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aBsTrRACT. The objectives of this study were to characterize plasma lipid phenotypes and dissect the genetic basis of plasma lipid levels
in an obese DDD.Cg-4” mouse strain. Plasma triglyceride (TG) levels were significantly higher in the DDD.Cg-4” strain than in the
B6.Cg-4” strain. In contrast, plasma total-cholesterol (CHO) levels did not substantially differ between the two strains. As a rule, the
A allele significantly increased TG levels, but did not increase CHO levels. Quantitative trait locus (QTL) analyses for plasma TG
and CHO levels were performed in two types of F, female mice [F, 47 (F, mice carrying the 4” allele) and F, non- 4" mice (F, mice
without the 4 allele)] produced by crossing C57BL/6J females and DDD.Cg-4” males. Single QTL scan identified one significant QTL
for TG levels on chromosome 1, and two significant QTLs for CHO levels on chromosomes 1 and 8. When the marker nearest to the
QTL on chromosome 1 was used as covariates, four additional significant QTLs for CHO levels were identified on chromosomes 5,
6, and 17 (two loci). In contrast, consideration of the agouti locus genotype as covariates did not detect additional QTLs. DDD.Cg-4”
showed a low CHO level, although it had 4poa2®, which was a CHO-increasing allele at the Apoa2 locus. This may have been partly

due to the presence of multiple QTLs, which were associated with decreased CHO levels, on chromosome 8.
KEY worps: cholesterol, mice, plasma lipid levels, quantitative trait locus (QTL), triglyceride.
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In normal mice, the agouti gene is expressed only in the
skin [3, 14]. This gene regulates pigmentation by serving
as an inverse agonist of the melanocortin 1 receptor [9, 18].
However, in 4 mice, the agouti gene is ectopically over-
expressed because the 4 allele is associated with a large
deletion and agouti gene expression is controlled by an un-
related Raly gene promoter [4, 12—14]. Obesity in 4 mice
is believed to be a consequence of the fact that the agouti
protein serves as a constitutive antagonist of the melano-
cortin 4 receptor (MC4R) by mimicking the action of the
agouti-related protein [7, 16]. MC4R exerts its physiologi-
cal effects on feeding by mediating signals from melano-
cortin peptides downstream of leptin signaling [16]. In ad-
dition to obesity, 4 mice are also characterized by diabetic
trend and dyslipidemia.

Female DDD.Cg-4” [a congenic mouse strain for the 4”
allele at the agouti locus on an inbred DDD/Sgn (DDD)
strain, hereafter designated DDD-4"] mice exhibited ex-
treme obesity. DDD-4” females were slightly heavier than
KK.Cg-4”/Ta (KK-4”) females and significantly heavier
than B6.Cg-4"/] (B6-4”) females, i.e., average body weight
at 16 weeks was 54.2 g in DDD-4”, 52.2 g in KK-4%, and
38.5 g in B6-4". Although KK-4” and B6-4” females did
not weigh more than 60 g (body weights were measured by
29 weeks), DDD-4” females weighed more than 60 g at 19
weeks and above, and some of them weighed more than 70
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g by 22 weeks.

QTL analyses for body weight and obesity (defined by
body mass index) was performed in F, mice produced by
crossing C57BL/6J (B6) females and DDD-4” males [21].
Four significant QTLs for body weight were identified on
chromosomes 6, 9, and 17 (two loci), and four significant
QTLs for obesity were identified on chromosomes 1, 6,
9, and 17. Because DDD-4” females can serve as mouse
models for obesity, it is beneficial to characterize the meta-
bolic aspects of this mouse strain. In this study, plasma
lipid phenotypes were characterized in the DDD-4” strain
in comparison with the B6-4” strain. Furthermore, QTL
analyses were performed for plasma triglyceride (TG) and
total-cholesterol (CHO) levels in the same F, mice. Be-
cause the DDD strain differed genetically from many other
inbred mouse strains, novel QTLs for plasma lipid levels
were expected to be identified. The possible influence of
the 4” allele on plasma lipid levels was also investigated.

MATERIALS AND METHODS

Mice: The inbred mouse DDD strain was maintained at
the National Institute of Agrobiological Sciences (NIAS,
Tsukuba, Ibaraki, Japan). The inbred mouse C57BL/6J Jcl
(hereafter B6) strain was purchased from Clea Japan Inc.
(Tokyo, Japan). The congenic mouse B6.Cg-4” (hereafter
B6-4”) strain was purchased from the Jackson Laboratory
(Bar Harbor, ME, U.S.A.). The process of establishing the
DDD-4” strain has been described previously [21]. Hereaf-
ter, DDD-4" and B6-4” are referred together as ‘4" mice”.
Similarly, their control littermates, DDD and B6, are re-
ferred together as “non-4” mice”.
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DDD-4” males were crossed with B6 females to produce
the F, generation, and F; 4 mice were intercrossed with F;
non-4”" mice to produce the F, generation. F, females were
weaned at 4 weeks, and the mice were housed in groups of
4 and 5 during the experimental period.

All mice were maintained in a specific-pathogen-free fa-
cility with a regular light cycle (12 hr light and 12 hr dark),
and controlled temperature (23 + 1°C) and relative humid-
ity (50%). Food (CRF-1; Oriental yeast Co., Ltd., Tokyo, Ja-
pan) and water were freely available throughout the experi-
mental period. All animal experiments were performed in
accordance with the guidelines of the Institutional Animal
Care and Use Committee of NIAS.

Experimental measurements: At the age of 16 weeks,
body weight of the mice fasted for 4 hr was determined
using an electric balance to the nearest 0.01 g. The mice
were then killed by an overdose of ether. Using heparin as
an anticoagulant, whole blood was drawn from the heart
into a plastic tube. Sample tubes were centrifuged at 7,000
r.p.m. for 5 min at 4°C to separate the plasma. The plas-
ma samples were maintained at —80°C until use. Plasma
TG and CHO levels were determined enzymatically using
commercial clinical kits (Test Wako; Wako Pure Chemical
Industries, Osaka, Japan).

Genotyping and QTL analysis: Genomic DNA was
isolated from the tails of mice using a commercial DNA
extraction kit (Wizard Genomic DNA Purification Kit;
Promega, Madison, WI, U.S.A.). Microsatellite sequence
length polymorphism was identified after PCR amplifica-
tion of genomic DNA. The PCR products were separated
by 10% polyacrylamide gel electrophoresis and visualized
by ethidium bromide straining.

Mice were genotyped for the following marker loci:
DIMit231, DIMit303, DIMitl0, DIMit102, DIMitl6, Apoa2
(see below), DIMit291, D2Mit312, D2Mit296, D2Mit92,
D3Mit203, D3Mit25, D3Mit212, D4Mitl, D4Mitl78,
D4Mitl66, D4Mit234, D5Mit267, D5Mitl13, D5Mit239,
D5Mitl61, D5Mit221, D6Mitll6, D6Mit224, D6MitlS§8,
Do6Mit39, D6Mit108, D6Mit256, D6Mit259, D7Mit250,
D7Mit362, D8Mit191, DEMit205, DEMit249, DSMitl§3,
DIMit59, DIMitl91, DIMit207, DIMit198, DIMit212,
DI0Mit188, DIOMit183, DI0Mit42, D10Mit95, DI1IMit236,
DIIMit36, D1IMit124, DI1IMit61, DI2Mit136, DI2Mitl72,
DI2Mitl56, DI2Mit259, DI12Mit141, DI2Nds2, D13Mit207,
DI3Mit64, DI3Mitl10, DI3Mit213, DI3Mitl71, DI4Mit64,
DI14Mit193, D14Mit165, DISMitl74, DISMit184, DISMit193,
DI6Mitl31, DI6Mit57, DI6Mit136, DI6Mit139, DI6Mit49,
DI7Mitl64, DI7Mitl76, D17Mit139, DI7Mit93, DI17Mitl23,
DI8Mit21, DISMit149, DI8Mitl52, DISMit25, DI9Mit32,
DI9Mit91, DI9Mit35, DXMitl66, DXMitl19, DXMit64, and
DXMit38.

It is necessary to mention the fact that the chromosome 7
is divided in two parts. As a consequence of introgression
of the Tyr locus from B6 strain, a mid-part of DDD genome
on chromosome 7 has been replaced by a B6 genome in
DDD-4” mice. In this study, a region proximal to the B6 re-
gion was defined as “chromosome 7.1 (D7Mit250) ”, while a
region distal to the B6 region was defined as “chromosome

7.2 (D7Mit362) .

Normality of the distribution of trait data for each F, strain
was tested using the Shapiro—Wilk W test (JMP 8.0.2, SAS
Institute Japan, Tokyo, Japan). If the trait values did not fol-
low a normal distribution, they were appropriately normal-
ized by using the Box—Cox transformation. Initially, the F,
A and F, non-4” mice were independently analyzed for a
single QTL using the R/qtl [1, 2]. Threshold LOD scores
for suggestive (P<0.63) and significant (P<0.05) linkages
were determined by performing 1,000 permutations for
each trait. For significant QTLs, a 95% confidence interval
(CI) was defined by 1.5-LOD fall. After single QTL scans,
pairwise evaluations of the potential interaction between
loci were performed. At this stage, threshold LOD scores
were based strictly on the recommended ones according
to “A brief tour of R/qtl” by Broman (http://www.rqtl.org).
Next, data on F, non-4” and F, 4” mice were combined and
analyzed. The calculation of the threshold LOD scores was
repeated. The presence or absence of possible statistical in-
teractions between the genotypes at the QTL and agouti
locus (non-4" and 4”) was evaluated by two-way ANOVA.

Apolipoprotein A-II (Apoa2) cDNA sequencing and ge-
notyping: Considering Apoa2 as a convincing candidate
gene for QTL for plasma lipid levels on chromosome 1, its
cDNA sequence was determined in the DDD strain. nRNA
was extracted from the liver using the QuickPrep micro
mRNA purification kit (GE Healthcare UK Ltd., U.K.). Re-
verse transcription was performed using the TaKaRa RNA
PCR kit (AMV) ver. 3.0 (Takara Bio Japan Inc., Shiga,
Japan). The open reading frame (ORF) was amplified and
directly sequenced using the following set of PCR primers:
5’-GCAGCACAGAATCGCAGCACT-3> and 5’-GAGA-
AAACAGGCAGAAGGTAGG-3".

Apoa?2 genotyping was performed by PCR-RFLP meth-
od as previously described [24]. Briefly, less than 200 bp
PCR fragment at the site from exon 3 to the 3’—untrans-
lated region was amplified by PCR. The PCR product was
digested by Xhol restriction enzyme (Toyobo Co., Ltd.,
Osaka, Japan). The Xhol could digest the DDD allele but
could not the B6 allele.

Lecithin cholesterol acyltransferase (Lcat) ¢cDNA se-
quencing: The cDNA and genomic sequences of Lcat
were determined in the DDD strain. Using a similar
protocol and reagents as for Apoa? cDNA sequenc-
ing, mRNA was extracted from the brain. The cDNA
sequence was amplified and directly sequenced using
the following two sets of PCR primers: 5’-GTCAGTAG-
GCACTGGGCTGT-3’ and 5-GTGGTCCTTCCAGGACT-
GAG-3’, and 5-CTGGCCTGGTAGAGGAGATG-3’ and
5’ TTTATAACAGCTAGGTCTTTATTCAGG-3". In ad-
dition, genomic DNA sequencing was also performed.
Exon 1 was amplified and sequenced using a primer set
of 5-AGCCAGATCCCAAAGGCTAT-3’ and 5’-GGC-
CAAGAGAACCTTGACAG-3’. Exons 2-5 were ampli-
fied and sequenced using the following two primer sets:
5’-CCTTGAGGAGGGTGTACGAG-3* and 5-GGTG-
GCCAAGAAGAGTCCTT-3’, and 5-TTGGCAAGAC-
CGAATCTGTT-3* and 5-GTGGTCCTTCCAGGACT-
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Plots of TG (A) and CHO (B) in parental, F,, and F, mice. Each point represents the trait value of an individual

mouse. The horizontal bar indicates the average levels for each strain. An asterisk denotes significant difference (*: P<0.05,

**: P<0.01, ***: P<0.001). ns, not significant.

GAG-3’. Exon 6 was amplified and sequenced using a
primer set of 5>-GGTTGTGGCAGAAACAAGGT-3’ and
5>TTAGCAAAGCCCACTGAACC-3".

Other statistics: Statistical analysis for two groups was
performed using Student’s or Welch’s #-test and that for
more than two groups was performed using Tukey-Kramer
HSD tests by JMP8 (SAS Institute Japan, Tokyo, Japan).
P<0.05 was considered to be statistically significant.

RESULTS

Comparison of plasma TG and CHO levels among DDD,
DDD-A4”, B6, and B6-A” strains: Figure 1 shows scatter-
plots of plasma lipid [TG (A) and CHO (B)] levels in the
DDD males (n=22), DDD-4” males (n=11), B6 males (n=14),
B6-4” males (n=15), DDD females (n=13), DDD-4” females
(n=12), B6 females (n=14), and B6-4" females (n=13). Sta-
tistical comparisons were separately performed for males
and females. Plasma TG levels were significantly higher
in the DDD-4" males than in the B6-4" males (P<0.02),
whereas plasma CHO levels did not significantly differ be-
tween the two strains (P>0.1). Plasma TG levels were sig-
nificantly higher in the DDD males than in the B6 males
(P<0.02), whereas plasma CHO levels did not significantly
differ between the two strains (P>0.9). Plasma TG levels
were significantly higher in the DDD-4” females than in
the B6-4" females (P<0.0001), whereas plasma CHO levels
did not significantly differ between the two strains (P>0.9).
Plasma TG levels were significantly higher in the DDD fe-
males than in the B6 females (P<0.0001), whereas plasma
CHO levels did not significantly differ between the DDD
and B6 females (P>0.2). When the statistical comparisons
were performed between the 4 and non-4” mice, plasma
TG levels were significantly higher in the 4” mice than in
the non-4" mice in both sexes. In contrast, plasma CHO

levels did not significantly differ between the 4” and non-
A mice, except that B6-4” females had significantly higher
CHO levels than did B6 females (P<0.0002).

Plasma lipid levels in B6 x DDD-A" F; and F, mice:
Figure 1 shows scatterplots of plasma lipid [TG (A) and
CHO (B)] levels in the F; non-4” females (n=24), F, 4> fe-
males (n=14), F, non-4” females (n=148), and F, 4" females
(n=150). Plasma TG levels were significantly higher in the
F, 4’ and F, 4” mice than in the F; non-4" and F, non-4”
mice, respectively (P<0.0002 and P<4.5 x 10722, respec-
tively). Plasma CHO levels were also significantly higher in
the F; 4” and F, 4” mice than in the F, non-4” and F, non-4”
mice, respectively (P<1.5 x 107'2 and P<3.4 x 10"2°, respec-
tively). The average TG levels in the F; non-4” mice were
between those in the DDD and B6 strains. The average TG
levels in the F; 4” mice were between those in the DDD-4”
and B6-4” strains. In contrast, the average CHO levels in
the F, non-4” and F; 4 mice were higher than those in the
parental non-4” and A4” strains, respectively. The F, mice
exhibited a wide spectrum of variations for both traits.

Genome-wide scans for single QTL: First, the F, non-4”
and F, 4” mice were analyzed separately. Table 1 shows the
results of the single QTL scans. For TG levels, three sug-
gestive QTLs were identified on chromosomes 1, 16, and
18 in the F, non-4” mice (Fig. 2A). Three suggestive QTLs
were identified on chromosomes 1, 3, and 11 in the F, 4”
mice. For CHO levels, two significant QTLs were identi-
fied on chromosomes 1 and 8 in the F, non-4” mice (Fig.
2B). I assigned gene symbols Choldgl(cholesterol in DDD
QTL no. 1) and Choldq?2 to these loci. At Choldql, the DDD
allele was associated with increased CHO levels (Fig. 3A).
At Choldq2, the DDD allele was associated with decreased
CHO levels (Fig. 3B). One significant QTL and one sugges-
tive QTL were identified on chromosomes 1 and 11, respec-
tively, in the F, 4” mice. Because the 95% CI for QTL on
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Table 1. QTLs identified in F, non-4”, F, 4”, and combined F, (F, non-4” plus F, 4”) mice by single QTL scans

Traits F, type Chromosome  Location (cM)® 95% CI(¢cM)® Max LOD® Nearest marker High allele? ~ Name®
TG non-A4> 1 86 2.00 DIMit291 DDD
16 37 2.47 DI16Mit139 DDD
18 59 2.31 DI8Mit25 DDD
A 1 70 2.52 DIMitl6 DDD
3 31 2.39 D3Mit25 DDD
11 47 243 DI1IMit36 DDD
Combined 1 81 66-89 411% Apoa? DDD  Trigdgl
11 37 3.02 DI1IMit236 DDD
CHO non-4” 1 79 76-85 23.10%* Apoa2 DDD Choldql
8 50 21-50 3.58* D8Mitl83 B6 Choldq2
16 22 2.19 DI16Mit57 DDD
A 1 79 75-85 13.79* Apoa2 DDD Choldql
11 56 2.46 DI1IMit36 DDD
Combined 1 79 78-83 35.73* Apoa2 DDD Choldql
8 49 21-50 4.63* DEMitl83 B6 Choldq2
11 60 2.90 DI1IMitl124 DDD

a) Location indicates a chromosomal position showing a peak LOD score in cM. b) 95% Cl is defined by a 1.5-LOD support interval, and
is determined only for significant QTLs. ¢) Maximum LOD score for QTL. Significant QTLs are indicated by * (suggestive QTLs are
presented without asterisk). d) Allele associated with higher trait values. e) Assignment of the QTL name is limited to significant QTLs.
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Fig. 2. LOD score plots for plasma TG (A) and CHO levels (B) by single QTL scan. The X-axis represents chromosomes. The Y-axis

represents the LOD score. Red lines indicate the LOD scores for F, non-4” mice, blue lines indicate the LOD scores for F, 4” mice, and
black solid lines indicate the LOD scores for combined F, mice. A horizontal dashed line indicates significant threshold LOD score
determined by 1,000 permutations. An arrow indicates the chromosomal position of the Apoa?2.
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chromosome 1 overlapped with that for Choldgl identified
in the F, non-4” mice, I assigned the same gene symbol to
this locus. The DDD allele was associated with increased
CHO levels.

For CHO levels, the LOD scores of Choldgl were ex-
tremely high in both F, non-4” and F, 4" mice. Therefore,
CHO levels were further analyzed by using the marker
nearest to Choldql as covariates. When the nearest marker
(DIMit291 or DIMitl16) was included as an additive covari-
ate, the LOD scores on chromosome 1 shrank to near 0 (data
not shown), but further significant QTLs were not identified
in both F, mice (Table 2). When the nearest marker was
used as an interactive covariate, one significant QTL was
identified on chromosome 17 in F, non-4” mice. I assigned
gene symbol Choldg3 to this locus. Since the difference be-
tween the LOD score with the nearest marker as an interac-
tive covariate and the LOD score with the nearest marker as
an additive covariate concerns the test of the QTL X covari-
ate interaction, this was conducted in F, non-4” and F, 4’
mice. One significant QTL was identified on chromosome 5
in F, non-4” mice, and two significant QTLs were identified

B 150
140
130
- = F2 non-Ay
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£
2 1o
Q
100
90
80
DDD/DDD DDD/B6 B6/B6
D8Mit183
Fig. 3. Allelic contributions to QTLs for plasma CHO

levels on chromosomes 1 (A) and 8 (B) and those for
plasma TG levels on chromosome 1 (C).Homozygous
DDD alleles are represented by DDD/DDD, homozy-
gous B6 alleles by B6/B6, and heterozygous alleles
by DDD/B6. Y-axes represent mean trait values, and
error bars represent SE.

on chromosomes 6 and 17 in F, 4” mice (Fig. 4). I assigned
gene symbols Choldg4, Choldq5, and Choldg6 to these loci,
respectively (Table 2). Choldq3 and Choldg6 were located
on chromosome 17, but they were suggested to be separate
loci based on the chromosomal positions.

Next, data on the F, non-4" and F, 4 mice were com-
bined and reanalyzed. For TG levels, one significant QTL
and one suggestive QTL were identified on chromosomes 1
and 11, respectively (Table 1, Fig. 2A). I assigned the gene
symbol Trigdql (triglyceride in DDD QTL no. 1) to the QTL
on chromosome 1. At 7rigdgl, the DDD allele was associ-
ated with increased TG levels (Fig. 3C). For CHO levels,
two significant QTLs and one suggestive QTL were identi-
fied on chromosomes 1, 8, and 11. When the agouti geno-
type was used as an additive or an interactive covariate in
the combined F, data set, no significant QTLs were newly
identified for both TG and CHO levels (data not shown).

Pairwise genome scans for interacting QTLs: Potential
interactions were analyzed pairwise in F, non-4” and F,
A” mice. Threshold LOD scores for significant interactions
were based on those recommended in “A brief tour of R/
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Table 2. Summary of single QTL scan for plasma CHO levels using the nearest marker to Choldgl as covariates
Fot Chromosome (position, LOD scores, nearest marker, locus name)
e
2P Choldgl as an additive covariate (LOD,)®  Chldql as an interactive covariate (LOD)® LOD; (LODLOD,)®
non-4”  None 17 (15 cM, 5.67, D17Mit176, Choldq3) 5 (77 cM, 3.94, D5Mit221, Choldq4)
A None None 6 (75 cM, 4.22, D6Mit259, Choldg5)

17 (46 cM, 3.31, D17Mit93, Choldq6)

Peak position (cM) and LOD score is given in parentheses. Only significant QTLs are listed. a) Significant threshold LOD scores are 3.38-3.46
for autosomes and 2.81-2.84 for X chromosome. b) Significant threshold LOD scores are 5.28-5.66 for autosomes and 3.85-4.05 for X chro-
mosome. ¢) LOD; is the difference between the LOD score with Choldq! as an interactive covariate (LODy) and the LOD score with Choldg!
as an additive covariate (LOD,). It concerns the test of the QTL x Choldgl interaction. Significant threshold LOD scores are 3.28-3.69 for

autosomes and 3.64-3.91 for X chromosome.

interaction LOD score
M
!

n TS T Y A I
1 2 3

TE ST S Y -

" 12

Chromosome

Fig. 4.

Interaction LOD score plots for CHO levels. Red lines indicate the LOD score plots for F, non-4” mice and blue lines indicate

the LOD score plots for F, 4” mice. Horizontal dashed lines, color-coded by each F, type, indicate significant threshold LOD scores

determined by 1,000 permutations.

qtl” by Broman (http://www.rqtl.org). No significant inter-
actions were identified for TG and CHO levels.

Candidate gene sequencing: Considering Apoa2 as a
plausible candidate gene for 7rigdq! and Choldg! on chro-
mosome 1, its cDNA sequence was determined in DDD
and compared with that of B6 (data not shown). The B6
sequence was found to be an Apoa2® allele, while the DDD
sequence was revealed to be identical to that of the KK and
RR strains, which was an Apoa2? allele [23, 24]. Six nucleo-
tide substitutions were present between the two alleles, and
three of them were accompanied by amino acid changes.
No nucleotide substitutions were identified for Lcat cDNA
between the two strains. Of note, 4poa2 mRNA and Lcat
mRNA were normally expressed.

DISCUSSION

Plasma TG levels were significantly higher in the DDD
and DDD-4" strains than in the B6 and B6-4” strains, re-
spectively. In contrast, plasma CHO levels did not substan-
tially differ between the two strains. Interestingly, the DDD
and DDD-4” strains were hypertriglyceridemic without
showing a hypercholesterolemic trend. The low CHO level
in the DDD strain was an interesting finding considering
the fact that this strain had the Apoa2’ allele, which is a

CHO-increasing allele among Apoa?2 alleles [23]. In gen-
eral, mouse strains carrying the 4poa2” allele have higher
CHO levels than those carrying other Apoa2 alleles [27]
(see below). The presence of other loci associated with de-
creased CHO levels in the DDD genome was suggested.
Choldg2 on chromosome 8 was a plausible candidate for
such a locus because Choldq2 exerted its effect in a direc-
tion opposite to that of Choldgql, i.e., the DDD allele was
associated with decreased CHO levels at Choldg2. More-
over, the 95% CI of Choldg2 was quite large and suggest-
ed the presence of more than one QTL for CHO levels on
chromosome 8. The DDD allele was constantly associated
with decreased CHO levels at putative multiple QTLs on
this chromosome. As a result, it appeared that QTLs on
this chromosome may substantially decrease CHO levels.
Choldg?2 contained a candidate gene Lcat in its 95% CI.
In Lcat-deficient mice, CHO levels were significantly de-
creased, but TG levels were significantly or substantially
increased [15, 19]. Although sequence differences were not
identified in ORF of Lcat cDNA between the DDD and B6
strains, its candidacy cannot be denied. Coincidental QTLs
have been reported to a relevant region of chromosome 8.
Mehrabian et al. [11] identified one QTL for high-density
lipoprotein (HDL)-CHO levels at 53.18 ¢M on chromo-
some 8 in an F, intercross between CAST/Ei and B6. Lcat
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was located at 53.06 on this chromosome, and they regard-
ed it as a primary candidate gene for the QTL. Although
the CAST/Ei strain had a normal level of Lcat mRNA, it
showed reduced Lcat activity. The CAST/Ei allele was
associated with decreased HDL-CHO levels. In the Lcat
ORF, two nucleotide changes were identified between the
two strains and both changes were accompanied by amino
acid substitution. However, the QTL was a suggestive one,
and therefore, only a small fraction of phenotypic variation
can be attributed to this QTL. Ishimori et al. [8] identified
one QTL for HDL-CHO levels (Hdlq16) at 44 cM on chro-
mosome 8 in an F, intercross between B6 and 129S1/SvIimJ
strains. At Hdlg16, the high HDL-CHO strain 129S1/SvimJ
allele was associated with increased HDL-CHO levels. Al-
though this QTL was a suggestive one, they assigned the
abovementioned gene symbol because they considered this
study to confirm the results of Mehrabian et al. [11]. Thus,
only a few QTLs for CHO levels have been identified on
chromosome 8, and on this point, the DDD strain could be
regarded as a valuable resource strain.

For CHO levels, inclusion of the marker nearest to
Choldgl as covariates allowed identification of additional
significant QTLs on chromosomes 5, 6, and 17 (Table 2,
Fig. 4). These QTLs were suggested to interact with Apoa?2
gene. Intriguingly, among these QTLs, Choldg5 was of
great interest because Lipgl was reported as a coincidental
QTL [28]. Lipgl was identified in F, female population by
controlling the effect of the Apoa2 allele. Choldg5 may be
allelic with Lipql. Even so, we should be cautious of the
understanding of this interaction because rigorous pairwise
scan did not identify any significant interactions. Inclusion
of the agouti genotype as covariates did not give increased
power to detect further QTLs, although it has large pheno-
type effect. In F, mice, the 4 mice had significantly higher
plasma lipid levels than did the non-4” mice (Fig. 1). Prob-
ably, the effect of the 4” allele might be simple and additive
to a single QTL. In fact, the F, 4’ mice had substantially
higher lipid levels than the F, non-4” mice at all significant
QTLs, but the mode of inheritance of QTLs did not signifi-
cantly differ between the two F, types (Fig. 3).

Single QTL scans identified Trigdq! and Choldql in the
overlapping regions on chromosome 1. A plausible candi-
date gene for these QTLs was Apoa?2. To our knowledge,
the gene underlying QTLs for CHO levels that has been
mapped to a distal region of chromosome 1 is Apoa2. Except
for rare alleles found in wild-derived strains, three different
Apoa? alleles are known to be present in laboratory mouse
strains. According to Higuchi et al. [6], the Apoa?2 allele
from the B6 strain is defined as Apoa2¢ and that from the
DDD strain is defined as Apoa2®. A third allele, Apoa2¢, is
found in A/J and SM/J strains. Of the three alleles, Apoa2?
is unique in its ability to increase CHO levels. Indeed, when
QTLs for CHO levels are located over the gene for Apoa?2
in F, mice produced by a cross between two inbred mouse
strains, the presence of a combination of different 4Apoa?2
alleles between the two strains is indicated. This is exem-
plified in many studies [10, 11, 17, 23-25]. In these F, sets,
the Apoa2” is always associated with increased CHO levels.

In contrast, QTLs for CHO levels were not mapped to the
Apoa?2 region in the absence of a combination of different
Apoa? alleles in the cross analyzed [22]. In short, QTLs for
CHO levels were identified in the Apoa2 region only when
the cross was Apoa2® x Apoa2® or Apoa2® x Apoa2¢. This
Apoa2 effect was considered to be due to C-to-T substi-
tution at nucleotide 182, resulting in Ala-to-Val substitu-
tion at amino acid residue 61 [23, 27]. In Apoa2-deficient
mice, CHO levels were dramatically decreased, but TG
levels were not substantially changed [29]. In transgenic
mice overexpressing Apoa2, TG levels were significantly
increased 2-3-fold (CHO levels were also significantly in-
creased) [5]. Thus, it seems possible that the Apoa?2 has role
in CHO and TG metabolism. The difference in the LOD
score between Choldql (35.73) and Trigdgl (4.11) was sug-
gested to be a reflection of the difference in the intensity
of the Apoa? effect. Similar results were obtained in our
previous QTL study for plasma CHO and TG levels in an
F, intercross between B6 and RR strains [23]. Significant
QTLs for CHO and TG levels (Cq6 and Tgg3, respectively)
were identified on distal chromosome 1. We considered
Apoa2 was the candidate for these QTLs because the RR
strain had the Apoa2® allele. The maximum LOD scores
for Cq6 and Tgq3 were 16.3 and 4.4, respectively. Stewart
et al. [20] also identified significant QTLs for plasma CHO
and TG levels on distal chromosome 1 in an F, intercross
between B6 and TALLHO/JIngJ strains. Hyperlipidemic
TALLYHO/Jng]J strain had the Apoa® allele, and they con-
sidered the Apoa2 a candidate gene. The maximum LOD
scores of QTLs for CHO and TG levels were 11.83 and 3.67,
respectively. In contrast to CHO levels, only four QTLs for
TG levels have been mapped to distal chromosome 1 [26];
therefore, further studies are needed to evaluate the candi-
dacy of Apoa?2 as causative genes for plasma lipid QTLs.

In summary, the DDD and DDD-4" strains were hyper-
triglyceridemic without showing a hypercholesterolemic
trend. QTL analyses identified one significant QTL for TG
levels and three significant QTLs for CHO levels. Identifi-
cation of the genes underlying these QTLs will make the
DDD and DDD-4” strains more valuable as animal models
for metabolic research.
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