ASBMB

JOURNAL OF LIPID RESEARCH

I

Mapping genetic loci that regulate lipid levels in a
NZB/B1NJXRF/J intercross and a combined intercross
involving NZB/B1NJ, RF/J, MRL/MpdJ, and

SJL/J mouse strains

Jon E. Wergedal,*’Jr Cheryl L. Ackert—Bicknell,§ Wesley G. Beamelr,§ Subburaman Mohan,*’Jr
David J. Baylink,” and Apurva K. Srivastava'"™"

Musculoskeletal Disease Center,* Loma Linda VA Health Care Systems, Loma Linda, CA; Department of
Medicine,T Loma Linda University, Loma Linda, CA; and Jackson Laboratory,§ Bar Harbor, ME

Abstract The NZB/B1N]J (NZB) mouse strain exhibits high
cholesterol and HDL levels in blood compared with sev-
eral other strains of mice. To study the genetic regulation
of blood lipid levels, we performed a genome-wide linkage
analysis in 542 chow-fed F2 female mice from an NZBXRF/]
(RF) intercross and in a combined data set that included
NZB XRF and MRL/Mp] XSJL/]J intercrosses. In the NZB X
RF F2 mice, the cholesterol and HDL concentrations were
influenced by quantitative trait loci (QTL) on chromosome
(Chr) 5 [logarithm of odds (LOD) 17-19; D5Mit10] that was
in the region identified earlier in crosses involving NZB
mice, but two QTLs on Chr 12 (LOD 4.7; DI2Mit182) and
Chr 19 (LOD 5.7; D19Mitl) were specific to the NZBXRF
intercross. Triglyceride levels were affected by two novel
QTLs at D12Mit182 (LOD 8.7) and D15Mitl13 (LOD 3.5).
The combined-cross linkage analysis (1,054 mice, 231 mark-
ers) 1) identified four shared QTLs (Chrs 5, 7, 14, and 17)
that were not detected in one of the parental crosses and 2)
improved the resolution of two shared QTLs.Hf In sum-
mary, we report additional loci regulating lipid levels in
NZB mice that had not been identified earlier in crosses
involving the NZB strain of mice. The identification of
shared loci from multiple crosses increases confidence to-
ward finding the QTL gene.—Wergedal, J. E., C. L. Ackert-
Bicknell, W. G. Beamer, S. Mohan, D. J. Baylink, and A. K.
Srivastava. Mapping genetic loci that regulate lipid levels in
a NZB/BIN]JXRF/] intercross and a combined intercross
involving NZB/BIN]J, RF/]J, MRL/Mp], and SJL/]J mouse
strains. J. Lipid Res. 2007. 48: 1724-1734.
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Cardiovascular disease is the leading cause of death
and premature disability in the United States and other
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industrialized countries (1, 2). Cardiovascular disease has
a complex etiology, involving multiple genetic and envi-
ronmental interactions (3, 4). Recognized risk factors in-
clude cholesterol and triglyceride levels, hypertension,
obesity, diabetes, and the metabolic syndrome, all of which
are complex traits with multiple genes involved in their
regulation. Identification of the genes affecting suscepti-
bility to cardiovascular disease has been a major under-
taking for researchers, as earlier identification of the
individuals predisposed to cardiovascular disease would
maximize the gains from preventive interventions. To
date, only a few genes that regulate blood levels of lipids
have been identified (5-10).

Specifying a chromosomal locus is a necessary first step
toward finding the genes that regulate lipid levels and
identifying the causative molecular etiology. Inbred strains
of mice have been used as a powerful tool to identify quan-
titative trait loci (QTL) contributing to variations in cir-
culating levels of lipids (11-28). The QTL studies in mice
have not only revealed a large number of loci regulating
lipid levels in blood but have also shown that there is a
high degree of concordance between human QTLs regu-
lating lipid levels and corresponding mouse loci (26, 27).
More than 10 different crosses have been used to map
nearly 100 loci, distributed across all autosomes that regu-
late plasma lipid levels. However, only a small number of
linkages have been identified in multiple crosses, indicat-
ing that we are limited to discovering only loci that show
allelic variation between the strains used in a particular
cross. By looking at additional crosses, we can sample more
allelic variation; thus, we have an opportunity to detect
additional loci that can be implicated in a disease model.
In addition, combined analysis of data from multiple F2
crosses were recently suggested as a means to achieve
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greater sample size and power for detecting and localizing
the QTLs (29-31). The combined analyses have also indi-
cated increased resolution of the shared QTLs, which is
major bottleneck in the ultimate goal of a QTL analysis:
identification of the underlying gene (29). Therefore, the
above rationale implies that the best estimate of the num-
ber and location of genes that account for the variation of
lipid levels in mice can be achieved by comparing the
results of multiple crosses.

We recently used the NZB/BINJ (NZB) and RF/J (RF)
mouse strains to identify linkage to several loci that
specifically regulate bone size and mechanical properties
(32). The NZB strain is known to have high total cho-
lesterol (herein termed “cholesterol”’) and high density
lipoprotein cholesterol (herein termed “HDL”) concen-
trations in blood (11, 15, 17, 21); in contrast, the RF mouse
strain has not been studied for lipid metabolism. Con-
sequently, we took advantage of the availability of serum
samples from NZBXRF F2 mice [designated (NZBXRF)
F2] to map genetic loci that regulate lipid levels. We
confirmed that chow-fed (diet with 4-6% fat content by
weight) NZB and RF mice display significant differences in
serum levels of cholesterol, HDL, and triglycerides. The
aim of this study was to enumerate and map the genetic
loci that regulate cholesterol, HDL, and triglyceride levels
in (NZBXRF)F2 mice. An additional aim was to further
analyze the (NZBXRF)F2 data by combining it with data
from a previously published study (28) of a cross of MRL/
Mp] (MRL) and SJL/J (SJL) mouse strains [designated
(MRLXSJL)F2] using a recently suggested combined-cross
analysis (29-31).

MATERIALS AND METHODS

Mice

All mice used in this study were maintained and housed in the
accredited animal care facility at the Jackson Laboratory, and the
study was performed according to approved procedures. Breed-
ing of NZB and RF mice, generation of F1 and F2 progeny, col-
lection of DNA samples, and collection and processing of blood
have been described previously (32). In brief, NZB females were
mated with male RF mice to produce F1 mice. Then, F1XF1
matings were established to produce F2 mice. Only female F2
mice were weaned onto a 4% fat diet (5K54; LABDIET, St. Louis,
MO) at 21 days and housed three to six animals per cage. All mice
were allowed free access to food and water throughout the course
of the study. Mice were euthanized at 10 weeks of age by decapi-
tation at the same time of day (between 9:00 AM and noon)
under nonfasting conditions. Whole blood was collected and
clotted on ice for 1 h and subsequently spun down in a micro-
centrifuge. Serum was removed to a clean plastic tube and stored
at —20°C until it was shipped to the VA Loma Linda for analysis
(where serum was stored at —70°C until analysis).

Serum cholesterol, HDL, and triglyceride measurements

Cholesterol, HDL, and triglyceride were measured by direct
enzymatic colorimetric assays using a fully automated Hitachi 912
Clinical Chemistry analyzer (Roche, IN) as described previously
(28). Serum samples from previously reported (MRLXSJL)F2

mice (28) were analyzed on the same instrument under identical
conditions with the same lot of reagents used in this study.

Construction of the linkage map

The extraction of genomic DNA and PCR-based genotyping
with 94 microsatellite markers covering 19 autosomes have been
described previously (32). The order of genetic markers was ob-
tained for each chromosome (Chr) from the publicly available
Mouse Genome Informatics database (MGI 3.51; http://www.
informatics.jax.org/).

Statistical analysis

The phenotype data were analyzed using GraphPad Prism
(Windows version 4.02; GraphPad Software, San Diego, CA). The
Shapiro-Wilk test was used to test the normality of phenotypic
data from F2 mice. One-way ANOVA with Newman-Keuls test was
used to compare pairs of data to determine statistically signifi-
cant differences in plasma lipid levels between mouse strains.
The genotype data were analyzed using the Pseudomarker
MAINSCAN algorithm written for the MATLAB (Mathworks,
Inc., Natick, MA) programming environment (28, 33). Thresh-
old values for significant LOD scores for different QTLs were
determined by genome-wide 1,000 permutation tests for 5%
genome-wide error (P < 0.05). The 95% confidence intervals
(CIs) were derived from posterior probability plots for individual
Chrs as described previously (28). Linkage analyses were also
performed using MapQTL 5.0 (DLO) Center for Plant Breeding
and Reproduction Research, Wageningen, The Netherlands) as
described for F2 intercrosses. Both Pseudomarker and MapQTL
5.0 analyses yielded very similar results. The percentage variance
explained by each locus was calculated for peak intervals by
MapQTL software. A genome-wide search for epistasis was per-
formed with the Pseudomarker PAIRSCAN algorithm as de-
scribed previously (28, 33, 34).

Genome-wide linkage analysis using data from
combined crosses

Finding repetitive QTLs in crosses with different strains sug-
gests that they may have arisen from shared ancestral alleles. We
combined the data from (NZBXRF)F2 mice in this report with
data from (MRLXSJL)F2 mice reported recently (28). Alleles
were recoded based on the progenitor strain phenotype shown in
Fig. 1D, and we combined the raw data by recording NZB and
MRL genotypes as high HDL alleles and SJL and RF genotypes as
low HDL alleles. The genetic map and positions of 231 markers
used in this study were implemented from MGI 3.51. For iden-
tical markers (14), genotype and phenotype data were merged.
Genome-wide scans and calculation of significance values were
performed as described previously (29-31).

RESULTS

Serum lipoprotein and cholesterol profiles of NZB, RF,
F1, and (NZBXRF)F2 intercross mice

Examination of serum lipid levels demonstrated sub-
stantial differences between NZB and RF mice. The cho-
lesterol and HDL values were 48% (P < 0.001) and 57%
(P < 0.001) higher in NZB mice compared with RF mice
(Fig. 1A, C), respectively. The triglyceride levels were 58 %
(P < 0.001) higher in RF mice compared with NZB mice
(Fig. 1B). At 10 weeks of age, the RF mice had 10%
(P < 0.05) higher body weight compared with NZB mice

Genetic regulation of lipid levels 1725

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

A C

Mice BW (g) Chol

Mean+SD
(mg/dL) %1 a

NZB (n=8) 25.1x16 142124 &y .

RFJ (n=16) 27.6+1.8% 96+17 E

F1 (n=34) 30.1+1.9¢ 123+13

MRL SJL. NZB RF

B D
T
200 b NZB/BINJ
E 100
;
& B
MRL SIL NZB RF RF/AJ

Fig. 1. Encoding alleles of genotype data from the (NZBXRF)F2
intercross (data from this study) and the (MRLXSJL)F2 intercross
(29) for combined-cross analysis of genome-wide linkages. A: Body
weight (BW) and triglyceride levels (means * SD) in NZB/BINJ
(NZB), RF/] (RF), and NZBXRF F1 (F1) mice. B: Triglyceride
levels were higher in RF and SJL/J (SJL) strains of mice. C: HDL
(and total cholesterol) levels were higher in NZB and MRL/Mp]
(MRL) strains of mice. D: Based on the phenotype, NZB and MRL
genotypes were denoted allele A and RF and SJL genotypes were
denoted allele B. P values are as follows: “ P < 0.05 versus MRL
and NZB; " P> 0.05 versus MRL; “ P < 0.05 versus NZB; P < 0.05
versus RF and F1; “ P < 0.05 versus NZB and P > 0.05 versus RF.
All Pvalues were calculated by ANOVA.

(Fig. 1A). In (NZBXRF)F2 female mice, there was a highly
significant correlation between body weight and cholesterol
(Pearson r = 0.65, P < 0.001), HDL (r = 0.64, P < 0.001),
and triglycerides (r= 0.2, P<0.001). The cholesterol (96 *
17 mg/dl) and HDL (95 * 21 mg/dl) levels (mean * SD)
were intermediate and significantly different in FI1 mice
(P<0.01 by ANOVA) compared with those of the parental
strains. The triglyceride levels in F1 mice (169 = 41 mg/dl)
were significantly higher than in NZB mice but compa-
rable to those of RF mice (P> 0.05 by ANOVA).

In (NZBXRF)F2 mice, the distributions of cholesterol,
HDL, and triglyceride (207 = 75 mg/dL) did not pass
the normality test (Shapiro Wilk W = 0.95-0.98, P < 0.01).
Consequently, all lipid data were converted into log values
before QTL analysis, and log-transformed data are shown
in Figs. 2-4 (one extreme outlier was deleted from the
triglyceride data analysis). The log-transformed lipid val-
ues were normally distributed (Shapiro Wilk, P> 0.05,n =
542). As expected for chow-fed mice, there was a highly
significant correlation between cholesterol and HDL levels
in the F2 mice (n = 542, r = 0.96, P < 0.0001). Cholesterol
levels showed a low but highly significant positive cor-
relation with triglyceride levels (r = 0.2, P < 0.001). The
range of F2 values exceeded mean * 2 SD parental in-
tervals for each trait. Together, these data suggest a com-
plex inheritance of serum lipid levels in this cross.

Localization of cholesterol, HDL, and triglyceride QTLs

Although genotype data for 737 (NZBXRF)F2 female
mice were available, the linkage maps for lipids were gen-
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erated using a subgroup of 542 F2 mice for which blood
was available (some blood samples could not be collected
or were lost during shipment). The results of interval map-
ping of these traits are shown in Figs. 2—-4. Three statis-
tically significant cholesterol QTLs were identified on Chrs
5, 12, and 19 (Table 1). The highest LOD score was
observed for the Chr 5 locus with a peak LOD score of
16.7 at marker D5Mit10 (Fig. 3). As expected for chow-fed
mice, the HDL loci were coincident with loci underlying
cholesterol levels (Figs. 2, 3). QTLs on Chr 5 exerted the
strongest effect on cholesterol and HDL, explaining
~17% and 18% of the variance in (NZBXRF)F2 mice.
Detailed maps of each of the HDL loci and their 95% CI
are shown in Fig. 5A-C. Significant linkages for triglycer-
ide were observed on two loci located on Chrs 12 and
15 (Figs. 4, 6). Figure 6A, B shows the 95% CI for loci
on Chrs 12 and 15. Together, these two loci explain ~15%
of the F2 variance in triglyceride levels, indicating that
additional linkages are likely involved that were not de-
tected in this study despite the large number of F2
mice analyzed.

Consistent with low levels of non-HDL cholesterol in
(NZBXRF)F2 mice (4.07 = 0.23 mg/dl), we did not ob-
serve any significant LOD scores for non-HDL cholesterol.

Allelic variation for QTLs affecting lipid levels in
(NZBXRF)F2 mice

To examine the mode of inheritance, mean values of
lipid phenotypes for mice that are homozygous or hetero-
zygous were determined at peak marker locations. In ad-
dition, to evaluate the location of the QTLs, posterior
probability density plots were generated for each QTL.
The results of these analyses are given in Figs. 5, 6. At the
peaks of linkage for HDL and TG, the phenotypic means
in (NZBXRF)F2 mice represented by the closest markers
are shown in Figs. 5D-F and 6C, D, respectively. The
genetic allele distributions of peak markers for choles-
terol QTLs were similar to those for HDL QTLs (data not
shown). At the Chr 12 locus, the mean HDL levels for the
homozygous NZB alleles were 9% higher than homozy-
gotes for RF alleles (P < 0.01) (Fig. 5D), and the phe-
notypic effect of the NZB allele best fits a dominant model.
For the loci on Chr 19, homozygotes for the RF allele had
12% (P < 0.001) lower HDL levels (Fig. 5E) than the
homozygotes for the NZB allele. The phenotypic effect for
the NZB allele best fit a recessive mode of inheritance. For
the QTL on Chr 5, the homozygotes for the NZB allele had
23% (P < 0.0001) higher HDL compared with the homo-
zygotes for the RF allele (Fig. 5F), and the phenotypic
effect of the NZB allele best fits an additive model.

For QTLs regulating triglyceride levels (Fig. 6A, B), the
phenotypic effects of the Chr 12 allele for homozygotes of
NZB alleles were 28% higher than those for the homo-
zygotes of RF alleles (Fig. 6C). The NZB alleles appear to
be inherited in an additive manner. For QTLs identified
on Chr 15, the homozygotes for RF alleles had 14% (P <
0.01) higher triglyceride levels compared with NZB homo-
zygotes and appeared to be inherited in a recessive man-
ner (Fig. 6D).
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Fig. 2. Genome-wide linkage map of cholesterol levels in (NZBXRF)F2 female mice and combined-cross
analysis. A-C: Distribution of log-transformed cholesterol levels in (NZBXRF)F2 mice (A), (MRLXSJL)F2
mice (B), and combined F2 data (C). D, E: Whole genome linkage maps of cholesterol in (NZBXRF)F2 mice
(D) and (MRLXSJL)F2 mice (E). F, G: Genome-wide linkage maps in combined-cross analysis. Combined-
additive indicates quantitative trait loci (QTLs) detected using cross as an additive covariate, and combined-
interactive indicates QTLs detected using cross as an interactive covariate. The horizontal dotted lines in
D-G indicate the threshold for genome-wide significance (P < 0.05).

Although the triglyceride levels were higher in the RF
strain compared with the NZB strain of mice (Fig. 1B), itis
noteworthy that for the Chr 12 QTL, the homozygotes for
NZB alleles accounted for higher triglyceride levels. Simi-
lar retrogressive QTLs have been observed in other QTL
analyses (35).

QTL-QTL interactions

The LOD scores for all locus interactions, determined
using the Pseudomarker PAIRSCAN software program,
were moderate and mainly suggestive in nature (data not
shown) for the (NZBXRF)F2 cross.

Combined-cross genome-wide linkage analysis

With the increased power of the combined-cross anal-
ysis, we detected a significantly higher number of loci
for cholesterol, HDL, and triglyceride levels compared
with those observed in the individual (MRLXSJL)F2 and
(NZBXRF)F2 crosses. Detailed LOD score plots for
“cross” as an additive or interactive covariate are given in
Figs. 2—4, and LOD scores are shown in Table 2. In ad-
dition to the QTLs identified in (NZBXRF)F2 mice, new
QTLs on Chrs 14 and 17 were discovered in the combined-
cross analysis. The LOD score difference between additive
and interactive analysis exceeded the significant thresh-
old for loci on Chrs 1, 3, 12, and 19. Thus, these loci were

cross-specific. Linkages identified on Chrs 5, 7, 14, and
17 were shared between the (NZBXRF)F2 and (MRLX
SJL)F2 crosses. Contrary to combined-cross analysis re-
sults, loci on Chrs 7 and 14 did not reach statistical sig-
nificance in the (NZBXRF)F2 cross.

The Chr 5 QTL regulating HDL levels in (NZBXRF)F2
progeny was identified as a shared QTL in the combined-
cross analysis. This QTL is concordant with that reported
previously in (MRLXSJL)F2 mice (28) and (NZBXSM)
F2 and (NZBXB6)F2 mice (12, 21). The LOD score of
this shared QTL was increased in combined-cross analysis
(LOD 22.8), and resolution of this QTL was improved
slightly [95% CI decreased to 56-64 centimorgan (cM)]
(Fig. 7A). The allele distribution for HDL values at the Chr
5 peak (Fig. 7C) shows that homozygotes for allele A
contribute 19% higher HDL (P < 0.001) levels compared
with those for allele B (details of the alleles are shown in
Fig. 1D). Our results, using a statistical analysis described
previously (30), demonstrated that the Chr 5 QTL repre-
sents a single QTL.

Linkages that regulate triglyceride levels in combined-
cross analysis were mainly cross-specific, as shown in Table 2.
The Chr 12 QTL regulating triglyceride levels was ob-
served in both (NZBXRF)F2 and (MRLXSJL)F2 crosses
but was lost in the combined additive analysis (Table 2).
Consequently, we recoded the NZB and MRL genotypes
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Fig. 3. Genome-wide linkage map of HDL levels in (NZBXRF)F2 female mice and combined-cross analysis.
A-C: Distribution of log-transformed HDL levels in (NZBXRF)F2 mice (A), (MRLXSJL)F2 mice (B), and
combined F2 data (C). D, E: Whole genome linkage maps of cholesterol in (NZBXRF)F2 mice (D) and
(MRLXSJL)F2 mice (E). F, G: Genome-wide linkage maps in combined-cross analysis. Combined-additive
indicates QTLs detected using cross as an additive covariate, and combined-interactive indicates QTLs
detected using cross as an interactive covariate. The horizontal dotted lines in D-G indicate the threshold

for genome-wide significance (P < 0.05).

as a high triglyceride allele and the RF and SJL genotypes
as a low triglyceride allele. Reanalysis of the Chr 12 data
showed a highly significant QTL with a LOD score of
10.14 (95% CI limits of 0—13 cM), which is shared between
(NZBXRF)F2 and (MRLXSJL)F2 crosses. The posterior
probability density plot of the Chr 12 QTL strongly sug-
gests the presence of two distinct peaks (Fig. 7B). The 95%
CI for proximal and distal peaks corresponded to 0-12 cM
and 29-34 cM, respectively (Fig. 7A). The allele distribution
for peak markers D12Mit182and D12Mit201, which are used
in both (NZBXRF)F2 and (MRLXSJL)F2 crosses, are shown
in Fig. 7D, E. Thus, the combined-cross analysis further clari-
fies the identification of two triglyceride peaks on Chr 12.

DISCUSSION

In this study, we expand the current knowledge about
loci regulating lipid levels by using a large number of
female Fo mice generated from a new intercross involving
NZB and RF inbred strains. The genome-wide analyses
of (NZBXRF)F2 mice resulted in the localization of three
significant QTLs for cholesterol and HDL and two sig-
nificant QTLs regulating triglycerides. By combining the
(NZBXRF)F2 cross with a previously published (MRLX
SJL)F2 cross, three additional loci were identified on Chrs

1728 Journal of Lipid Research Volume 48, 2007

7, 14, and 17 that regulate HDL and cholesterol levels. Of
three loci (Chrs 5, 12, and 19) that regulate HDL and
cholesterol levels, two QTLs on Chrs 12 and 19 are specific
to the (NZBXRF)F2 cross and were not detected in any of
the earlier crosses involving the NZB strain of mice (11, 12,
16, 21, 25, 26). Thus, the Chr 12 and 19 QTLs represent
novel linkages that regulate HDL levels in NZB mice. The
strongest linkage for cholesterol and HDL was identified
on Chr 5 in (NZBXRF)F2 mice. The location and peak of
only this locus is concordant with linkage identified pre-
viously in both chow-fed and atherogenic diet-fed F2 mice
from (NZBXSM)F2 and (B6 XCAST/Ei)F2 crosses (11, 12,
16, 21, 25, 26). However, the posterior density plot (Fig. 7)
localized the 95% CI to a narrower interval (54-66 cM)
compared with the concordant linkages identified in
(NZBXSM)F2 crosses reported earlier (11, 12, 16, 21, 25,
26). A concern in the present (NZBXRF)F2 cross was that
the combined effect of QTLs accounts for only 30% of the
total variance in cholesterol and HDL levels, suggesting
that additional linkages are involved but were not de-
tected. Possibly, the assay noise obscured the detection of
small effect modifiers. In addition, the best estimate of
total variance explained is obtained by identifying pleio-
tropic interactions (36), which is a challenging task be-
cause of a lower power to detect such interactions. In this
study, we only observed weak interactions (data not shown),
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Fig. 4. Genome-wide linkage map of triglyceride levels in (NZBXRF)F2 female mice and combined-cross
analysis. A—C: Distribution of log-transformed triglyceride levels in (NZBXRF)F2 mice (A), (MRLXSJL)F2
mice (B), and combined F2 data (C). D, E: Whole genome linkage maps of cholesterol in (NZBXRF)F2 mice
(D) and (MRLXSJL)F2 mice (E). F, G: Genome-wide linkage maps in combined-cross analysis. Combined-
additive indicates QTLs detected using cross as an additive covariate, and combined-interactive shows QTLs
detected using cross as an interactive covariate. The horizontal dotted lines in D-G indicate the threshold
for genome-wide significance (P < 0.05).

which may partly explain the low percentage variance rep-  member of the superfamily of ATP binding cassette trans-
resented by the loci identified in this study. porters involved in the regulation of lipid-trafficking

Our findings on the Chr 5 QTL region reaffirm that this mechanisms (37); 2) leucine-rich repeat-containing 8 fam-
locus is a strong candidate for positional and molecular  ily, member C (Lrre¢8c), which has a role in regulating adi-
cloning. To identify candidate genes, we searched the MGI pocyte differentiation (38); 3) diacylglycerol kinase, theta
3.51 database and located 75 transcripts showing single- (Dgkq) (Chr 5, 57 ¢cM), which is involved in glycerophos-
nucleotide polymorphisms between NZB and RF strains pholipid metabolism (39); 4) Hermansky-Pudlak syndrome
of mice. Prominent candidates included the following: 1) 4 homolog (human) (Hps4) (Chr 5, 59 cM); homozygotes
ATP binding cassette, subfamily G, member 3 (Abcg3) for a spontaneous null mutation for Hps4 exhibit resis-
(Chr b, 59 cM); the protein encoded by this gene is a tance to diet-iinduced atherosclerosis (40); 5) mevalonate

TABLE 1. Significant QTLs that influence lipid levels in chow-fed female (NZBXRF)F2 mice

Variance Explained

Phenotype Chr Peak Marker 95% Confidence Interval LOD Score” P by Peak Interval
cM cM %

Cholesterol 5 58 53-64 17.63 <0.000001 17.0

12 14 0-24 4.85 0.000022 6.3

19 48 42-52 6.29 <0.000001 6.2
HDL 5 56 55-66 18.3 <0.000001 18.7

12 14 0-30 3.57 0.000269 5.3

19 49 40-52 5.56 0.000003 5.6
Triglyceride 12 8 0-30 8.66 <0.000001 10.9

15 2 0-25 3.46 0.000348 4.4

Chr, chromosome; QTL, quantitative trait locus.
“The cutoff for significant QTLs for genome-wide significance calculated for P < 0.05 was LOD 3.2 for
cholesterol and HDL and LOD 3.1 for triglyceride levels.
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Fig. 5. A-C: LOD score and posterior probability density (PPD) plots for the three significant QTLs on
chromosomes (Chrs) 12, 19, and 5 that influence HDL levels in the (NZBXRF)F2 mice. Locations of the
markers are shown as thick vertical lines on the x axis. Posterior probability density is a likelihood statistic
that gives rise to the 95% confidence intervals (Cls), indicated by gray horizontal bars. D-F: Allelic
contribution of the closest marker located on corresponding QTL peaks. NZB/NZB represents homo-
zygosity for NZB alleles, RF/RF represents homozygosity for RF alleles, and heterozygosity at a locus is
represented by NZB/RF. Error bars represent SEM. “ P < 0.05 versus RF/RF; ® P<0.05 versus NZB/RF; “P<
0.05 versus NZB/NZB and NZB/RF (by ANOVA). cM, centimorgan.

kinase (muk) (Chr 5, 64 cM), a gene involved in choles-
terol biosynthesis (41); and 6) glycerol kinase 2 (Gk2) (Chr,
53 cM), a gene involved in glycerolipid metabolism (42).
Previous data published by our laboratory on the
(NZBXRF)F2 mice (32) indicated that the Chr 5 (LOD
4.7, 50 cM) locus was colocalized with a locus that regulates
bone geometry. There could be some concordance be-
tween the genetic regulation of bone phenotype and HDL
level, because circulating lipid levels are believed to be a
risk factor that affects skeletal phenotype. Consistent with
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observation, Ishimori etal. (43) recently reported com-

mon linkage that regulates bone mineral density and lipid
levels. Two QTLs observed in (NZBXRF)F2 mice colo-
calized with body weight QTLs: the Chr 12 locus (body
weight QTL LOD 14.7, 2.0 cM) and the Chr 19 locus (body
weight QTL LOD 5.2, 50 ¢cM). Increased body weight as a
function of QTLs on Chr 12 and 19 is contributed by NZB
alleles. Although we observed a strong correlation between
HDL levels and body weight in (NZBXRF)F2 mice, it
remains to be verified whether the effects of Chr 12 and

Fig. 6. A, B: LOD score and posterior probability den-
sity (PPD) plots for the two significant QTLs on Chrs 12
and 15 that influence triglyceride levels in the (NZBX
RF)F2 mice. Locations of the markers are shown as thick
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vertical lines on the x axis. Posterior probability density
is a likelihood statistic that gives rise to the 95% Cls,
indicated by gray horizontal bars. C, D: Allelic contri-
bution of the closest marker located on corresponding
QTL peaks. NZB/NZB represents homozygosity for NZB
alleles, RF/RF represents homozygosity for RF alleles,
and heterozygosity at a locus is represented by NZB/RF.
Error bars represent SEM. “ P <0.05 versus RF/RF; tp<
0.05 versus NZB/RF (by ANOVA).
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TABLE 2. Chromosomal loci identified in the combined-cross analysis of combining data sets from the
(NZBXRF)F2 mice and the previously reported (MRLXSJL)F2 mice (28)

Combined-Cross Combined-Cross

(NZBXRF)F2 (MRLXSJL)F2 (Additive) (Interactive)
Chr Peak LOD Score” Peak LOD Score” Peak LOD Score” Peak LOD Score’
cM M M cM
Cholesterol
1 95 22.00 106 6.35 96 22.87
3 40 6.61 44 (2.81) 42 8.26
5 58 17.63 50 3.32 62 17.1 56 18.88¢
7 10 4.74 14 5.60 12 6.18¢
12 14 4.85 22 5.98
14 34 4.10 34 4,527
17 2 (2.47) 28 5.90
19 48 6.29 54 (2.57) 52 6.39
HDL
1 95 23.20 106 6.20 96 23.08
3 40 7.02 44 2.89 42 7.40
5 60 16.95 45 4.86 62 20.92 56 298¢
7 10 2.95 12 4.32 12 4.77¢
12 12 4.66 8 4.51
14 34 3.81 34 4.05¢
17 2 (2.77) 18 4.94
19 48 5.66 54 3.03 52 6.69
Triglyceride
1 76.2 3.80 76 5.06
12 8 8.66 26 4.10 —° 8 9.99
15 2 3.46 24 3.38

“LOD scores are above the suggestive cutoff (P < 0.1).

’LOD thresholds for suggestive (P < 0.1) and significant (P < 0.05) QTLs were 2.9 and 3.2, respectively, for
both cholesterol and HDL. LOD thresholds for triglyceride were 3.0 (P < 0.1) and 3.3 (P < 0.05). LOD scores in
parentheses were below, but close to, the suggestive threshold.

“LOD thresholds for suggestive (P < 0.1) and significant (P < 0.05) QTLs were 3.9 and 4.2, respectively, for
cholesterol and HDL. LOD thresholds for triglyceride were 4.4 (P < 0.1) and 4.8 (P < 0.05).

“Defined as statistically significant shared QTLs (based on the difference between LOD scores obtained from

combined-additive and combined-interactive).

“The combined-additive analysis showed a nonsignificant LOD score for the Chr 12 QTL when the NZB allele
was coded as A, but a LOD score of 10.14 was observed when the NZB allele was recoded as B.

19 QTLs on body weight are related to higher HDL levels
of NZB mice.

The 95% CI for the Chr 12 QTL regulating HDL levels
was too large; therefore, a search for a candidate gene was
unreasonable. For the Chr 19 QTL regulating HDL levels,
we observed 30 transcripts showing polymorphisms be-
tween NZB and RFJ strains of mice (95% CI 40-50 cM).
However, none of these transcripts represented any ob-
vious candidates for this QTL. Notable candidates for
which single-nucleotide polymorphisms are unknown
between NZB and REFJ strains include the following: I)
stearoyl-CoA desaturase 1 and 2 (Sedl, Scd2) (Chr 19,
43 cM), genes that are involved in fatty acid and lipid bio-
synthesis (44); 2) phosphatidylinositol 4-kinase type 2o
(Pi4k2a) (Chr 19, 47 ¢cM), which has lipid kinase activity
(45); 3) carboxypeptidase N, polypeptide 1 (Cpnl) (Chr
19, 47 cM), which encodes a protein that has carboxypep-
tidase activity (45); 4) elongation of very long-chain fatty
acids (Elovl3) (Chr 19, 47 ¢M); Elovl3 null mice have ab-
normal hair lipid content with high levels of eicosenoic
acid (46); 5) glycerol-3-phosphate acyltransferase (Gpam)
(Chr 19, 52 cM), which regulates cellular lipid metabolic
processes and fatty acid metabolism (47); and 6) acyl-CoA
synthetase long-chain family member 5 (Acsl5), which has
catalytic activity for fatty acid metabolic processes (45).

The process of identifying genes for QTLs discovered
to date has been slow because fine-mapping a biologically
variable phenotype to a QTL region and narrowing the list
of candidate genes in a QTL represents a challenging task.
With >100 loci known to regulate HDL levels, the interest
in fine-mapping the most important QTL will likely focus
on repetitive linkages identified in multiple crosses (26).
In this regard, combined-cross analysis has been suggested
as a tool to identify repetitive QTLs and also to increase
the resolution of closely associated QTLs (30, 31, 43). The
underlying reasons are increased marker density, and the
impact of combining the F2 data is equivalent to that
of adding more recombination events in the QTL region
by using additional mice in a cross. As anticipated, the
combined-cross analysis revealed higher numbers of QTLs
that regulate cholesterol and HDL levels. The relevance of
these QTLs is supported by their demonstration in several
independent crosses reported previously (11, 12, 16, 21,
25, 26). Shared loci identified in the combined cross were
located on Chrs 5, 7, 12, and 14 (Table 2). The Chr 7 QTL
(95% CI 8-20 cM) regulating HDL levels includes three
previously reported QTLs, HdI38 (48), Lprqb (11), and
Nhdlg6 (15), which regulate HDL or cholesterol levels.
Two obvious candidates, nuclear receptor subfamily 1
group H, member 2 (Nrl h2) (49) and platelet-activating

Genetic regulation of lipid levels 1731

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

A
04
251 Chr5 .
13
@ 20 E 0.3
$ 15 i
it 0.2
8 10 i
" s ot
MRARR R 1
0 20 40 60 80 100
B
0.12
2l Chr 12 —Lob
® 10/\/ 0.10
8 |
2 8] i 0.08
a fi !
Se6li ! 0.06
N i
4! H 0.04
! 1 ]
i 1 I
2 5 H 0.02

vy vyl
0 10 20 30 40 50 60
Marker position

(n=249)

—==
(n=480) c
=

(n=206)

9]
HDL (mg/dL)
IR "§ 2

H{.

100

AA AB BB
D5Mit319+D5MVIE136
D (64-65 cM)

Triglyceride
(mg/dL)

AA AB BB
D12Mit182 (2 )
220 L
E 4 =
32 (r=238)
EE 190 (r=518)
=

Posterior Probability Density

180 -
170 (n=267)
AA AB B/B

D12Mit201 (29 cM)

Fig. 7. Effect of combined-cross analysis on the resolution of QTLs. Data from (NZBXRF)F2 and
(MRLXSJL)F2 intercrosses were combined to calculate the 95% Cls. A: The combined-cross analysis
marginally improved the 95% CI of Chr 5 QTL (56-64 c¢M) regulating HDL levels. B: The posterior
probability density (PPD) plot of combined-cross data resolved the Chr 12 QTL into two distinct linkages:
a proximal peak with 95% CI of 0-13 ¢M and a distal peak with 95% CI of 29-34 ¢cM. The approximate
positions of markers are indicated on the x axis by inverted triangles; for markers that were merged,
two triangles are shown one atop the other. C: Allele distribution of two peak markers, D5Mit136 and
D5Mit319, merged together showing that the combined effect of NZB and MRL alleles (represented as
A) resulted in 19% higher HDL levels compared with those of RF and SJL (represented as B). D, E: Allele
distribution of two markers, D12Mit182 and D12Mit201, which were used in both NZBXRF and MRLXSJL
F2 intercrosses. Alleles were recoded for this analysis; therefore, allele A represents strains RF and MRL
and allele B represents strains SJL and NZB. Error bars represent SEM. *>¢ P < 0.01 versus all other

groups by ANOVA.

factor acetylhydrolase isoform 1b al subunit (Pafahlb3)
(50), involved in lipid metabolism, are located within the
Chr 7 QTL region. The Chr 14 QTL identified in the
combined-cross analysis is a distinct linkage finding, with a
95% CI of 28-42 cM. We were unable to locate any obvious
candidates for the Chr 14 QTL. In summary, the results of
our combined-cross analysis revealed additional loci that are
good candidates for positional cloning. However, the rele-
vance of these QTLs remains to be validated by other means.

Among the QTLs that regulate triglyceride levels in
both (NZBXRF)F2 and (MRLXSJL)F2 progeny, the locus
on Chr 12 was most significant. Unexpectedly, this QTL
was lost in the combined-cross analysis (Fig. 4, Table 2).
Close examination of the allelic affects of the Chr 12 locus
indicated that the coding strategy (Fig. 1D) used for com-
bining the genotypes needs to be reversed because, in
contrast to the low systemic triglyceride levels in NZB
mice, F2 mice homozygous for NZB alleles accounted for
12% (P < 0.01 by ANOVA) higher triglyceride levels com-
pared with those for RF alleles (Fig. 6). Recoding of alleles
resolved this artifact and revealed two distinct linkages
(Fig. 7B). Thus, combined-cross analysis identified addi-
tional fractions of alleles that contribute to the genetic
regulation of triglyceride levels. We believe that, in addi-
tion to the increased F2 population size, the failure to
detect two QTLs in individual crosses could be attributable

1732 Journal of Lipid Research Volume 48, 2007

to a lack of marker coverage in this region of Chr 12. The
proximal Chr 12 QTL (Fig. 7B) is a distinct linkage find-
ing, with 95% CI representing a 0-13 cM region. This re-
gion harbors two important genes, apolipoprotein B
(ApoB), which was located at 2.0 cM, and lipin-1 (Lpinl),
which is located at 9 cM. Mutations of ApoB, which impair
hepatic lipid export, are associated with fatty liver. Lpinl
regulates lipid metabolism and fat cell differentiation. The
homozygote for a spontaneous mutation in Lpinl
(L[Jin]ﬂd) (51) mice has abnormalities in fat metabolism,
increased serum and hepatic triglycerides, a liver-specific
increase in mRNAs for apolipoproteins A-IV and C-II, and
reduced apolipoprotein lipase activity in white adipose
tissue (52). The distal Chr 12 QTL is in close proximity to
an adiposity QTL (Adipl6) and the atherosclerotic lesion
area QTL (Ascla6). This region harbors a potential candi-
date gene, phosphatidylinositol glycan anchor (Pigh). It has
been shown that lipoprotein lipase with a glycosylphos-
phatidylinositol anchor on cardiomyocytes develops lipo-
toxic cardiomyopathy associated with an increased cardiac
uptake of plasma lipids (53); thus, it could be involved in
triglyceride metabolism. Because our estimate of single-
nucleotide polymorphisms between NZB and RF mouse
strains is based on low-density single-nucleotide polymor-
phism listings, which are incomplete for several loci, our
presumption regarding candidate genes for various QTLs
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should be interpreted cautiously. Further confirma-
tion will be required to substantiate these genes as bona
fide candidates.

In conclusion, we have identified distinct linkages on
Chrs 12, 19, and 15 regulating serum cholesterol, HDL,
and triglyceride levels that were specific to the (NZBX
RF)F2 cross and confirmed the presence of several loci
that were identified in previous genetic crosses involving
the NZB strain of mouse. The combined-cross analysis
revealed a large fraction of shared QTLs and improved
resolution of the concordant QTLs to help prioritize
potential candidate genes. Finally, our findings provide a
strong rationale for finding the causative molecular etiol-
ogy underlying loci on Chrs 5, 12, and 19.18
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