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human populations; these QTL often map to homologous 
locations in both species ( 1 ). Detecting QTL has been 
relatively easy. The next step of identifying causal QTL 
genes, however, has been more challenging, although the 
development of bioinformatic methods ( 2, 3 ) and im-
proved genomic resources in the mouse ( 4 ) and genome-
wide association studies in humans ( 5, 6 ) are improving 
the success of QTL gene identifi cation. 

 QTL that are in close proximity on the same chromo-
some remain particularly challenging. In such situations, 
it is particularly diffi cult to identify the causal QTL genes. 
Although congenic strains are a powerful tool to separate 
these QTL, they are time consuming; therefore, we used a 
more effi cient, genomic approach to decipher the pres-
ence of one or multiple QTL and identify the QTL genes. 
At least seven inbred mouse crosses ( 7–12 ) have identifi ed 
HDL QTL on mouse distal chromosome (Chr) 5 (  Table 
1  ). However, the broad confi dence intervals and shape of 
the logarithm of the odds ratio (LOD) score plots suggest 
that at least four of these crosses (B6 × 129, NZB × SM, B6 × 
NZB, and B6 × CAST) may have two closely linked QTL. 
We used advanced intercross lines between B6 and NZB at 
F11, which allows the accumulation of recombination 
events and thus narrows QTL ( 13 ) and confi rmed that two 
QTL did exist between these two strains on distal Chr 5. 
These QTL were named  Hdlq1  at 125 Mb and  Hdlq8  at 113 
Mb ( 11 ). 

 In the present study, we fi rst identifi ed  Scarb1  as the causal 
gene for  Hdlq1 . We then confi rmed that  Hdlq8  is an inde-
pendent QTL by crossing two closely related strains that do 
not differ at the  Scarb1  locus and thus were expected  not  to 
have a QTL at the  Hdlq1  region. As expected, this cross de-
tected  Hdlq8  but had no QTL at  Hdlq1.  Subsequently, we 
used haplotype analysis, gene sequencing, expression stud-
ies, and a spontaneous mutation to demonstrate that  Acads  
was the underlying gene for  Hdlq8 . 

       Abstract   Two high-density lipoprotein cholesterol quanti-
tative trait loci (QTL),  Hdlq1  at 125 Mb and  Hdlq8  at 113 
Mb, were previously identifi ed on mouse distal chromo-
some 5. Our objective was to identify the underlying genes. 
We fi rst used bioinformatics to narrow the  Hdlq1  locus to 56 
genes. The most likely candidate,  Scarb1  (scavenger recep-
tor B1), was supported by gene expression data consistent 
with knockout and transgenic mouse models. Then we con-
fi rmed  Hdlq8  as an independent QTL by detecting it in an 
intercross between NZB and NZW (LOD = 12.7), two mouse 
strains that have identical genotypes for  Scarb1 . Haplotyp-
ing narrowed this QTL to 9 genes; the most likely candidate 
was  Acads  (acyl-coenzymeA dehydrogenase, short chain). Se-
quencing showed that  Acads  had an amino acid polymor-
phism, Gly94Asp, in a conserved region; Western blotting 
showed that protein levels were signifi cantly different be-
tween parental strains. A previously known spontaneous de-
letion causes loss of ACADS activity in BALB/cBy mice. We 
showed that HDL levels were signifi cantly elevated in BALB/
cBy compared with BALB/c mice and that this HDL differ-
ence cosegregated with the  Acads  mutation.   We confi rmed 
that  Hdlq1  and  Hdlq8  are independent QTL on mouse chro-
mosome 5 and demonstrated that  Scarb1  and  Acads  are the 
underlying genes.  —Su, Z., M. S. Leduc, R. Korstanje, and B. 
Paigen.  Untangling HDL quantitative trait loci on mouse 
chromosome 5 and identifying  Scarb1  and  Acads  as the un-
derlying genes.  J. Lipid Res.  2010.  51:  2706–2713.   
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 Because plasma high-density lipoprotein cholesterol 
(HDL) protects against coronary heart disease, consider-
able effort has been made to fi nd the quantitative trait loci 
(QTL) and the genes that regulate HDL. Numerous QTL 
have been found in both inbred mouse strains and in 

 This work was supported by National Institutes of Health Grants HL-081162 
and HL-077796 (B.P.), American Heart Association Grant 0725905T (Z.S.), 
an American Heart Association fellowship (M.S.L.), and National Cancer In-
stitute Cancer Core Grant CA-034196 (The Jackson Laboratory). Its contents 
are solely the responsibility of the authors and do not necessarily represent the 
offi cial views of the National Institutes of Health. 

 Manuscript received 3 May 2010 and in revised form 19 June 2010. 

  Published, JLR Papers in Press, June 19, 2010  
  DOI 10.1194/jlr.M008110  

 Untangling HDL quantitative trait loci on mouse 
chromosome 5 and identifying  Scarb1  and  Acads  as the 
underlying genes 

  Zhiguang   Su , *   Magalie S.   Leduc ,  †    Ron   Korstanje ,  1,†   and  Beverly   Paigen   †   

 Laboratory of Cardiovascular Research,* West China Hospital, State Key Laboratory of Biotherapy,  Sichuan 
University, Chengdu City, P.R. China ; and  The Jackson Laboratory , †  Bar Harbor,  ME  

 Abbreviations: Chr, chromosome; LOD, logarithm of the odds ratio; 
QTL, quantitative trait loci; SNP, single-nucleotide polymorphism; SR-B1, 
scavenger receptor B1. 

  1  To whom correspondence should be addressed.  
   e-mail: ron.korstanje@jax.org 

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


 Scarb1  and  Acads  are QTL genes for HDL 2707

with strains NZB and NZO/HILtJ (NZO) contributing a high al-
lele, and strains C57BL/6J (B6), SJL/J (SJL) and SM/J (SM) con-
tributing a low allele. For  Hdlq8  we compared the haplotypes in 
the common interval from 107 to 117 Mb between all parental 
strains except CAST/EiJ (CAST), a strain recently derived from 
the wild, whose genome is unique. We identifi ed the regions 
where strains B6, NZW, RF/J (RF), SJL, and SM, which contrib-
ute a low HDL allele, were identical; where strains NZB, MRL/J 
(MRL), and 129/SvImJ (129), which contribute a high HDL al-
lele, were identical; and where the haplotypes of the high and 
low allele strains differed from each other. Genes that mapped to 
these regions were extracted from Ensembl (www.ensembl.org). 
Subsequently we compared the haplotypes of strains that did not 
detect a QTL on Chr 5. 

  Acads  sequencing and genotyping 
 We amplifi ed  Acads  using genomic DNAs from strains 129, B6, 

NZB, NZW, RF, SJL, MRL, C3H, PERA, I/Ln, and SM, and  Scarb1  
using genomic DNA from NZB and SM. Primers were designed 
to amplify each exon plus at least 50 nucleotides of the adjacent 
introns. Purifi ed PCR products using ExoSAP-IT (USB, Cleve-
land, OH) were subjected to thermocycle sequencing, and the 
resulting fragments were analyzed on capillary-based machines 
by The Jackson Laboratory DNA Sequencing Service. Sequence 
analysis was done by aligning the sequence to the genomic B6 
sequence using Sequencher 4.2 (GeneCodes Technology, Ann 
Arbor, MI). We amplifi ed DNA fragments covering the deletion 
of  Acads  found in BALB/cBy using primers 5 ′ -GCTGCCATGTT-
GAAAGACAA and 5 ′ -AAGGCAAGTCCCTTTCTGGT in (BALB/
cBy × BALB/c) F2 mice. The amplifi ed fragments were geno-
typed by 2.5% NuSieve 3:1 agarose gel electrophoresis (Cambrex 
Corporation, Charles City, IA). 

 Real-time PCR of  Scarb1  
 Using real-time PCR, we examined the expression of  Scarb1  in 

liver samples from fi ve males of each of the following strains: NZB, 
SM, B6, CAST, NZO, and SJL. cDNA samples were mixed with 
SYBR Green Master Mix (Applied Biosystems, Foster City, CA) and 
gene-specifi c primers in a total volume of 25 µl. The primer pairs 
are as follows:  Scarb1  forward 5 ′ -TGCTCAAGAATGTCCGCATA 
and reverse 5 ′ -ACGGTGTCGTTGTCATTGAA;   � -actin  forward 
5 ′ -CTTCTTGGGTATGGAATCC and reverse 5 ′ -GCTCAGGAGGA-
GCGGTGAT. We performed PCR in 96-well optical reaction plates 
with an ABI PRISM 7500 Sequence Detection System (Applied Bio-
systems). Cycling parameters were 2 min at 50°C, 10 min at 95°C, 
and 40 cycles of 15 s at 95°C and 1 min at 60°C. PCR reactions were 
done in triplicate for each strain, and the expression of  Scarb1  was 
normalized to the expression of   � -actin . A comparative Ct ( �  � Ct) 
was applied to the raw Ct values to establish the relative gene ex-
pression between strains. 

 Western blot analysis of ACADS 
 We dissected liver tissue from three males of each strain, fl ash 

froze the samples in liquid nitrogen, and performed liver protein 
extraction and Western blotting as previously described ( 14 ). 
Rabbit anti-ACADS serum, kindly provided by Dr. Vockley of the 
Children’s Hospital of Pittsburg, was used for the primary immu-
nostain; goat anti-rabbit IgG horseradish peroxidase was used for 
the secondary immunostain. Rabbit anti- � -tubulin conjugated 
with horseradish peroxidase (Santa Cruz Biotechnology, Santa 
Cruz, CA) was used as the control. 

 Real-time PCR for  Hdlq8  
 Using real-time PCR, we examined the expression of the nine 

genes in the narrowed  Hdlq8  interval in liver samples from fi ve 

 MATERIALS AND METHODS 

 Mice and diets 
 The details of the NZB/BlNJ (NZB) and NZW/LacJ (NZW) 

intercross were described previously ( 9, 13 ). For the BALB/cByJ 
[(BALB/cBy) × BALB/cJ (BALB/c)] intercross, female BALB/
cBy and male BALB/c mice (The Jackson Laboratory, Bar Har-
bor, ME) were mated to generate F1 progeny, which were inter-
crossed to produce 97 F2 progeny. All mice were maintained in a 
temperature- and humidity-controlled environment with a 12 h 
light/12 h dark cycle and given unrestricted access to food and 
acidifi ed water. Mice were fed standard chow containing 6% fat 
(5K52 LabDiet ® , St. Louis, MO) until they were 8 weeks old, and 
then they were fed a high-fat atherogenic diet containing 15% 
dairy fat, 1% cholesterol, and 0.5% cholic acid as described previ-
ously ( 13   ) until they were euthanized at 16 weeks of age. Experi-
ments were approved by the institutional Animal Care and Use 
Committee of The Jackson Laboratory. 

 HDL measurement 
 We fasted mice for 4 h in the morning, and collected plasma 

and measured HDL concentrations as previously described at 8 
and 16 weeks of age ( 13 ). 

 Genotyping F2 mice 
 We extracted DNA from (BALB/cBy × BALB/c) F2 mice tail 

tips using phenol-chloroform. Single-nucleotide polymorphims 
(SNPs) on Chr 5, including rs6226708 (33.7 Mb), rs13478257 
(54.1 Mb), rs13478321 (72.1 Mb), rs3726313 (100.7 Mb), 
rs3668084 (116.2 Mb), and rs3685925 (139.8 Mb) were geno-
typed by the Allele Typing Service at The Jackson Laboratory. All 
positions are Build 36, NCBI. 

 QTL analysis 
 QTL mapping was carried out as previously described ( 10 ). 

Single loci on Chr 5 associated with HDL in NZB × NZW F2 prog-
eny were analyzed using sex as an additive covariate. QTL confi -
dence intervals were defi ned by a 1-unit decrease in the LOD 
score on either side of the peak marker. 

 Haplotype analysis 
 SNPs used in haplotype analysis were obtained from the most 

recent genotyping by the Center for Genome Dynamics ( 4 ), pub-
licly available at http://cgd.jax.org/tools/diversity array.shtml. 
For  Hdlq1  we compared the haplotypes in the common interval 
from 121 to 132 Mb. We identifi ed the regions where the haplo-
types of the high and low allele strains differed from each other, 

 TABLE 1. Mouse crosses that identifi ed HDL QTL on distal Chr 5 

Cross
Peaks 
(Mb)  a  

95% CI 
(Mb) LOD

High 
Allele  b  Reference

(NZB × RF) F2 105 104–121 18 NZB 12
(MRL × SJL)F2 107 4.9 MRL 12
NZO × (SJL × NZO) 125 113–141 13 NZO 9
(B6 × 129) F2 91, 125 79–127 3.3, 3.4 129 10
(NZB × SM) F2 100, 120 80–130 10, 12 NZB 7
(B6 × NZB) F11  c  113, 125 107–127 3.6, 5.8 NZB 11
(B6 × CAST) F2 102, 130 65–144 6, 3.8 CAST 8

Chr, chromosome; QTL, quantitative trait loci.
  a   Two locations and LOD scores were provided if two peaks were 

detected in the LOD score plot; each score corresponds to one peak.
  b   The strain that carries the allele for high HDL levels at the QTL.
  c   This cross was based on advanced intercross lines from a B6 × 

NZB intercross that was then randomly bred from F3-F11 to increase 
the number of recombination events.
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  Hdlq8  is distinct from  Hdlq1  on distal Chr 5 
 To confi rm the existence of  Hdlq8  without the con-

founding effect of the QTL caused by  Scarb1 , we carried 
out QTL analysis on Chr 5 using an intercross between 
strains NZB and NZW. These two strains are alike for 
63.2% of their genome ( 17 ). At the  Hdlq1  QTL, the SNP   
pattern surrounding the locus and the QTL gene  Scarb1  is 
identical between NZB and NZW; at the  Hdlq8  QTL, the 
SNP pattern is different. Therefore, this cross should not 
detect any QTL at  Hdlq1 . The genome scan for HDL iden-
tifi ed a locus infl uencing plasma HDL on Chr 5 with a 
peak near SNP rs3668084 (116.2 Mb) and a signifi cant 
LOD score of 12.7 (  Fig. 2A  ). The LOD score at this locus 
did not differ when sex was used as an additive or interac-
tive covariate, indicating that this QTL is not sex-specifi c. 
The QTL explained 13.8% of the total variance of HDL 
concentration. The 95% confi dence interval extended 
from 104 to 120 Mb, which overlapped with the 107–117 
Mb  Hdlq8  region identifi ed in the B6 × NZB advanced in-
tercross lines ( 11 ). Because F2 mice that are NZB homozy-
gous at rs3668084 (located on Chr 5 at 116,464,610 bp) 
had signifi cantly higher HDL levels compared with mice 
with either the heterozygous or the homozygous NZW 
genotype at this locus ( Fig. 2B ), we determined that the 
allele for high HDL is recessive. These data confi rm the 
existence of  Hdlq8  separate from  Hdlq1.  

  Hdlq8  was narrowed by haplotype analysis 
 Haplotype analysis reduces the QTL regions by elimi-

nating those regions that are identical by descent between 
the two strains as inferred by a shared SNP pattern. This 
strategy is particularly effective for the related strains NZB 
and NZW because they share so much of their genomes. 
However, haplotype analysis is based on the assumptions 
that the mutation causing the QTL is ancestral and that 
the genotyped SNPs are suffi ciently dense to allow correct 
inference of the DNA regions that are identical by descent. 
These are fairly safe assumptions in this case. Not only are 

females of NZB, NZW, and B6. cDNA samples were mixed with 
SYBR Green Master Mix (Applied Biosystems) and gene-specifi c 
primers in a total volume of 25 µl. We performed PCR in 96-well 
optical reaction plates with an ABI PRISM 7500 Sequence De-
tection System (Applied Biosystems). Cycling parameters were 
2 min at 50°C, 10 min at 95°C, and 40 cycles of 15 s at 95°C and 
1 min at 60°C. PCR reactions were done in triplicate for each 
strain, and the expression of  Scarb1  was normalized to the expres-
sion of  Gapdh.  

 Statistical analysis 
 We used one-way ANOVA to determine the allele effects on 

HDL levels. Data were analyzed using GraphPad Prism (Windows 
v5.00; GraphPad Software, San Diego, CA). 

 RESULTS 

  Scarb1  is the gene underlying  Hdlq1  
 We considered  Scarb1  as a possible candidate gene for 

the QTL of four crosses (B6 × CAST, B6 × NZB, NZB × SM, 
and NZO × SJL), as the QTL was at the distal end of the 
chromosome, the confi dence interval included the  Scarb1  
locus, and  Scarb1  is well known to be involved in HDL me-
tabolism. Among these crosses, the strains that carry the 
high alleles for HDL are CAST, NZB, and NZO; the strains 
that carry the low alleles are B6, SM, and SJL. We fi rst per-
formed haplotype analysis among the parental strains in 
the crosses that detected the QTL. We did not use the B6 × 
CAST cross because the wild-derived inbred strain CAST 
has a unique genotype that considerably reduces the value 
of haplotype analysis. Although 56 genes fi t the expected 
haplotype pattern,  Scarb1  was the most likely candidate 
gene. The haplotypes in strains NZB and NZO, which carry 
the high allele for HDL, were identical at the  Scarb1  re-
gion, but they differed from the haplotypes shared by 
strains B6, SM, and SJL, which carry the low allele for HDL. 
The difference in haplotypes between QTL parental strains 
supported  Scarb1  as the candidate for this QTL. 

 Next we looked at protein function and expression 
levels of  Scarb1 . We sequenced the entire coding region 
of  Scarb1  in strains NZB and SM, compared the se-
quences with the B6 sequence in Ensembl, and found 
no amino acid change. We quantifi ed  Scarb1  expression 
using real-time PCR with mRNA extracted from liver of 
high allele (NZB, NZO, CAST) and low allele (SM, B6, 
SJL) strains (  Fig. 1  ). The mRNA expression level of 
 Scarb1  was signifi cantly lower in strains that carry the 
high allele for HDL (NZB, NZO) compared with strains 
that carry the low allele for HDL (SM, B6, SJL) ( P  < 
0.05). Although the difference was not signifi cant, 
 Scarb1  expression was somewhat higher in B6 mice than 
that in CAST mice. This observation is consistent with 
the scavenger receptor B1 (SR-B1) function, since  Scarb1 -
defi cient mice have increased HDL levels ( 15 ). Partial 
to complete SR-B1 defi ciency results in an increase 
in plasma HDL ( 16 ), while hepatic overexpression of 
SR-BI in mice markedly reduces plasma HDL levels. 
Thus, we conclude that  Scarb1  is a likely candidate for 
 Hdlq1 . 

  Fig.   1.  Real-time expression of  Scarb1.  Comparison between the 
parental strains from the crosses in which  Hdlq1  was detected. The 
strains with the high HDL allele in the cross are indicated with 
the open bars, and the strains with the low HDL allele are indicated 
with the fi lled bars. In three strain combinations, the strain with the 
high HDL allele had a signifi cantly lower expression of  Scarb1  than 
the strain with the low HDL allele (* P  < 0.0001, ** P  < 0.001).   
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cently by the Center for Genome Dynamics at The Jackson 
Laboratory ( 4 ). 

 For the haplotype analysis, we analyzed six crosses that 
detected the QTL: B6 × 129, NZB × NZW, NZB × SM, NZB 
× B6, MRL × SJL, and NZB × RF. We did not use the NZO 
× (SJL × NZO) backcross in our haplotype analysis because 
this cross detected only a single QTL peak at 125 Mb and 
thus did not detect  Hdlq8 . We compared the haplotypes 
throughout the common  Hdlq8  interval ranging from 107 
to 117 Mb using a bioinformatic tool (available at http://
cgd.jax.org/straincomparison/), searching for those re-
gions where the SNPs were identical for NZB, 129, and 
MRL (all strains have alleles for high HDL); where the 
SNPs were identical for strains RF, SJL, B6, SM, and NZW 
(all strains have alleles for low HDL); and where the SNPs 
for the strains with high and low HDL alleles differed. This 
haplotype analysis narrowed  Hdlq8  to a 0.6 Mb, nine-gene 
region (  Fig. 3   and   Table 2  ). 

 We also analyzed the haplotypes of the parental strains 
for two crosses that failed to detect a QTL at this location, 
the PERA/EiJ (PERA) × I/LnJ (I/Ln) and the B6 × C3H/
HeJ (C3H) crosses ( 9, 15 ). Haplotyping is often helpful 
with crosses that do not detect a QTL because the parental 
strains must share the identical haplotype for the QTL 
gene. Using the failure to fi nd a QTL as evidence could be 
problematic, as a negative result could arise from an un-
derpowered cross or the failure to reach signifi cance. 
However, both of these crosses were carried out in our 
laboratory, and the LOD score plots for Chr 5 show no 
hint of a QTL in this region ( Fig. 2C ). Unfortunately, all 
nine candidate genes had identical SNPs for three of the 
four strains; the fourth strain PERA was recently derived 
from the wild, so although its SNPs were different from 
I/Ln, the comparison was not helpful. 

 Among the strains that led to the QTL, we then searched 
the SNP databases for genes with coding region SNPs that 
fi t the strain pattern; only  Acads  had such SNPs. We also 
compared gene expression of the nine genes between 
NZB and B6 and between NZB and NZW ( Table 2 ). Only 
 Rplp0  showed a signifi cantly higher expression in NZB 
compared with B6 (1.38-fold,  P <  0.005), but this differ-
ence could not explain all the crosses ( Table 2 ). Of these 
candidate genes, we selected  Acads  as the most likely be-
cause it codes for acyl-CoA dehydrogenase short chain, 
which is in the fatty acid pathway, and because it had a 
coding region difference predicted to change function in 
a highly conserved region. 

  Acads  differs in sequence and encoded protein levels 
 We sequenced  Acads  in strains 129, NZB, B6, NZW, SM, 

MRL, SJL, and RF. Sequencing  Acads  revealed some splice 
site variants and one polymorphism changing the amino 
acid from aspartic acid to glycine at amino acid 94 (  Table 
3  ). As this polymorphism changes both the charge and po-
larity of the amino acid and is in a highly conserved region 
of the protein (  Fig. 4  ), it is likely to change the function of 
its encoded protein. We also sequenced  Acads  in strains 
PERA, I, and C3H, which along with B6 are the parental 
strains that failed to detect a QTL. These four strains did 

97% of mutations ancestral, but this QTL was found in 
many different crosses ( Table 1  and this cross), thus mak-
ing it likely that the mutation is indeed ancestral. Further-
more, the density of SNPs is very high, as three of the 
parental strains, B6, NZW, and 129, are among those 
resequenced by Perlegen (http://mouse.perlegen.com/
mouse/index.html), and all strains were genotyped re-

  Fig.   2.   Hdlq8  was confi rmed in the NZB × NZW intercross. A: 
LOD score plot for plasma HDL on Chr 5. B: The allele effect at 
peak marker SNP rs3668084 (116 Mb) on plasma HDL concentra-
tions. The mice were divided into three groups: homozygous for 
the NZB allele (BB, n = 34 and 33 for males and females, respec-
tively); heterozygous at the marker locus (BW, n = 56 and 63 for 
males and females, respectively); and homozygous for the NZW 
allele (WW, n = 26 and 32 for males and females, respectively). 
Values are expressed as mean HDL ± SEM of F2 mice with a par-
ti cular genotype at the designated locus. C: The failure to detect 
 Hdlq8  in crosses PERA × I (dashed line) and B6 × C3H (dotted 
line), while  Hdlq8  is present in cross NZB × NZW (solid line).   
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higher plasma HDL; higher levels of ACADS protein (strains 
NZW and SM) results in lower plasma HDL. 

 BALB/cBy mice, which are defi cient in ACADS, have 
higher HDL levels compared with BALB/c mice 

 The BALB/cBy strain is derived from the BALB/c strain. 
An  Acads  deletion appeared spontaneously in the 3 ′  end of 
the gene in BALB/cBy after the separation of this strain 
from BALB/c, causing a defi ciency in ACADS activity in 
BALB/cBy that is not present in BALB/c ( 18 ). We exam-
ined ACADS protein levels in livers from BALB/cBy and 
BALB/c mice by Western blotting analysis and verifi ed 
that ACADS was totally defi cient in BALB/cBy mice ( Fig. 
5B ). If  Acads  is the causal QTL gene, then this mutation in 
BALB/cBy should cause an increase in plasma HDL levels 
compared with its companion strain BALB/c. This predic-
tion was true: HDL levels were signifi cantly increased in 
BALB/cBy compared with BALB/c for both males and fe-
males fed a chow or high-fat diet ( Fig. 5C ). 

 To verify that the difference in HDL between BALB/
cBy and BALB/c was due to the  Acads  mutation, we inter-
crossed these two strains, measured plasma HDL concen-
trations in F2 mice on a chow or high-fat diet at 16 weeks 
of age, and genotyped all F2 mice for the  Acads  deletion. 
Compared with mice homozygous for the BALB/c-like 
genotype, the HDL concentrations were signifi cantly 
higher in mice homozygous for the BALB/cBy-like geno-
type (defi cient in ACADS), regardless of sex or diet ( Fig. 
5C ). This result proved that  Acads  defi ciency caused an 
increase in HDL. 

 DISCUSSION 

 We used the genetic and genomic resources of the 
mouse to untangle a complex QTL found on distal Chr 
5 in multiple crosses. Several of these crosses had a broad 
confi dence interval and double peaks, suggesting the exis-
tence of more than one QTL in the region. Previously we 
used B6 × NZB advanced intercross lines, which accumu-
lated large numbers of recombinations in the random 
breeding from generations F3-F11, to demonstrate that 

not differ in the amino acid: all have aspartic acid at amino 
acid 94 ( Table 3 ). 

 As previously reported, ACADS protein levels in liver are 
signifi cantly higher in SM compared with NZB mice ( 14 ). 
To further investigate if this expression difference also ex-
ists between strains NZB and NZW, we measured ACADS 
levels in livers from NZB and NZW mice fed a high-fat diet 
for eight weeks. ACADS levels in NZW mice were increased 
signifi cantly compared with NZB ( Fig. 5A ). Thus, a lower 
level of ACADS protein in the liver (strain NZB) results in 

  Fig.   3.  Haplotype analysis of the  Hdlq8  region narrows the inter-
val. For the haplotype analysis, we analyzed six crosses that detected 
the QTL: B6 × 129, NZB × NZW, NZB × SM, NZB × B6, MRL × SJL, 
and NZB × RF. We compared the haplotypes throughout the com-
mon  Hdlq8  interval ranging from 107 to 117 Mb, searching for 
those regions where the SNPs were identical for NZB, 129, and 
MRL (all strains have alleles for high HDL); where the SNPs were 
identical for strains RF, SJL, B6, SM, and NZW (all strains have al-
leles for low HDL); and where the SNPs for the strains with high 
and low HDL alleles differed. This haplotype analysis narrowed 
 Hdlq8  to a 0.6 Mb, nine-gene region.   

 TABLE 2. Remaining candidate genes in  Hdlq8  region analyzed for 
functional and expressional differences 

Gene Coding SNP
Expression 
Difference NZB versus B6 NZB versus NZW

 Sppl3 No No 1.17  � 1.19
 Acads Yes No  � 1.08  � 1.82
 Unc119b No No 1.53  � 1.18
 Mlec No No 1.18  � 1.40
 Cabp1 No No  � 1.11  � 1.33
 Rplp0 No Yes 1.38  a  1.05
 Gcn1l1 No No 1.12  � 1.01
 Rab35 No No 1.17  � 1.24
 Ccdc64 No  ND  b  ND  b  ND  b  

For measuring gene expression, cDNA from females was used for 
each strain and NZB was compared with B6 and NZW respectively.  Gapdh  
was used as a control gene. SNP, single-nucleotide polymorphism.

 a   P  < 0.005.
  b   ND = not determined. We were unable to design a specifi c primer 

pair.
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 The question of how many genes on distal Chr 5 can 
cause an HDL QTL is not completely resolved. Although 
there is a homologous human QTL at 12q24.23 ( 22, 23 ), 
two recent genome-wide association studies showed that 
SNPs within a cluster of fi ve genes, including  MVK  and 
 MMAB , showed signifi cant association with HDL levels ( 5, 
6 ). There is a 10 Mb gap between  ACADS  and the other 
gene cluster ( ACADS  at 119.65 Mb;  MMAB  at 108.47 Mb; 
and  MVK  at 108.49 Mb). In mice, however, all three genes 
are very close together ( Acads  at 115.37 Mb;  Mvk  at 114.69 
Mb; and  Mmab  at 114.70 Mb). In the case of BALB/cBy 
and BALB/c, the sequence of  Mvk  is identical in both 
strains, so  Acads  must be the gene responsible for the dif-
ference in HDL expression observed between these strains. 
However,  Mvk  does carry polymorphisms that change 
amino acids that differ among the other strains, giving rise 
to these QTL in the mouse, although no single polymor-
phism could explain all the crosses. We cannot exclude 
the possibility that  Mvk  might also play a role in HDL me-
tabolism in mice.  Mvk  encodes mevalonate kinase, which 
catalyzes an early step in cholesterol biosynthesis. It may 
be that the HDL gene in human and mouse is different: 
 MVK  might be the HDL gene in human, and  Acads  might 
be the HDL gene in mouse. Future studies may elucidate 
the relationship of  Mvk  or  Mmab  and  Acads  in HDL me-
tabolism. However, we think the evidence presented in 

there were two QTL in the region:  Hdlq8  at 113 Mb and 
 Hdlq1  at 125 Mb ( 11 ). We narrowed the  Hdlq1  region us-
ing haplotype mapping and tested an obvious candidate 
gene,  Scarb1 . We found several lines of evidence that it was 
the QTL gene for  Hdlq1 . We then focused on identifying 
the candidate gene for  Hdlq8 . Using haplotype analysis, we 
fi rst confi rmed the presence of  Hdlq8  by selecting and 
crossing two strains (NZB and NZW) that differ in the 
 Hdlq8  region but not in the  Scarb1  region. The F2 mice 
from this cross did show a signifi cant QTL at 115 Mb, con-
fi rming the existence of a QTL gene separate from  Scarb1 . 
We recognized the possibility that this cross might not 
have detected a QTL because NZB and NZW are alike for 
a short region from 107 to 109 Mb. If this had been the 
result, we would have then tested a cross comprising two 
other strains that were different in this 3 Mb region but 
were alike at  Scarb1 . 

 After confi rming the QTL, we used haplotype analysis on 
all the strains to narrow the region. This reduced the region 
to nine genes. We sequenced the most likely candidate, 
 Acads , and found a polymorphism that changed the charge 
and polarity of an amino acid located in a highly conserved 
region. Because the protein level was also decreased, this 
amino acid change may have destabilized the protein. 
Searching the literature, we found a previously identifi ed 
mutation in  Acads  and showed that the mutation did alter 
the HDL phenotype. Taken together, this compelling evi-
dence supports  Acads  as the causal gene for  Hdlq8 . 

 How a defi ciency of ACADS protein functions to in-
crease plasma HDL is not clearly known, but the literature 
does suggest a mechanism.  Acads  encodes short-chain acyl-
CoA dehydrogenase, which participates in the  � -oxidation 
of short-chain fatty acids.  Acads -defi cient BALB/cByJ mice 
accumulate and secrete fatty acid metabolites in the urine 
and develop fatty liver with hypoglycemia after fasting for 
18 h ( 18, 19 ). Unsaturated fatty acids destabilize ABCA1, 
increase its degradation, and inhibit cholesterol effl ux 
from macrophages ( 20, 21 ). Future studies are required to 
determine whether the increase in fatty acids caused by 
 Acads  defi ciency affects this key step in HDL metabolism 
and whether the increase in HDL caused by  Acads  defi -
ciency is atheroprotective.   

  Fig.   4.  Location of  Acads  amino acid changing polymorphism. 
Aspartic acid 94 (marked with *) in ACADS is in a conserved re-
gion of the protein sequence in mammals. Other strains include 
NZW, RF, SJL, B6, C3H, I/Ln, and PERA.   

 TABLE 3.  Acads  sequence variations among parents of crosses 

 SNP  Build 37  Position  Type 
 129/NZB/ 

 MRL/BALB/c  PERA  Others  a    CAST 

rs33137118 115.563152 exon 3 Cn G
(Gly)

A
(Asp)

A
(Asp)

A
(Asp)

rs33474157 115.562282 exon 5 Cs G A A G
rs6249609 115.561899 exon 6 Cs C C T C
rs6249067 115.561787 intron 6 splice site G A A
rs47957351 intron 7 intronic G A A
rs6247384 115.561445 intron 7 intronic A G G G
rs6245762 115.561188 intron 8 intronic G A A A
rs6245197 115.561094 intron 9 intronic C T T T

intron 9 splice site del C C del
rs33703028 115.561019 intron 9 splice site C T T T
rs33059464 115.560685 exon 10 3 ′ UTR A G G
rs33164602 115.560367 exon 10 3 ′ UTR T C C

    SNP, single-nucleotide polymorphism.
 a  Others includes NZW, B6, RF, SJL, SM, C3H, I/Ln.
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  Fig.   5.  ACADS expression and HDL levels in the cross of NZW × NZB and inbred strains BALB/cByJ and 
BALB/cJ mice. A: ACADS protein reduced in NZB compared with NZW mice as detected by Western blot-
ting; densitometer readings provided under the gel ( P  < 0.0001). B: ACADS was totally defi cient in BALB/
cByJ mice compared with BALB/cJ. C: HDL concentrations in (BALB/cByJ × BALB/cJ) F2 mice and both 
parental strains on both chow (at 8 weeks of age) and after an 8-week high-fat (HF) diet (at 16 weeks of age). 
The F2 mice were divided into homozygous BALB/cByJ (BB), heterozygotes (BC), and homozygous BALB/
cJ (CC) groups based on their genotypes in the ACADS-defi cient region. Mice with BB genotype have signifi -
cantly higher HDL levels compared with mice with either a BC or CC genotype ( P  < 0.01).   
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this article, particularly fi nding the responsible polymor-
phism and the spontaneous mutation in BALB/cBy, dem-
onstrates clearly that  Acads  can alter HDL levels.  

 The authors are most grateful to Harry Whitmore and Fred 
Rumill for their invaluable help in mouse husbandry, Cynthia 
McFarland for the excellent technical assistance, and Joanne 
Currer for editorial assistance. 
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