signifi cant bipolar 
dominance imprinting (no additive or dominance effects), 
where heterozygote animals inheriting their LG allele 
from their father have higher cholesterol than heterozy-
gote animals inheriting their LG allele from their moth-
ers. The imprinting effects seen in the high-fat fed females 
and in the low-fat fed males are of the opposite signs. 
These effects do not register as signifi cant in the full popu-
lation because they cancel each other. 

 The complexity of this context dependency is further 
illustrated at  Dserum1c  discussed above and shown in Fig. 
1. This highly signifi cant pleiotropic locus is associated 
with variation in both cholesterol and free-fatty acids. 
However, the genetic architecture of the locus is different 
for each trait (  Fig. 5  ).  For cholesterol, there is a highly 
signifi cant additive effect in the full F 16  population, where 
animals homozygous for the LG allele have higher choles-
terol. Heterozygote genotypic values fall between the two 
homozygotes, and there is no signifi cant difference be-
tween the two reciprocal heterozygotes. At this same locus, 
for free-fatty acids, the genotypic effect is dependent on an 
animal’s sex and diet. All sex-by-diet cohorts, except the 
low-fat fed males, have signifi cant additive effects, where 
animals homozygous for the LG allele have higher free-
fatty acids. High-fat fed females have signifi cant domi-
nance effects, with the SM allele dominant to the LG. 
Additionally, high-fat fed females have signifi cant mater-
nal expression imprinting, where heterozygote animals 
have higher free-fatty acids when they inherit their LG al-
lele from their mothers than when they inherit their LG 
allele from their fathers. Low-fat fed females have signifi -
cant paternal expression imprinting, where heterozygote 
animals inheriting their LG allele from their father have 
higher free-fatty acids than when they inherit their LG al-
lele from their mothers. High-fat fed males have signifi -
cant over-dominance effects, with the heterozyotes having 

of polar dominance imprinting (no additive effects), and 
17 examples of bipolar dominance imprinting (no addi-
tive or dominance effects) at the locus. Detailed descrip-
tions of the varied patterns of imprinting effects can be 
found in Wolf et al. ( 24 ) and in Cheverud et al. ( 25 ). Sup-
plementary Table V lists genotypic values for all 25 trait-
specifi c QTL for all cohorts. 

 Context dependency of QTL 
 An intriguing result of this study is the importance of 

context to the underlying genetic architecture of serum 
levels. While it is well known that sex and diet are impor-
tant factors contributing to heritable variation in CVD risk 
factors, we show that the underlying genetic effects them-
selves are highly context-dependent. For example,   Fig. 3    
illustrates a QTL,  Dserum10b , which is signifi cant in the full 
F 16  population. The locus has an additive effect, where ani-
mals homozygous for the SM allele have higher triglyc-
erides than animals homozygous for the LG allele. 
Additionally, this locus has paternal expression imprint-
ing, where heterozygote animals that inherit their SM al-
lele from their fathers have higher triglycerides than 
heterozygote animals inheriting their SM allele from their 
mothers. We fi nd that 15 of the 25 trait-specifi c QTL show 
genotypic effects in multiple cohorts. Often, when geno-
typic effects are found in multiple cohorts, they affect the 
cohorts in different ways, and the effects are not always 
seen in the full population ( Table 1 ). For example, at a 
novel QTL identifi ed on chromosome 8,  Dserum8a , which 
is associated with variation in cholesterol, we fi nd a signifi -
cant gene-by-sex-by-diet interaction (  Fig. 4  ).  In females 
fed a high-fat diet, there is a signifi cant additive effect 
where animals homozygous with the LG allele have higher 
cholesterol. An additive effect is not seen in any cohort 
besides the high-fat fed females and does not register as 
signifi cant in the full population. Additionally, there is sig-
nifi cant maternal expression imprinting in the high-fat 
fed females, where heterozygote animals inheriting their 

  Fig.   1.  A highly signifi cant QTL mapped to chr1: 
171096284-176523075,  Dserum1c . We fi nd this locus is 
pleiotropic, affecting variation in both cholesterol 
and free-fatty acids. This QTL contains a number of 
candidate genes that are well studied in association 
with CVD risk factors. Additionally, this QTL overlaps 
previously identifi ed QTL. CVD, cardiovascular dis-
ease; QTL, quantitative trait loci.   
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  Fig.   3.  A QTL signifi cant in the full population,  Dserum10b , asso-
ciated with variation in triglycerides. This locus has additive effects, 
where SM homozygotes have higher triglycerides than LG homozy-
gotes. Additionally, this locus has paternal expression imprinting, 
where heterozygote animals inheriting their SM allele from their 
fathers have higher triglycerides. *** P  < 0.001; ** P  < 0.01. LG, al-
lele derived from the LG/J strain; QTL, quantitative trait loci; SM, 
allele derived from the SM/J strain.   

  Fig.   4.  A novel QTL,  Dserum8a , associated with variation in cho-
lesterol. In high-fat fed females, there is a signifi cant additive ef-
fect, where LG homozygotes have higher cholesterol than SM 
homozygotes (B). This effect does not register as signifi cant in the 
full population because the signal is washed out by absence of ge-
netic effects in the other sex-by-diet cohorts (A). Further, high-fat 
fed females have signifi cant maternal expression imprinting, where 
animals inheriting their LG allele from their mothers have higher 
cholesterol (B). In low-fat fed males, there is signifi cant bipolar 
dominance imprinting (C). Imprinting effects do not register in 
the full population because the negative value in the females and 
the positive value in the males cancel each other out (A). * P  < 0.05. 
LG, allele derived from the LG/J strain; QTL, quantitative trait 
loci; SM, allele derived from the SM/J strain.   

higher free-fatty acid levels than either of the two homozy-
gotes at this locus. Additionally, high-fat fed males have 
signifi cant maternal expression imprinting. In low-fat fed 
males, there are no signifi cant imprinting effects. Rather, 
this cohort has signifi cant under-dominance, where 
heterozygote animals have lower levels of free-fatty acids 
than either of the two homozygotes at this locus, and there 
is no signifi cant difference between the two reciprocal 
heterozygotes, LG/SM and SM/LG. 

 DISCUSSION 

 Mouse models of cardiovascular disease are an integral 
part of the genetic mapping toolbox, and the LG/J×SM/J 

  Fig.   2.  Relative occurrences of genetic effects in the full population, 
and of genetic effects interacting with sex, diet, and/or sex-by-diet.   

cross has been well characterized with respect to CVD- 
related risk factors ( 26 ). We have taken advantage of the 
genotypic and phenotypic differences between these two 
strains to identify both genetic variation and gene-by-envi-
ronmental variation in serum lipids. The QTL described 
here have been mapped with a higher resolution than in 
previous studies, because an F 16  advanced intercross popu-
lation has approximately eight times the recombination of 
an F 2  intercross, which is the experiment by which most 
mouse QTL have been found. Further, by dividing the lit-
ters into high- and low-fat dietary treatments, we are able 
to tease apart the context dependency of gene-by-environ-
mental interactions. A number of QTL have been identi-
fi ed in crosses between inbred mouse strains fed a high-fat 
diet, either throughout or at some point in their lives ( 27–
30 ), and some of these QTL show sex-specifi city ( 31 ). These 
studies have proven invaluable for characterizing individual 
response in serum lipids to a high-fat environment. However 
most studies do not examine these genetic responses relative 
to a low-fat diet fed in the same manner. In this study, we 
have improved mapping resolution and knowledge of the 
genetic architecture of previously detected QTL. Addition-
ally, we add to the QTL landscape by identifying nine novel 
loci on chromosomes 1, 4, 7, 8, 10, 16, and 17. 

 One striking result of this study is the percentage of loci 
that deviate from a strictly additive model and the overall 
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traits, including CVD risk factors, such as obesity ( 35–37 ), 
dyslipidemia ( 38 ), and blood pressure ( 39 ). Our results 
indicate that, in addition to maternal and paternal expres-
sion imprinting patterns, more complicated patterns of 
polar dominance imprinting and bipolar dominance im-
printing commonly affect variation in serum lipids. Fur-
ther, we show that an individual’s maternal environment 
can affect variation in these traits later in life. These pat-
terns are highly context-dependent, a result that is consis-
tent with previous analyses showing epigenetic patterns 
are not fi xed across all genotypes and all environments 
(19 , 33, 40 ). 

 Another striking result of this study is the nearly ubiqui-
tous context dependency of the genetic effects underlying 
these traits.  Fig. 2  illustrates that 47% of additive effects 
depend on sex and/or diet, that 56% of dominance effects 
depend on sex and/or diet, and that 73% of imprinting 
effects depend on sex and/or dietary environment. Context 
was found to be an important factor underlying variation 
in both obesity and diabetes-related traits mapped in this 
same population and described by Cheverud et al. ( 11 ) and 
Lawson, Lee, Fawcett, et al. (unpublished observations). 

prevalence of epigenetic genomic imprinting effects. 
Our knowledge of the infl uence of epigenetic factors, cell- 
specifi c heritable changes in gene expression that occur in 
the absence of DNA mutation, on complex traits is lim-
ited. However, the various risk factors for CVD have some 
non-Mendelian features, such as some disassociation among 
twins, male and female differences in prevalence, as well as 
individual variation in both healthy and disease state. Each 
of these features is consistent with epigenetic mechanisms 
( 32 ). Imprinting occurs when the effect of an allele de-
pends on whether it is maternally or paternally inherited. 
More than 80 imprinted genes have been identifi ed in 
both mice and humans, and it has been estimated that the 
imprinting effects of approximately 30% of these genes 
overlap ( 33, 34 ). Computational tools have been devel-
oped to predict imprinted genes based on genomic 
imprinting signatures, such as methylation and histone 
modifi cation, and bioinformatic scans suggest that hun-
dreds of genes are likely to be imprinted across the ge-
nome (www.har.mrc.ac.uk/research/genomic_imprinting/
citation.html). It is becoming apparent that imprinting is an 
important aspect of the architecture of many quantitative 

  Fig.   5.  A highly signifi cant pleiotropic QTL,  Dserum1c , associated with variation in both cholesterol and free-fatty acids. For cholesterol, 
the genetic effects fi t an additive model, and animals that are LG homozygotes have higher cholesterol than SM homozygotes. The two 
reciprocal heterozygotes fall at the midpoint between the homozygotes and are pooled in the graph for display purposes (A). For free-fatty 
acids, all sex-by-diet cohorts, except the low-fat fed males, have signifi cant additive effects, where LG homozygotes have higher free-fatty 
acids than SM homozygotes (B-E). High-fat fed females have signifi cant dominance effects and maternal expression imprinting (B). Low-
fat fed females have signifi cant paternal expression imprinting (C). High-fat fed males have signifi cant over-dominance effects and mater-
nal expression imprinting (D). Low-fat fed males have signifi cant under-dominance effects and no imprinting (E). *** P  < 0.001; ** P  < 0.01; 
* P  < 0.05. LG, allele derived from the LG/J strain; QTL, quantitative trait loci; SM, allele derived from the SM/J strain.   
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tal interactions, which for practical reasons is not possible in 
large-scale human population studies. We propose that a 
candidate gene approach, where candidates are identifi ed 
independently in mouse models, can be used to protect ge-
nomic regions from strict thresholds and increase the power 
of GWAS, allowing for dissection of the context dependency 
of the genetic architecture of CVD risk factors. Results such 
as those presented here, which tease apart gene-by-environ-
mental interactions, can be used to inform study design in 
human population studies, where little is known about the 
context dependency of genes that contribute to inter- and 
intrapopulation variability in CVD risk factors.  

 The authors would like to thank Dr Seth Crosby and the 
Washington University Genome Sequencing Center for their 
help in SNP genotyping. 
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