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Abstract To investigate genetic contributions to individual
variations of lipoprotein cholesterol concentrations, we per-
formed quantitative trait locus/loci (QTL) analyses of an
intercross of CAST/Ei and DBA/2J inbred mouse strains af-
ter feeding a high-cholesterol cholic acid diet for 10 weeks.
In total, we identified four QTL for HDL cholesterol.
Three of these were novel and were named 

 

Hdlq10

 

 [20 cen-
timorgans (cM), chromosome 4], 

 

Hdlq11

 

 (48 cM, chromo-
some 6), and 

 

Hdlq12

 

 (68 cM, chromosome 6). The fourth
QTL, 

 

Hdl1

 

 (48 cM, chromosome 2), confirmed a locus dis-
covered previously using a breeding cross that employed
different inbred mouse strains. In addition, we identified
one novel QTL for total and non-HDL cholesterol (8 cM,
chromosome 9) that we named 

 

Chol6

 

. 

 

Hdlq10

 

, colocalized
with a mutagenesis-induced point mutation (

 

Lch

 

), also af-
fecting HDL.  We provide molecular evidence for 

 

Abca1

 

as the gene underlying 

 

Hdlq10

 

 and 

 

Ldlr

 

 as the gene underly-
ing 

 

Chol6

 

 that, coupled with evidence generated by other re-
searchers using knockout and transgenic models, causes us
to postulate that polymorphisms of these genes, different
from the mutations leading to Tangier’s disease and familial
hypercholesterolemia, respectively, are likely primary ge-
netic determinants of quantitative variation of lipoprotein
levels in mice and, by orthology, in the human popula-
tion.

 

—Lyons, M. A., H. Wittenburg, R. Li, K. A. Walsh, G. A.
Churchill, M. C. Carey, and B. Paigen.

 

 Quantitative trait
loci that determine lipoprotein cholesterol levels in DBA/2J
and CAST/Ei inbred mice. 

 

J. Lipid Res. 

 

2003. 

 

44:

 

 953–967.

 

Supplementary key words

 

Castaneus

 

 

 

•

 

 mouse 

 

•

 

 nuclear receptor 

 

•

 

high density lipoprotein 

 

•

 

 low density lipoprotein 

 

•

 

 intercross 

 

•

 

 

 

Abca1

 

 

 

•

 

Ldlr

 

 

 

•

 

 

 

Pparg

 

HDL levels are correlated inversely with atherosclerosis
(1) and are also associated negatively with cholesterol gall-
stones (2). HDL is associated closely with “reverse choles-
terol transport,” a term often simultaneously applied to
macrophage cholesterol efflux and centripetal cholesterol

 

flux, which refers to the movement of cholesterol from
periphery to the liver for elimination (3). However, recent
investigations with mice revealed that centripetal choles-
terol flux is not determined by the absolute concentration
of plasma HDL (4–6), findings that are supported by hu-
man studies (7). Nonetheless, HDL is involved in the
elimination of excess peripheral cholesterol from the
body, and HDL-mediated macrophage cholesterol efflux
remains as the crucial determinant of foam cell formation
and atherogenesis (3, 8, 9). Patients with Tangier’s disease
(mutant or absent ABCA1) who possess severely dimin-
ished HDL concentrations and display premature athero-
sclerosis (10, 11) dramatically highlight this fact. Further-
more, HDL exhibits many other antiatherogenic effects
(12, 13). On the other hand, LDL cholesterol concentra-
tions are correlated directly with atherosclerosis (14).
These crucial roles in the development of atherosclerosis
render the pathophysiological and genetic background of
variation in individual lipoprotein levels an extremely im-
portant field of investigation, both from a clinical and a
public health perspective.

In addition to mutations in 

 

ABCA1

 

, monogenic HDL
deficiency can be caused by mutations in 

 

APOA1

 

, 

 

LCAT

 

,
and 

 

LPL

 

 (15). To date, five disorders of LDL metabolism
with monogenic inheritance have been identified as stem-
ming from mutations in 

 

LDLR

 

: 

 

APOB

 

, 

 

ARH

 

, 

 

ABCG5

 

, and/
or 

 

ABCG8

 

 (16), and 

 

CYP7A1

 

 (17). These disorders of lipo-
protein metabolism are rare but shed light on important
mechanisms of lipid metabolism. It is unclear whether it is

 

Abbreviations: CAST, CAST/Ei; D2, DBA/2J; LOD, logarithm of
the odds ratio; QTL, quantitative trait locus/loci; SNP, single nucle-
otide polymorphism; SSLP, simple sequence-length polymorphism.
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polymorphisms of these same genes that account for the
monogenic disorders of lipid metabolism or polymorphisms
of different genes that are responsible for the variation of
plasma cholesterol levels in the general population. Varia-
tions among individual lipoprotein concentrations in the
general population are determined by a complicated ge-
netic basis involving multiple genes and gene-gene, as well
as gene-environment, interactions (18). Therefore, lipo-
protein cholesterol levels are one example of a complex
trait. Others include many common diseases, such as ath-
erosclerosis, hypertension, diabetes, and asthma. Reveal-
ing the mechanisms of the common complex diseases is
among our greatest challenges and will contribute greatly
to health (19).

A powerful approach to localizing and identifying genes
underlying complex traits is to employ quantitative trait lo-
cus/loci (QTL) analysis using murine breeding crosses
(20, 21). Our laboratory has utilized QTL analysis to inves-
tigate the genetics underlying cholesterol gallstone forma-
tion, atherosclerosis, and lipoprotein metabolism (18, 21–
23). We report here the results of our investigation of
plasma HDL, total HDL, and non-HDL cholesterol concen-
trations after feeding F

 

2

 

 progeny a lithogenic (i.e., pro-
moting cholesterol gallstone formation)/atherogenic diet
containing high amounts of cholesterol and the hydro-
phobic bile acid cholic acid, which promotes cholesterol
absorption and “humanizes” both the bile salt pool and li-
poprotein profile. Gallstone susceptibility loci detected
with this intercross are reported elsewhere (24). Primarily,
our aim was not only to identify novel loci but also to con-
firm previously identified loci, thus establishing the valid-
ity of a QTL across a variety of inbred strains. We detected
five QTL in total; four were associated with HDL choles-
terol, whereas the fifth encompassed total and non-HDL
cholesterol levels. We provide molecular evidence for a
single candidate gene (

 

Abca1

 

) underlying the QTL for
HDL cholesterol on chromosome 4 (

 

Hdlq10

 

), and a single
candidate gene (

 

Ldlr

 

) underlying the QTL for total/non-
HDL cholesterol on chromosome 9 (

 

Chol6

 

). These data,
coupled with evidence generated by other researchers us-
ing knockout and transgenic models, cause us to postulate
that polymorphisms of these genes, different from the
mutations leading to Tangier’s disease and familial hyper-
cholesterolemia, respectively, are likely to be primary ge-
netic determinants of quantitative variation of lipoprotein
levels in mice and, by orthology, in the human population.

MATERIALS AND METHODS

 

Animals and diet

 

CAST/Ei (CAST) and DBA/2J (D2) mice were obtained from
the breeding facilities of The Jackson Laboratory (Bar Harbor,
ME). Reciprocal F

 

1

 

 progeny [i.e., (CAST 

 

�

 

 D2)F

 

1

 

 derived from
female CAST 

 

�

 

 male D2 and (D2 

 

�

 

 CAST)F

 

1

 

 derived from fe-
male D2 

 

�

 

 male CAST] and F

 

2

 

 progeny, derived from both lin-
eages, were bred and maintained at The Jackson Laboratory. An-
imals were housed in a temperature-controlled room (22–23

 

�

 

C)
under a 14 h light-10 h dark cycle. Breeding pairs were fed low-
cholesterol (

 

�

 

0.02%) chow (Purina 5001; PMI Feeds, Rich-

 

mond, IL), as were experimental animals, until they reached 6–8
weeks. At that time, mice were transferred to the lithogenic diet
(identical to atherogenic diet) comprising, by weight, butter fat
(15%), cholesterol (1%), cholic acid (0.5%), corn oil (2%), su-
crose (50%), casein (20%), and essential minerals and vitamins
(22). Male mice only were used in this study and had free access
to food and water. The Institutional Animal Care and Use Com-
mittees of The Jackson Laboratory and Harvard University ap-
proved all experimental protocols.

 

Phenotyping

 

Animals were fasted 4 h prior to collection of blood via the
retro-orbital sinus. EDTA (2 

 

�

 

mol per tube) was used as an anti-
coagulant. Blood was maintained at 4

 

�

 

C until plasma was isolated
by centrifugation (10,000 

 

g

 

, 5 min) and was stored at 

 

�

 

20

 

�

 

C
until analysis. HDL and total cholesterol were analyzed using an
automated chemistry analyzer and the manufacturer’s reagents
(Synchron CX-5 Delta, Beckman, Palo Alto, CA) based on the
cholesterol esterase and cholesterol oxidase reactions (25, 26).
HDL cholesterol was measured after Mg

 

2

 

�

 

-dextran sulfate pro-
teoglycan precipitation of apolipoprotein B (apoB)-containing
particles (27). Total cholesterol was generally measured diluted
2-fold with phosphate buffered saline. Because mice were fasted
before blood was collected and because chylomicrons display
very short half-lives (28), non-HDL was presumed to comprise
predominantly VLDL and LDL. Non-HDL was calculated as the
difference between total and HDL cholesterol concentrations.

 

Genotyping

 

DNA was prepared from tail samples using phenol-chloroform
extraction subsequent to Proteinase K (Fisher Scientific, Med-
ford, MA) digestion and were resuspended in water. Standard
PCR amplification of simple sequence-length polymorphisms
(SSLPs; n 

 

�

 

 109; 

 

Fig. 1

 

) that discriminate between CAST and D2
alleles (MapPairs primers, Research Genetics, Huntsville, AL)
was used to genotype F

 

2

 

 progeny (except Y chromosome) using
both gel electrophoresis (4% agarose, NuSieve 3:1, FMC Bio-
Products, Rockland, ME) and capillary electrophoresis (ABI
3700 Sequence Detection System, Applied Biosystems, Foster
City, CA). Reported genetic map positions were retrieved from
the Mouse Genome Database (http://www.informatics.jax.org).

 

QTL analyses

 

To identify single and interacting QTL associated with lipo-
protein cholesterol concentrations, the three-stage analysis of
Sen and Churchill (29, 30) was employed. Single loci associated
with the traits were detected by interval mapping. Significance
thresholds were determined by permutation testing (31), and
95% confidence intervals were calculated as described (29). A
multiple imputation algorithm was used to account for missing
marker genotypes (29). To account for possible lineage effects of
the QTL, lineage was included in the analysis as an additive cova-
riant. Results are expressed as logarithm of the odds ratio (LOD)
scores, the traditional measure of linkage (20). In the second
stage, QTL that affected the trait by interacting with one another
were sought using a genome-wide simultaneous search for gene
pairs (30). In the third stage, a multiple regression analysis was
performed that integrated the single and interacting loci identi-
fied in the first two stages to determine the contribution of each
QTL in combination with all other QTL (30). The software is
available at http://www.jax.org/research/churchill.

 

mRNA expression analyses

 

In the parental strains of mice, CAST and D2, and in selected
F

 

2

 

 progeny, hepatic levels of mRNA expression were determined
for genes that colocalized with QTL and were known to have a
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direct or indirect role in lipid metabolism (positional candidate
genes). To collect hepatic tissue for mRNA expression analyses,
mice of the parental strains (five per strain) were fed the litho-
genic diet for 4 weeks, assuming a steady state for the expression
of genes induced by the diet. After that period, food was taken
away from the animals at 6 AM (1 h into light cycle). Starting at 10
AM, animals were sacrificed by cervical dislocation and then sub-
jected to transcardiac perfusion via the left ventricle with ice-cold

phosphate-buffered saline. This procedure was conducted on al-
ternate CAST and D2 mice to minimize any possible effect of di-
urnal variation or length of fasting. Livers of F

 

2

 

 animals were har-
vested at the time of sacrifice after fasting 4 h, but did not
undergo perfusion. They were frozen in liquid nitrogen and
stored at 

 

�

 

80

 

�

 

C until analysis. For expression analyses, groups of
F

 

2

 

 animals were selected based on their genotypes at the QTL
peaks and the SSLPs flanking those peaks. At each of the QTL

Fig. 1. Chromosomal map indicating the genetic positions of simple sequence-length polymorphism
(SSLP) markers used for quantitative trait locus/loci (QTL) analyses and positional candidate genes. In to-
tal, 109 SSLPs covering the 19 autosomes and chromosome X were used to genotype 278 male mice using a
combination of gel and capillary electrophoresis. The chromosome number is indicated at the top of the
chromosome. The genetic map positions are given in centimorgans (cM) on the left of the chromosomes
and were retrieved from the Mouse Genome Database (http://www.informatics.jax.org). The SSLP names
and positional candidate gene names are given on the right of the chromosomes.
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linked to 

 

D2Mit94

 

, 

 

D4Mit110

 

, and 

 

D9Mit58

 

, 10 animals per geno-
type per locus were selected, whereas at the QTL linked to

 

D6Mit36

 

 and 

 

D6Mit14

 

, 15 animals were selected per genotype.
Total RNA was isolated from liver using a commercially avail-

able kit (RNeasy Mini Kit, QIAGEN, Valencia, CA) according to
the manufacturer’s instructions. First-strand cDNA was reverse
transcribed (2 

 

�

 

g RNA, 20 

 

�

 

l final volume per reaction) with a
commercially available kit (Omniscript Reverse Transcription
Kit, QIAGEN) using a combination of oligo deoxythymidine
[(dT)

 

15

 

, 500 ng per reaction, Promega, Madison, WI] and ran-
dom hexamers (250 ng per reaction, Invitrogen, Carlsbad, CA).
Quantitative kinetic (real-time) PCR was performed with an ABI
7700 or 7900 Sequence Detection System using a SYBR Green PCR
Mastermix (Quantitect SYBR Green PCR Mastermix, QIAGEN);
expression of 

 

Gapd

 

 served as internal standard. Gene-specific oli-
gonucleotide primers (100 nM final concentration) were de-
signed using Primer3 software (http://www-genome.wi.mit.edu/
cgi-bin/primer/primer3_www.cgi) and are defined in 

 

Table 1

 

. A
10-fold dilution of cDNA (2 

 

�

 

l per reaction) was used for real-time
PCR reactions. Because the internal control (

 

Gapd

 

) was more abun-
dant than the target genes, it reached the critical cycle-threshold
(C

 

t

 

) sooner. Therefore, we calculated Ct

 

Gapd

 

-Ct

 

Target

 

 to yield 

 

	

 

C

 

t

 

,
the number of cycles in excess of 

 

Gapd

 

 fluorescence required to
reach 

 

Target

 

 fluorescence (usually a negative number in these ex-
periments). Because PCR doubles the number of target DNA mol-
ecules per cycle, 2

 

	

 

Ct

 

 describes the relative deficit of 

 

Target

 

 mole-
cules compared with 

 

Gapd

 

 molecules. Hence, we normalized the
resultant figures and expressed them per 10

 

6

 

 molecules of 

 

Gapd

 

.
Statistical analyses were performed on the normalized data.

 

DNA sequencing

 

Real-time PCR products were subjected to gel (2.5%) electro-
phoresis with ethidium bromide staining or dissociation analysis
using the real-time PCR machine to ensure specific amplification
of a single product. Direct DNA sequencing of the amplicon fol-
lowed by genomic DNA database interrogation (BLAST using
ENSEMBL database) was employed to confirm the authenticity
of real-time PCR amplification products. The cDNA and 

 

�

 

750
nucleotides proximal to the transcription start site of 

 

Nr1h3

 

, one
of the key candidate genes for the chromosome 2 QTL, were se-
quenced to investigate putative polymorphisms that may deter-
mine mRNA expression differences and the existence of poten-
tial amino acid substitutions. Direct sequencing was performed
on overlapping PCR amplification products using Big Dye Termi-

nator Cycle Sequencing Chemistry and the ABI 3700 Sequence
Detection System. Primers were designed and cDNA was reverse-
transcribed as described above. Genomic DNA was obtained
from DNA Resources at The Jackson Laboratory and used to am-
plify regions proximal to the coding region.

 

General statistical analyses

 

Plasma lipoprotein cholesterol concentration data are pre-
sented as “scattergram” plots. All other data are presented as
mean 

 




 

 SEM. Data were analyzed using Graphpad Prism (Win-
dows v3.00, GraphPad Software, San Diego, CA). The lipopro-
tein cholesterol concentrations were analyzed using one-way
ANOVA with Tukey’s multiple comparison post-test. This statisti-
cal analysis was also used to confirm the allele effects at the peak
QTL markers identified in the genome-wide scan for HDL, total
cholesterol levels, and non-HDL cholesterol levels. 

 

P

 

 

 

�

 

 0.05 was
considered significant. Phenotypes were associated using Pear-
son’s correlation. Real-time PCR data were analyzed using Stu-
dent’s 

 

t

 

-test.

 

RESULTS

 

Plasma lipoprotein cholesterol concentrations

 

To determine HDL, total cholesterol concentrations,
and non-HDL cholesterol concentrations, male animals
from the parental strains and the reciprocal F

 

1

 

 progeny,
(CAST 

 

�

 

 D2)F

 

1

 

 and (D2 

 

�

 

 CAST)F

 

1

 

 lineages, were fed
the lithogenic/atherogenic diet for 8 weeks (n � 10 per
group). The results of the lipoprotein cholesterol deter-
minations are presented in Fig. 2 and Table 2. Compared
with D2, CAST displayed significantly decreased HDL
(Fig. 2A, Table 2), but significantly increased total choles-
terol (Fig. 2B, Table 2) and non-HDL cholesterol (Fig. 2C,
Table 2) levels. Because no difference was observed be-
tween male reciprocal F1 progeny, the F1 mice were
grouped prior to comparison with the parental strains.
The fact that reciprocal F1 progeny displayed similar val-
ues indicated that these traits were not inherited by mater-
nal or imprinted genetic factors in this cross. Therefore,
autosomal chromosomal regions carrying genes determin-
ing these factors could be detected by QTL analysis with-

TABLE 1. Gene-specific oligonucleotide primers employed for real-time PCR

Gene Symbol
Chra

(cM)

Primer Sequences (5�–3�)

Amplicon 
ENSEMBL Accession 

IdentificationOfficial (Common) Forward Exon Reverse Exon

bp

Lrp2 (Megalin, Gp330) 2 (40.0) tgtaccagaaaatgtggaaaacc 2 gtgtcttctgtggcagtgtagc 5 288 ENSMUST00000028462
Nr1h3 (Lxra) 2 (40.4) agtgactgtttcaccgtgtcc 10 tatttggttgggtcaacaagg 10 231 ENSMUST00000002177
Abca1 4 (23.1) accagaacatgggctactgc 44 ggagagctttcgtttgttgc 45 209 ENSMUST00000030010
A2m (Mam) 6 (62.0) gggtacctgtccatttttactacg 10 taactctggcttggagaaaagact 11 200 ENSMUSG00000030359
Apobec1 6 (54.5) tggaggaatttcgtcaactacc 7 catggcagtcactctttagtgg 8 326 ENSMUST00000043216
Lrp6 6 (63.9) cagatgagaagaactgtgaagtgc 18-19 aatggtgacaattactccaataacg 20 203 ENSMUST00000032322
Ppargb 6 (52.7) tccattcacaagagctgacc 2 ccggcagttaagatcacacc 4 301 ENSMUST00000000450
Ldlr 9 (5.0) acatggtatgaggttcctgtcc 16 tctggagagagtgtcttttctgc 17 307 NM_010700.1c

cM, centimorgans. Primers were designed using the sequences indicated in the table. PCR products were subjected to gel (2.5%) electrophore-
sis with ethidium bromide staining or dissociation analysis using the real-time PCR machine to ensure specific amplification of a single product.
The amplicon was directly sequenced and the sequence used to interrogate the public mouse genome (BLAST analysis in ENSEMBL) to ensure the
identity of the amplicon.

a Candidate chromosome and position (cM).
b Oligonucleotide primers were designed to amplify both Pparg1 and Pparg2 mRNA transcripts.
c NCBI accession.
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out the need to consider lineage-specific QTL effects. Sur-
prisingly, the F1 (and F2) animals exhibited HDL cholesterol
levels lower than both CAST and D2 (Fig. 2A, Table 2), in-
dicating either that both strains contributed alleles lead-
ing to lower HDL cholesterol levels or that some alleles
for higher HDL cholesterol levels may be inherited in a
recessive fashion and therefore be obscured in the het-
erozygous state. The F1 mice displayed total cholesterol
levels intermediate between and significantly different
from the parental strains (Fig. 2B, Table 2). Non-HDL
cholesterol concentrations of the F1 mice were compara-

ble to strain CAST but significantly higher than strain D2
(Fig. 2C, Table 2); thus, high non-HDL cholesterol levels
were inherited in a dominant fashion. Non-HDL and total
cholesterol levels were correlated strongly (Pearson corre-
lation coefficient 0.915, P � 0.0001), likely reflecting the fact
that the total cholesterol is predominantly comprised of non-
HDL cholesterol. Non-HDL cholesterol was negatively corre-
lated with HDL cholesterol (coefficient �0.236, P � 0.0001),
but HDL was not correlated with total cholesterol.

To improve the phenotyping related to gallstone sus-
ceptibility, the feeding regimen for the F2 population was
prolonged from 8 weeks to 10 weeks (24). However, the
distributions of the three cholesterol measurements in the
F2 animals did not appear unduly affected by the ex-
tended feeding period and were consistent with the data
observed in the parental and F1 mice (Fig. 2, Table 2).
The decreased mean of the F2 HDL cholesterol, compared
with that of the F1 group, may reflect the longer duration
of feeding, since cholic acid is known to decrease HDL
cholesterol levels (32, 33), apparently by down-regulating
apoA-I transcription via a putative bile acid response ele-
ment (34). Furthermore, because it is the distribution and
not the mean among the F2 population that is most im-
portant for detecting genetic linkage to a phenotype, we
did not test for significant differences between this group
and either the parental strains or F1 group.

QTL analyses
We genotyped and performed QTL analyses on the en-

tire group of F2 mice (n � 278), initially employing 96

Fig. 2. Plasma lipoprotein cholesterol concentrations in male pa-
rental F1 and F2 populations. HDL (A) and total cholesterol (B)
were determined using automated enzymatic assays. Non-HDL (C)
was calculated as the difference between total and HDL cholesterol
concentrations. Parental and F1 mice were fed the lithogenic diet
for 8 weeks, whereas F2 mice were fed the diet for 10 weeks prior to
cholesterol determinations. Reciprocal F1 groups did not differ for
any levels of HDL, total, or non-HDL cholesterol, and thus were
grouped to compare with CAST/Ei (CAST) and DBA/2J (D2). Be-
cause it is the distribution and not the mean that is most important
for detecting QTL among the F2 population, we did not test for sig-
nificant differences between this group and the parental strains or
F1 group. The mean values are indicated by bars and also by an ar-
row for the F2 population. a P � 0.001; b P � 0.01; c P � 0.05; ns not
significant. The lipoprotein cholesterol data were analyzed using
one-way ANOVA with Tukey’s multiple comparison post-test.

TABLE 2. Plasma lipoprotein cholesterol concentrations in male
parental, F1, and F2 populations

Mice 
Population

Lipoprotein Cholesterol 

No.

HDL Total Non-HDL

Mean SEM Mean SEM Mean SEM

mg/dl

CAST 9 109.6 8.6a,b 300.4 23.0d,e 190.9 16.1g

DBA/2 10 138.5 4.7a,c 183.1 6.1d,f 44.7 4.4g,h

(CAST � D2)F1 10 86.9 5.4 257.1 16.4 170.2 12.6
(D2 � CAST)F1 11 84.1 4.7 236.8 11.5 152.6 11.7
Combined F1 21 85.4 3.5b,c 246.5 9.9e,f 161.0 8.6h

F2 277 86.4 2.2 244.1 5.3 158.5 5.3

CAST, CAST/Ei; D2, DBA/2J; QTL, quantitative trait locus/loci.
Parental and F1 mice were fed the lithogenic diet for 8 weeks, whereas
F2 mice were fed the diet for 10 weeks prior to cholesterol determina-
tions. Data were generated and analyzed as described in Fig. 2 and are
presented as mean and SEM. Reciprocal F1 groups did not differ for
any of the lipoprotein cholesterol levels and thus were grouped to com-
pare with CAST and D2. Because it is the distribution and not the
mean that is most important for detecting QTL among the F2 popula-
tion, we did not test for significant differences between this group and
the parental strains or F1 group. Common superscript characters indi-
cate pairs of significantly different groups.

a P � 0.05.
b P � 0.01.
c P � 0.001.
d P � 0.001.
e P � 0.05.
f P � 0.01.
g P � 0.001.
h P � 0.001.
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SSLP markers distributed across the genome for a prelim-
inary QTL analysis. To refine the QTL intervals, we then
increased the total number of SSLP markers to 109 [final
interval range 1–27 centimorgans (cM)] by adding mark-
ers to selected QTL regions, particularly chromosomes 2
and 6. The genome-wide scans for single QTL are pre-
sented in Fig. 3. Significant QTL for HDL cholesterol
were detected on three different chromosomes, chromo-
somes 2, 4, and 6 (Fig. 3A, D). One QTL was detected for
total cholesterol (Fig. 3B) and one for non-HDL choles-
terol (Fig. 3C); these were both linked to D9Mit58. Given
the strong correlation between these two phenotypes, the
data suggest the presence of a single locus. In total, the
four QTL for HDL cholesterol accounted for 28.4% of
the variance in the F2 population, whereas the QTL for total
cholesterol accounted for 11.2% of the F2 variance (Table
3). Details of the QTL detected, including the LOD score

(the traditional metric of genetic linkage), QTL peak,
95% confidence interval, variance, allele conferring, in-
creased concentration, and candidate genes, are pre-
sented in Table 3 (the genetic positions of candidate
genes are depicted in Fig. 1).

The QTL on chromosome 6 for HDL cholesterol (Fig.
3D) was fitted with models comprising one QTL, two QTL,
or three QTL, and a maximum LOD score calculated for
each. Permutation testing was used to determine signifi-
cance thresholds. Increases of 2.0, 1.6, and 1.4 or greater in
the LOD score were the thresholds used to declare multiple
QTL at the 95%, 90%, and 80% confidence levels, respec-
tively. We observed an increase of 2.6 LOD (3.2 vs. 5.8) for
the one-QTL versus the two-QTL model, but an increase of
only 0.5 LOD for the three-QTL model. Therefore, we con-
clude that two QTL on distal chromosome 6 contribute to
HDL cholesterol concentrations (Fig. 3D, Table 3).

At each QTL, we determined the allelic contribution to
the given phenotype. A recessive D2 allele at the QTL
linked to D2Mit94 was associated with higher HDL choles-
terol (Fig. 4A). At the QTL for HDL linked to D4Mit110, a
dominant or codominant CAST allele increased HDL cho-
lesterol (Fig. 4B). Detecting a QTL inherited from the pa-
rental strain with lower HDL concentrations, CAST, that in-
creased HDL cholesterol compared with the D2 allele at
this locus is not surprising, since this is a phenomenon en-
countered frequently in QTL crosses (35). It indicates that
for this complex trait, both parental strains carry alleles that
influence HDL cholesterol levels in both directions. At
both QTL linked to D6Mit36 (Fig. 4C) and D6Mit14 (Fig.
4D), codominant D2 alleles contributed to higher HDL
cholesterol levels. A CAST allele was associated with higher
total and non-HDL cholesterol levels at the QTL linked to
D9Mit58 (Fig. 4E). At this locus, the heterozygous animals
displayed an intermediate phenotype, although they resem-
bled the D2 parental strain more than CAST. Because high
levels of non-HDL cholesterol were dominant in the F1
(Fig. 2C, Table 2) but the QTL at D9Mit58 was inherited re-
cessively, other alleles that were not detected in this analysis
are likely to contribute to the phenotype.

The second stage of the QTL analysis was used to detect
gene-gene interactions (epistasis). Using our criteria for sig-
nificance (30), no interacting QTL were detected in this in-
tercross. Therefore, only single QTL are presented. We
named the significant loci for HDL cholesterol HDL QTL
(Hdlq) followed by a number. The significant locus for total
cholesterol was named Chol followed by a number. There-
fore, the novel QTL for HDL cholesterol on chromosome 4
was named Hdlq10. Similarly the novel QTL on chromosome
6 were named Hdlq11 (proximal) and Hdlq12 (distal). The
novel QTL for total cholesterol (and non-HDL) was named
Chol6. The QTL for HDL cholesterol on chromosome 2 con-
firmed a locus identified earlier using a breeding cross em-
ploying different inbred mouse strains [previously named
Hdl1 (36)]. Hdlq10 colocalized with a locus identified re-
cently for the same trait using a mutagenesis approach; this
locus was named Lch (37) (Table 3). A QTL found in a hu-
man study (38) was orthologous with Hdlq10, and both
mouse and human regions harbored the Abca1/ABCA1 lo-

Fig. 3. Genome-wide QTL analyses for loci determining plasma li-
poprotein cholesterol levels in the F2 population derived from
strains CAST and D2. Chromosomes 1 through X are represented
numerically on the ordinate. The relative width of the space allotted
for each chromosome reflects the relative number of SSLP markers
of each chromosome. The abscissa represents the logarithm of the
odds ratio (LOD) score, the traditional metric of genetic linkage.
The significant (P � 0.05) and suggestive (P � 0.10) levels of link-
age were determined by permutation testing (31). HDL cholesterol
levels are presented in A; total cholesterol, B; non-HDL cholesterol,
C. D: Represents the genome-wide scan for HDL cholesterol for
chromosome 6 only (solid line). The posterior probability density
(broken line) is a likelihood statistic that gives rise to the 95% confi-
dence intervals that are indicated by the gray bars (29).
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cus. Furthermore, a QTL for LDL was detected on human
chromosome 19 (39), a portion of which is orthologous with
mouse chromosome 9, and contains LDLR.

Candidate gene expression analyses
To identify genes that colocalized with the QTL and

that were involved in lipid metabolism (candidate genes),
we scrutinized the public genome databases (Table 3, Fig.
1). Because overall HDL levels are determined by the liver
(8), the candidate genes were tested for differential he-
patic mRNA expression between the parental strains,
CAST and D2, and selected mice from the F2 population
possessing either homozygous CAST or homozygous D2
alleles in the regions of interest (Fig. 5).

We tested two candidate genes for Hdl1 (chromosome
2): Lrp2 (Megalin, Gp330 ; 40.0 cM) and Nr1h3 (Lxra; 40.4
cM). No differential mRNA expression was detected for
Lrp2 (Fig. 5A). CAST displayed a small but significant in-
crease in Nr1h3 mRNA expression amounting to a 2-fold
increase (Fig. 5A). For Hdlq10 (chromosome 4), we iden-
tified Abca1 as a physiologically relevant and highly attrac-
tive candidate gene. CAST displayed higher expression of
Abca1, amounting to a 4-fold difference between strains
(Fig. 5A). Hdlq11 (chromosome 6) encompassed candi-
date genes including Apobec1 and Pparg. Apobec1 expres-
sion was 2.8-fold higher in CAST compared with D2 mice
(Fig. 5A). Conversely, D2 exhibited a 4.7-fold higher
mRNA expression of Pparg (Fig. 5A). Candidate genes for
Hdlq12 (chromosome 6) included A2m and Lrp6. D2
mice exhibited significantly higher mRNA expression lev-
els of these two genes compared with CAST, amounting to
6.9- and 2.5-fold, respectively (Fig. 5A). Finally, Ldlr was a
particularly strong candidate gene for Chol6 (chromo-
some 9). D2 displayed a markedly increased expression of
Ldlr compared with CAST (Fig. 5A), amounting to a 18-
fold increase over strain CAST. Therefore, all of the candi-
date genes tested, excluding Lrp2, displayed differential
expression and warranted further investigation with re-
spect to the mRNA expression characteristics.

Intercross progeny inherit unique combinations of al-
leles derived from both parental strains. Therefore, when
differential expression of a candidate gene is demon-
strated for animals that are homozygous for one parental
strain versus the other only in the region harboring the
candidate gene, it provides strong support for cis-acting el-
ements rather than trans-acting elements remote from the
gene of interest. Hence, we proceeded to investigate fur-
ther the QTL for lipoprotein cholesterol in the F2 popula-
tion. We selected individual samples that were either ho-
mozygous CAST or homozygous D2 over the loci on
chromosomes 2, 4, 6, and 9. We determined the mRNA
expression levels for Lrp2, Nr1h3, Abca1, A2m, Apobec1,
Lrp6, Pparg, and Ldlr. Nr1h3 expression was significantly
increased, albeit modestly, in F2 animals possessing ho-
mozygous CAST alleles compared with D2 alleles (Fig. 5B).
We confirmed that Lrp2 was not differentially expressed
between animals possessing homozygous CAST compared
with D2 alleles (Fig. 5B). Likewise, it was established that
A2m, Apobec1, and Lrp6 did not display differential expres-
sion in the F2 population (Fig. 5B). Conversely, Pparg
demonstrated marked differential expression in the F2 an-
imals amounting to a 12.5-fold increase in strain D2 (Fig.
5B). Abca1 was expressed 2.4-fold higher in F2 mice bear-
ing CAST alleles compared with those with D2 alleles,
whereas the converse was true for Ldlr, which was ex-
pressed 6.1-fold higher by mice with D2 alleles versus CAST
alleles (Fig. 5B). In summary, we find that three candidate
genes displayed differential expression both between the
parental strains, CAST and D2, and between animals pos-
sessing either homozygous CAST or homozygous D2 al-
leles derived from the F2 population. These data indicate
likely cis-acting elements that determine Hdlq10 (Abca1),
Hdlq11 (Pparg), and Chol6 (Ldlr).

Candidate gene sequence analysis
Because nuclear transcription factors, i.e., Nr1h3 and

Pparg, hold great potential to influence the transcription of

TABLE 3. QTL for plasma lipoprotein cholesterol concentrations identified in the CAST � D2 intercross

Locus (cM)
QTL 
Name Phenotype Chra LODb QTL Peak Variance

High
Allele

Overlapping QTLd 

Candidate Genes (cM)Name Reference

cM (CIc) %

D2Mit94 (48.1) Hdl1 HDL 2 5.4 48 (44–56) 8.5 D2 Hdl1 (36) Lrp2 (40.0), Nr1h3 (40.4)
D4Mit110 (21.9) Hdlq10 HDL 4 5.9 20 (10–30) 9.3 CAST Lche (33, 37) Abca1 (23.1)
D6Mit36 (46.0) Hdlq11 HDL 6 4.2 48 (40–60) 5.3 D2 Apobec1 (54.5), Pparg (52.7)
D6Mit14 (71.2) Hdlq12 HDL 6 4.9 68 (64-80) 5.3 D2 A2m (62.0), Lrp6 (63.9)
D9Mit58 (5.0) Chol6f Total 9 7.2 8 (5–27) 11.2 CAST — (36)g Ldlr (5.0)
D9Mit58 (5.0) Chol6f Non-HDL 9 4.6 6 (4–25) 7.3 CAST Ldlr (5.0)

LOD, logarithm of the odds ratio.
a Chromosome.
b Suggestive QTL LOD � 2.2, significant QTL LOD � 3.3.
c 95% Confidence interval.
d Overlapping QTL identified in previous studies.
e Point mutation from a mutagenesis experiment, not a QTL, which colocalizes with Hdlq10 for the same phenotype (HDL).
f Because the correlation of total with non-HDL cholesterol levels was so strong (Pearson’s coefficient 0.915, P � 0.0001) and because the allele

effects (Fig. 4E) and the genetic position of these loci were virtually indistinguishable, it is probable that these QTL are identical.
g QTL found on chow, peak 17 cM.
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a wide array of lipoprotein metabolic proteins, we se-
quenced the coding region of Pparg and both the coding
region and �750 nucleotides proximal to the transcrip-
tion start site of Nr1h3 (GenBank accession AY195870,
CAST; AY195871, D2). Six single-nucleotide polymorphisms
(SNPs) were detected between CAST and D2 in the coding
region of Nr1h3, but all were silent mutations bearing no ef-

Fig. 4. Allelic contributions to the QTL detected on chromo-
somes 2, 4, and 6 for HDL, and on chromosome 9 for total and non-
HDL cholesterol concentrations. Homozygous CAST alleles are rep-
resented by C/C, homozygous D2 alleles by D/D, and heterozygous
alleles by C/D. A recessive D2 allele at Hdl1, linked to D2Mit94, was
associated with higher HDL cholesterol (A). A dominant or codom-
inant CAST allele determined increased HDL cholesterol levels at
Hdlq10 that were linked to D4Mit110 (B). At both Hdlq11 and
Hdlq12, linked to D6Mit36 and D6Mit14, respectively, codominant
D2 alleles contributed to higher HDL cholesterol levels (C, D).
Chol6, linked to D9Mit58, was detected for total (filled) and non-
HDL cholesterol (open) concentration, and is likely the same locus
(E). A recessive (or codominant) CAST allele was associated with
higher total and non-HDL cholesterol levels at Chol6. Data represent
mean 
 SEM. a P � 0.001; b P � 0.01; c P � 0.05. The line positioned
above the ordinate indicates the result of one-way ANOVA.

Fig. 5. Hepatic mRNA expression analysis of positional candidate
genes identified for the QTL on chromosomes 2, 4, 6, and 9. The
candidate gene is indicated on the ordinate with the chromosome
number following in parentheses. Parental animals (CAST, open;
D2, filled; A) were fed the lithogenic diet for 4 weeks prior to col-
lection of liver tissue. Liver tissue from F2 animals (B) homozygous
for CAST (open) or D2 (filled) alleles over the Hdl1, Hdlq10,
Hdlq11/ Hdlq12, and Chol6 QTL were collected after 10 weeks’
feeding. Samples were prepared as described. Gene-specific oligo-
nucleotide primers were employed to analyze candidate genes us-
ing real-time PCR. Data are reported as the number of target mole-
cules per 106 Gapd molecules (mean 
 SEM; mean of three
separate determinations, except F2 Abca1 and Ldlr mean of 2 sepa-
rate determinations; n � 5 animals per parental group; n � 10–15
animals per F2 group). The two groups of animals for each candi-
date gene were compared using Student’s t-test. a P � 0.05; b P �
0.005; c P � 0.0001; d P � 0.001.
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fect on the amino acid sequence (Table 4). Fifteen SNPs
were identified upstream of the transcription start site. One
SNP was detected at position �126 of the 5� untranslated
region of Exon 1. In addition, based on the aligned se-
quences, CAST displayed a 7-nucleotide deletion relative to
D2 (GTGGGGG, position �319 to �325 relative to tran-
scription start site), whereas D2 exhibited a 12-nucleotide
deletion comprising three repeats of a TTTG motif (posi-
tion �541 to �552). CAST also displayed a single adeno-
sine deletion at position �731. We identified no sequence
differences leading to altered amino acid residues in the
Pparg transcript (Table 4; GenBank accession AY208183,
CAST; AY208184, D2). Therefore, functional differences of
NR1H3 and PPAR
 were excluded because the amino acid
sequence was conserved. However, Nr1h3 expression differ-
ences may be accounted for by the polymorphisms proxi-
mal to the transcription start site and in the 5� untranslated
region. Other investigators reported differences between
CAST and C57BL/6 mice in the promoter region of Pparg
(36). It remains to be determined if such differences or
other unique variations exist between CAST and D2.

DISCUSSION

Studies indicate that complex genetic bases determine
individual HDL cholesterol concentrations in response to
environmental factors (18). Knowledge of the primary ge-
netic determinants of plasma lipoprotein levels will en-
hance our understanding of lipoprotein metabolism and
likely provide novel molecular targets for new or en-
hanced therapy for diseases such as atherosclerosis (3).
Advantages of this phenotype-driven method are i) detec-
tion of rate-limiting genetic defects; ii) discrimination of
rate-limiting defects from secondary (downstream) ef-
fects; and iii) identification of novel genes or identifica-
tion of known genes with novel functions. Once murine
genes have been identified, researchers can predict the
position and function of the orthologous human genes.
To date, including the present study, more than 20 loci
have been identified influencing HDL cholesterol levels
alone (18).

We fed a high-cholesterol cholic acid diet to our experi-
mental animals. Cholic acid is known to decrease HDL
levels in some strains of mice (32–34), primarily via a puta-
tive bile acid response element that mediates transcriptional
repression of apoA-I (34). However, despite this observa-
tion, most QTL for HDL phenotypes tend to colocalize ir-
respective of the experimental diet (18). Therefore, we
believe that the loci described in the present study make
valid contributions to our understanding of the genetic
control of lipoprotein metabolism.

Using an intercross between the wild-derived inbred
strain CAST and the inbred strain D2, we have detected
four QTL for HDL cholesterol concentration (chromo-
somes 2, 4, and two on 6), and one QTL that was detected
for both total and non-HDL cholesterol levels (chromosome
9) (Fig. 3). Lipoprotein phenotypes constitute a physio-
logical continuum or distribution. Thus far, animal models
describe the genetic extremes of null expression (knock-
out) and overexpression (transgenic). The HDL choles-
terol QTL linked to D4Mit110 (peak 21.9 cM; Hdlq10) and
the total and non-HDL cholesterol QTL linked to
D9Mit58 (peak 5.0 cM; Chol6) comprise compelling ge-
netic evidence for the existence of alleles that contribute
to that distribution but fall between those two extremes.
The candidate gene for Hdlq10 is Abca1 (23.1 cM), encod-
ing the ATP binding cassette cholesterol-phospholipid
transporter ABCA1, and for Chol6 is Ldlr (5.0 cM), encod-
ing LDL receptor (Ldlr), each of which profoundly influ-
ences lipoprotein homeostasis in both humans (10, 11,
16) and mice (40–47). We confirmed with an indepen-
dent cross a QTL for HDL cholesterol reported previously
on chromosome 2 (Hdl1). In addition, this locus colocal-
ized with another QTL for obesity (Mob6) that was also as-
sociated with HDL (36, 48), but may not be an HDL locus
because many obesity mutations in mice affect HDL con-
centrations (49). Furthermore, we report two novel QTL
for HDL in close proximity on distal chromosome 6
(Hdlq11 and Hdlq12). Preliminary evaluations of candi-
date genes for the novel QTL are reported. In addition,
we assessed candidate genes according to literature de-
scribing their effects on HDL, total cholesterol, or non-

TABLE 4. Summary of nucleotide sequence variations in the coding 
region of Pparg (GenBank accession AY208183, CAST/Ei; AY208184, 

DBA/2J) and both the coding and promoter regions of Nr1h3 
(GenBank accession AY195870, CAST; AY195871, D2) detected

between strains CAST and D2

Candidate Region Variant Position
Effect on
Coding

Nr1h3 Promoter G-743A
Promoter T-742G
Promoter A Deletion �731
Promoter C-720T
Promoter C-682T
Promoter T-611C
Promoter G-610A
Promoter (TTTG)4 

Insertion
�541 to �552

Promoter A-528C
Promoter A-469T
Promoter C-453T
Promoter T-376C
Promoter G-357C
Promoter G-354C
Promoter G-345A
Promoter GTGGGGG

Deletion
�319 to �325

Promoter C-26A
Promoter T-16A
Exon1, 5� UTR C126G
Exon 4 T558C Silent
Exon 5 T870Ca Silent
Exon 5 A873G Silent
Exon 7 T1068Ca Silent
Exon 10 G1385Cb R399P
Exon 10 A1398T Silent
Exon 10 T1428G Silent

Pparg Exon 3 C537T Silent
Exon 5 T1053C Silent
Exon 6 T1395C Silent
Exon 6, 3� UTR A Deletion 1,619

All positions are given relative to the transcription start site of the
aligned sequences. All variations are given relative to strain D2.

a 129/SvJ possesses C at positions 870 and 1,068 (GenBank acces-
sion NM_013839).

b CAST and D2 both possessed C at position 1,385 whereas 129/SvJ
was reported to possess G.
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HDL cholesterol levels with regard to decreased (knock-
out mice) and increased (transgenic mice) gene expres-
sion. These results are summarized in Table 5.

Nonfunctional Ldlr was demonstrated to be the mono-
genic cause of human familial hypercholesterolemia (16).
Ldlr knockout mice (40) also exhibited massive increases
in non-HDL cholesterol, whereas Ldlr transgenic mice
(41, 42) virtually eliminated LDL from the plasma due to
increased hepatic uptake. Because total cholesterol and
non-HDL cholesterol levels correlated with such strength
and because the allele effects (Fig. 4E) and genetic posi-
tion of the loci (Table 3) were virtually indistinguishable,
it is probable that these loci identified a single QTL. One
QTL for plasma total cholesterol (D9Mit2) was found to
overlap using a B6 � CAST intercross (36). CAST con-
ferred the allele linked to increased plasma cholesterol in
that study (36), in agreement with our findings (Fig. 4E).
A QTL for LDL cholesterol was detected within 20 cM of
Ldlr on human chromosome 19 (39), portions of which
are orthologous with mouse chromosome 9 and contain
Ldlr. Consistent with the role of Ldlr and their increased
total and non-HDL cholesterol levels, CAST mice ex-
pressed Ldlr at a markedly decreased level relative to D2
(Fig. 5A). A previous investigation demonstrated a promi-
nent increase in VLDL, IDL, and LDL cholesterol levels of
CAST mice fed a similar cholesterol-cholate diet (36). The
observed increase in cholesterol was due to VLDL pre-
dominantly (36). Because Ldlr does not mediate VLDL

uptake, that finding likely explains our observation that
Chol6 accounted for a maximum of only 11% of the vari-
ance in plasma total cholesterol (Table 3), further sub-
stantiating the implication that other loci, not detected in
this cross, contribute to non-HDL cholesterol concentra-
tions. Taking all results together (Table 5), the data clearly
support the candidacy of Ldlr as a primary genetic deter-
minant of murine total and non-HDL cholesterol concen-
trations. We speculate that alleles may exist that contrib-
ute to variations of Ldlr activity in the human population.

In a manner similar to the genetics of Ldlr and familial
hypercholesterolemia patients, nonfunctional ABCA1 in
human Tangier’s disease patients results in extremely low
HDL cholesterol levels and premature atherosclerosis
(10, 11). Abca1 knockout mice (43–45) also display dra-
matically decreased HDL cholesterol, whereas Abca1
transgenic mice (46, 47) display increased HDL choles-
terol levels. Their effects on HDL cholesterol were consis-
tent with Abca1 being the polymorphic gene underlying
Hdlq10 (Table 5). A similar QTL for HDL cholesterol was
detected using an intercross between strains C57BL/6J
(B6) and C3H/HeJ (peak 21.9 cM) (33), and a polymor-
phism causing decreased HDL levels was identified in a
mutagenesis experiment involving strains Balb/c and
C3H/HeH (Lch, peak 26.7 cM) (37). Linkage studies per-
formed in an Hispanic population indicate that HDL cho-
lesterol levels are influenced by a QTL harboring the
ABCA1 locus (38), and polymorphisms in the promoter of

TABLE 5. Effect of allele status and genetic manipulation on plasma cholesterol concentrations in parental, intercross, knockout, and transgenic 
murine models

QTL
Name

Candidate
Gene Chra

Allele Effectb

Effect on HDL cholesterolc

Candidacyd NotesQTL

Expression

P F2 KO Refe TG Refe

Hdl1 Lrp2 2 D2 ↔ ↔ ? (53) — — KO neonatal lethal; predominantly
expressed in kidney, small intestine,
yolk sac, and placenta (52); low 
hepatic expression.

Hdl1 Nr1h3 2 D2 CAST CAST ↓ (55, 56) — No Mild decrease of HDL in KO results
duplicated by two separate laboratories.

Hdlq10 Abca1 4 CAST CAST CAST ↓ (43–45) ↑ (47) Yes
Hdlq11 Apobec1 6 D2 CAST ↔ ↔, ↓ (62, 64–66, 78) ↑, ↔, ↓ (67, 69, 70) No KO animals with decreased levels were

generated in 129/J embryonic stem
cells and maintained in a mixed
C57BL/6, DBA/2 background (65).
TG generally indicates no change; one
report displays mild decrease; TG
rabbit (n�1) displayed increased
HDL (68).

Hdlq11 Pparg 6 D2 D2 D2 ? (58) — Yes KO embryonic lethal.
Hdlq12 A2m 6 D2 D2 ↔ ? (74) — No A2m inhibits LCAT activity and mediates

LCAT hepatic uptake and therefore 
may influence HDL maturation (73).

Hdlq12 Lrp6 6 D2 D2 ↔ ? (75) — No KO embryonic lethal.
Chol6 Ldlr 9 CAST D2 D2 ↑ (41, 42) ↓ (40) Yes

F2, intercross; KO, knockout; P, parental; TG, transgenic. Literature searches were performed to identify publications describing genetic ma-
nipulation of candidate genes. The data presented in those publications were interpreted to be consistent or inconsistent with gene candidacy with
respect to the QTL location, allelic contribution, and mRNA expression data generated in this study.

a Chromosome.
b Allele determining high phenotype and high expression.
c Non-HDL cholesterol for Ldlr, Chr 9.
d Overall consistency with observed allele effect and mRNA expression data leading to assessment of candidacy.
e Reference.
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ABCA1 were associated with HDL cholesterol levels in a
second human population (50). We showed that CAST
contributed the allele associated with increased HDL cho-
lesterol levels at this locus (Fig. 4B), and confirmed that
the expression of Abca1 was greater in that strain com-
pared with D2, the strain contributing the allele for low
HDL cholesterol (Fig. 5A). The evidence indicates that at
least one polymorphism exists in the murine Abca1 gene
or its regulatory regions that affects HDL cholesterol con-
centrations. We postulate that ABCA1 exists in polymor-
phic forms and contributes to the variability of the HDL
phenotype in humans.

In addition to Hdlq10 and Chol6, we identified one QTL
for HDL cholesterol on chromosome 2 (D2Mit94, Hdl1).
Positional candidate genes include Lrp2 (Megalin, Gp330 ;
40.0 cM) and Nr1h3 (Lxra; 40.4 cM), although both lie
outside the 95% confidence interval. LRP2 was reported
to interact with CUBN (Cubn, 9.0 cM) to mediate HDL
uptake in vitro, but neither transcript was expressed in the
liver (51). To date, little evidence is available indicating
that hepatic expression is substantial (52). Although we
were able to amplify the transcript (Fig. 5A) from liver tis-
sue, we failed to detect any differential expression of Lrp2
between the two parental strains or in the F2 population
(Fig. 5A, B). Furthermore, we consider it unlikely that
other tissues expressing LRP2 would remove enough
HDL from the circulation to affect overall levels. Lrp2
knockout mice (53) demonstrated embryonic lethality
with predominant renal and very low hepatic expression
(Table 5). No report was made regarding plasma lipopro-
tein status (53). It cannot be excluded that polymor-
phisms in the coding sequence led to analtered amino
acid sequence and therefore altered function that af-
fected HDL cholesterol levels. Given the tissue distribu-
tion data (52) and inferred low capacity to modulate HDL
cholesterol levels, however, such a hypothesis is not con-
sidered a strong possibility.

The second candidate gene we identified for Hdl1 was
Nr1h3 (Lxra, 40.4 cM) encoding the ligand-activated nu-
clear transcription factor NR1H3/LXR�. Nr1h3 is an at-
tractive candidate, especially because its target genes in-
clude Abca1, Apoe, Lpl, and CETP (in humans) encoding
ABCA1, apoE, lipoprotein lipase, and cholesteryl ester
transfer protein, respectively (54). We envisaged Nr1h3
upregulation to increase HDL cholesterol accordingly. In
our present study, both CAST mice and F2 animals with
CAST alleles across the locus exhibited greater hepatic ex-
pression of Nr1h3 (Fig. 5) and decreased levels of HDL
cholesterol (Fig. 2A and Table 2). However, D2 contrib-
uted the high allele for this QTL (Fig. 4A). We eliminated
the possibility that a functional polymorphism (i.e., cod-
ing sequence variant causing amino acid change) was re-
sponsible for the QTL. The sequencing data may explain
the differential mRNA expression, however, because a va-
riety of polymorphisms were identified in the proximal
noncoding region that likely harbors regulatory elements.
Independently generated Nr1h3 knockout mice displayed
mild but consistent decreases in HDL cholesterol levels
(55, 56). No report has yet appeared on a transgenic

Nr1h3 mouse. Therefore, both expression and sequence
data are inconsistent with both the allele effect and the
description of the murine knockout model (Table 5). The
fine-mapping that indicates Nr1h3 lies outside of the 95%
confidence interval (Table 3) adds further validity to the
conclusion that Nr1h3 is not responsible for Hdl1.

Because Pparg is strongly expressed in the liver paren-
chymal cells (57) and encodes a nuclear transcription factor
involved in lipid homeostasis, we deemed it an attractive
candidate gene for the QTL on proximal chromosome 6
that controls HDL cholesterol. However, genetic modifica-
tion of the Pparg gene did not yield the instructive find-
ings that were anticipated. Knockout mice were generated
but found to be embryonic lethal (58), and hence yielded
no data with regard to phenotypes such as the model’s li-
poprotein profile and transgenic mice have not been pro-
duced. In other studies, synthetic PPAR
 ligands were
shown to decrease HDL cholesterol in female mice but
not male mice with the B6-Ldlr knockout background
(59). The authors of the Pparg knockout study suggested,
with supporting pharmacological and genetic data, that
PPAR
 might be a transcriptional activator when a ligand
is bound, but in the absence of a ligand may act as a se-
quence-specific transcriptional repressor (60). If we disre-
gard the potential confounders of gender and genetic
background, one plausible explanation is that, due to its
greater Pparg expression, D2 may possess a greater pro-
pensity to ameliorate the reduction in HDL, given equal
availability of an appropriate ligand in both strains. Such
an interpretation would account for both the increased
mRNA expression (Fig. 5) and the allele associated with
increased HDL levels (Fig. 4C) attributed to strain D2.
These data support a role for PPAR
 in HDL metabolism
but are far from conclusive. Furthermore, the available
data render it apparent that PPAR
 possesses myriad roles
in lipid metabolism (61) apart from its putative effect
upon HDL.

A second gene we evaluated for Hdlq11 was Apobec1, be-
cause the protein it encodes is involved in lipoprotein as-
sembly (62). In a previous study, Pparg and Apobec1 were
evaluated as candidate genes in a B6.CAST congenic that
was constructed to investigate an atherosclerosis QTL (Artles,
peak 61.0 cM) (63) that overlapped Hdlq11 and Hdlq12.
Whereas Apobec1 displayed no differential expression be-
tween B6 and CAST, Pparg expression was determined by
cis-acting elements, and CAST alleles determined decreased
expression (63). These data are consistent with our find-
ings between CAST and D2 (Fig. 5), and therefore Apobec1
was considered a poor candidate in both studies. A six-
nucleotide deletion was detected 456 nucleotides upstream
from the CAST Pparg2 translation start site, potentially ex-
plaining the difference in transcription (63). We con-
firmed the existence of such a deletion between strains
CAST and D2 in addition to a number of SNPs (24). Two
independent investigations (62, 64) reported that Apobec1
knockout mice display no change in HDL cholesterol con-
centrations when on the chow diet (Table 5). A third
study indicated that the knockout mice displayed decreased
HDL cholesterol, but the mixed genetic background of
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these mice may have influenced the data (65). One pub-
lished report indicated that Apobec1 knockout mice fed a
high-fat diet do not display altered HDL cholesterol levels
either (66). Results from studies of Apobec1 transgenic
mice are inconsistent. The first study indicated that total
cholesterol did not change but apoE and apoA-I (both
protein constituents of HDL) increased (67). A second
study did not report the effect of transgene insertion in
mice but reported that HDL increased in one transgenic
rabbit (68). A third study of Apobec1 on an Ldlr knockout
background indicated no change in HDL cholesterol
(69), whereas a fourth study using a mixed genetic back-
ground indicated a decrease in HDL cholesterol (70). On
balance, it appears that Apobec1 has little effect on HDL
cholesterol levels, at least when mice are fed chow.

Recently, a transcriptional cascade was described in
macrophages whereby PPAR
 activation mediated Nr1h3
transcription that, in turn, increased Abca1 transcription
(71). It is tempting to speculate that we observed such a
pathway because HDL cholesterol QTL were detected in
the region of each gene (chromosomes 2, 4, and 6; Fig. 3A,
Table 3). However, there are a number of factors that ar-
gue against this possibility: 1) macrophage-derived HDL
cholesterol contributes very little to overall levels (8, 72),
although we did not measure cell-type-specific expression
and therefore cannot rule out the possibility that hepato-
cytic expression of Pparg drives this pathway in the liver; 2)
the allelic effect and mRNA expression were not consis-
tent at each of the loci; 3) we detected no epistasis; and 4)
the F2 mice that were tested for expression of Nr1h3 and
Pparg were selected only for one of the two respective re-
gions and otherwise possessed unique combinations of al-
leles making it unlikely that such a pathway was func-
tional. We tested the final point empirically and found
that F2 mice selected for their genotype at the Pparg locus
did not differentially express Nr1h3 or Abca1 (data not
shown). We interpret the findings to indicate that we de-
tected three independent loci that influence HDL choles-
terol levels but are not involved in a transcriptional cas-
cade, specifically, a cascade involving Pparg, Nr1h3, and
Abca1. It should be noted, however, that we cannot ex-
clude the possibility that increased hepatocytic expression
of Pparg may drive Abca1 expression and thus increased
HDL levels, but that the effect was masked by the pres-
ence of an independent QTL at the Abca1 locus.

For the QTL linked to HDL on distal chromosome 6,
Hdlq12, we considered A2m (62.0 cM) a candidate gene.
�2-Macroglobulin was shown to interact with LCAT, inhib-
iting its activity and leading to its clearance from the circu-
lation (73), thereby providing a potential mechanism to
affect HDL maturation and concentration. Investigation
of CAST and B6 mice revealed a functional LCAT defi-
ciency in strain CAST that was not due to genetic differ-
ences in Lcat, thereby explaining the absence of a QTL in
that region (36). We report that A2m expression was not
likely dictated by cis-acting elements (Fig. 5B) and in this
sense, A2m is not considered a strong candidate. However,
we did not investigate the possibility that A2m exists as a
functional isozyme due to altered amino acid sequences.

A2m transgenic mice are not reported thus far, whereas
knockout mice were generated but no report was made
on plasma lipoprotein profiles (74). Lrp6 (the second can-
didate gene for Hdlq12) knockout mice exhibited embry-
onic lethality, and the data indicate a role for LRP6 in
development and signal transduction (75). Transgenic
animals have not been described. Combined with the
mRNA expression data (Table 5), Lrp6 seems unlikely to
be a candidate gene influencing lipoprotein cholesterol
concentrations.

Previous studies using CAST � B6 intercrosses reported
a QTL for multigenic obesity (Mob6/D2Mit14, 49.6 cM)
that was also linked to HDL cholesterol (36, 48) and colo-
calized with the chromosome 2 QTL reported herein.
Mob6 was strongly linked to HDL levels after feeding a
high-fat diet, and in further agreement with our data (Fig.
4A), CAST contributed the low HDL cholesterol allele
(36, 48). The two QTL determining HDL cholesterol con-
centrations detected on distal chromosome 6 (Hdlq11,
48.0 cM and Hdlq12, 68.0 cM) overlapped QTL for athero-
sclerosis [Athsq2, 62.0 cM (76), Artles 61.0 cM (63)] and
bone density [Bdt3, 67.0 cM (77)]. Potentially, the athero-
sclerosis loci may be associated with HDL, whereas Bdt3
was pleitropic with a QTL for HDL cholesterol level (77).
The Artles QTL also coincided with a QTL controlling in-
sulin concentrations (63), perhaps alluding to the involve-
ment of PPAR
. Using our CAST � D2 intercross, we ob-
served colocalizing QTL for cholesterol gallstones and
HDL cholesterol on chromosomes 2 and 6 (24). These
findings are reminiscent of QTL for HDL that were coin-
cident with loci for Cyp7a1 mRNA levels (33). Taken to-
gether, these data suggest that alleles exist on both chro-
mosomes 2 and 6 that affect a variety of lipid-related traits
and are coupled via the common HDL phenotype.

In this study, we have described four QTL for HDL cho-
lesterol levels that localized to chromosomes 2, 4, and 6
(two loci). We also described colocalizing QTL for total
and non-HDL cholesterol levels on chromosome 9 that we
believe are determined by the same locus (Chol6). We
evaluated four candidate genes for Hdlq11 and Hdlq12;
Apobec1, Lrp6, and A2m seem unlikely candidates in light
of our and others’ genetic data (Table 5). Conclusions are
difficult to make with our current knowledge of PPAR
 ac-
tivity, but Pparg remains an appealing candidate gene for
Hdlq11. Compelling candidates for the distal QTL remain
to be evaluated but may include genes such as Olr1 (76)
(mapped to distal chromosome 6 by orthology and EN-
SEMBL database) or perhaps Slc21a1 (24), considering
the suggested link between bile acid metabolism and lipo-
protein metabolism. We provide evidence suggesting that
neither the nuclear oxysterol receptor NR1H3 (LXR�)
nor LRP2 are determinants of HDL cholesterol. Candi-
dates for Hdl1 remain to be determined. Finally, excellent
candidate genes were identified and evaluated for the loci
on chromosomes 4 (Abca1, Hdlq10) and 9 (Ldlr, Chol6). In
combination with previously reported data, we conclude
that Abca1 and Ldlr are likely primary genetic determi-
nants of HDL cholesterol and total/non-HDL cholesterol,
respectively. Moreover, we predict that these genes are
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present in the human population as a wide repertoire of
polymorphic alleles that contribute to the continuum of
plasma lipoprotein cholesterol phenotypes.
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