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ABSTRACT

Therapeutic intervention for atherosclerosis has predominantly concentrated on regulating cholesterol
levels; however, these therapeutics are not efficacious for all patients, suggesting that other factors are
involved. This study was initiated to identify mechanisms that regulate atherosclerosis predisposition in
mice other than cholesterol level regulation. To do so we performed quantitative trait locus analysis using
two inbred strains that each carry the atherosclerosis phenotype-sensitizing Apoe deficiency and that have
been shown to have widely disparate predilection to atherosclerotic lesion formation. One highly significant
locus on chromosome 10 (LOD = 7.8) accounted for 19% of the variance in lesion area independent of
cholesterol. Two additional suggestive loci were identified on chromosomes 14 (LOD = 3.2) and 19
(LOD = 3.2), each accounting for 7-8% of the lesion variance. In all, five statistically significant and
suggestive loci affecting lesion size but not lipoprotein levels were identified. Many of these were recapitu-
lated in an independent confirmatory cross. In summary, two independently performed crosses between
C57BL/6 and FVB/N Apoedeficient mice have revealed several previously unreported atherosclerosis

susceptibility loci that are distinct from loci linked to lipoprotein levels.

ENETIC and environmental factors both contrib-

ute to the development of atherosclerotic vascular
disease. Studies in twins demonstrate that heredity
strongly influences disease susceptibility (MARENBERG
et al. 1994) and segregation patterns in families with
a high incidence of coronary heart disease suggest a
polygenic mode of inheritance (Lusis et al. 1998). Al-
lelic variation in a few genes such as apolipoprotein E
can affect blood lipid levels and atherosclerosis suscepti-
bility (WILSON et al. 1996). However, the genes responsi-
ble for the full range of genetic variation in atherosclero-
sis susceptibility in the general population have not yet
been described. Recently, positional cloning techniques
and linkage studies in humans have been undertaken
to identify disease susceptibility genes. Nonetheless, in
most cases of complex, polygenic disease the identifica-
tion of genes and even loci has been rendered extremely
difficultfor a variety of factors including the heterogene-
ity of disease classification, the genetic heterogeneity of
human populations, and the inability to control both
environmental and genetic factors. All these issues are
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particularly pertinent when any single locus is responsi-
ble for a small percentage of the phenotypic variance.

The difficulties inherent in human studies suggest
that parallel approaches be undertaken using animal
models. The laboratory mouse has long been used to
study the genetic component of numerous complex hu-
man diseases because of its many strengths as a mamma-
lian genetic model organism (MooORE 1999). Indeed,
previous studies have used the mouse to uncover genetic
loci that potentially influence atherosclerosis. Gener-
ally, mice fed normal chow do not develop atherosclero-
sis or even early lesions in the absence of an exacerbat-
ing condition such as a high-fat, high-cholesterol diet.
Multiple inbred strains of mice have been examined
for their predilection to develop early atherosclerotic
lesions when fed a high-fat, high-cholesterol diet that
contains 0.5% cholic acid (an atherogenic diet; RoB-
ERTS and THOMPSON 1977; PAIGEN et al. 1990; NISHINA
et al. 1993; PAIGEN 1995; PITMAN ef al. 1998; MU et al.
1999), a high-fat, high-cholesterol diet without 0.5%
cholic acid (MACHLEDER e/ al. 1997) or a high-fat “West-
ern” diet (MEHRABIAN et al. 2001). Lesions in mice fed
these diets are usually limited to fatty streaks in the
aortic root. Through the use of either recombinant in-
bred strains or quantitative trait locus (QTL) analysis
11 loci have been hypothesized to contribute to athero-
sclerosis in the mouse (PAIGEN 1995; Mu et al. 1999;
MEHRABIAN et al. 2001; WELCH et al. 2001) although
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only 6 have been genetically mapped. These loci are
referred to as Ath loci (PAIGEN et al. 1987a,b,c, 1989;
STEWART-PHILLIPS et al. 1989), Artles (MEHRABIAN el al.
2001), and Athsql and Athsq2 (WELCH et al. 2001). Athl,
Ath2, and Ath3 are all described loci that both change
high-density lipoprotein (HDL) levels with consequen-
tial changes to lesion formation. AthI maps to mouse
chromosome 1(PAIGEN et al. 1987a), Ath3 maps to mouse
chromosome 7 (STEWART-PHILLIPS ef al. 1989), and
Ath2 (PAIGEN et al. 1989) is presently unmapped. Ath4
and Ath5 remain tentative gene designations as there
are no data that resolve them as single Mendelian fac-
tors. Ath6, Ath7, and Ath8 are all loci that are hypothe-
sized to control lesion formation but not lipid levels.
Of these 3, Ath6 is the only mapped locus; it resides on
mouse chromosome 12 (MU et al. 1999). QTL were also
identified in an analysis of (C57BL/6] and C3H/He])F,
mice fed a high-fat, high-cholesterol diet without 0.5%
cholic acid (MACHLEDER ¢t al. 1997). Additionally, West-
ern diet used in conjunction with measurements of le-
sion size was used to identify a nonlipoprotein-driven,
chromosome 6 atherosclerosis QTL, Artles (MEHRABIAN
et al. 2001). The CAST/Ei allele of Artles conveys athero-
sclerosis resistance on both a C57BL/6] and an Ldlr—/—
background (MEHRABIAN et al. 2001). Other atheroscle-
rosis QTL that resulted from measuring lesion size have
also been recently identified (WELcH et al. 2001). Athsql
and Athsq2 are QTL that were identified in a B6.129S7-
Ldlr—/— X MOLF/Ei cross and map to chromosomes
4 and 6, respectively. No genes that definitively explain
any of the reported QTL have yet been identified.

An alternative approach to the phenotype-driven de
novo discovery of atherosclerotic predisposition loci de-
scribed above has been to create mouse models of hyper-
cholesterolemia and atherosclerosis via gene manipula-
tion (PLump et al. 1992; VAN REE et al. 1994; SmMiTH and
BrEsLow 1997). Overexpression of each of the lipopro-
teins ApoAll, Apo(a), ApoB, and ApoCIII renders mice
on a high-cholesterol diet responsive to the develop-
ment of atherosclerosis. This is also true of mice defi-
cientfor either the low-density lipoprotein (LDL) recep-
tor or ApoE in which large human-like foam cell and
fibro-proliferative lesions develop. In contrast, overex-
pression of ApolV, ApoE, and ApoAl are each athero-
protective for mice on an atherogenic diet. These mu-
rine models of atherosclerosis have each, singly and in
combination, contributed greatly to the understanding
of the role of lipoproteins in atherosclerosis.

We have combined the phenotype- and genotype-
driven approaches to studying atherosclerosis in the
mouse by creating a series of six inbred strains of mice,
each of which are homozygous for the Apoe knockout
and each of which are 99%, or greater, pure genetic
background (MARKEL et al. 1997; P. SHU, ]. MONTAGNO,
T. McBripg, H. M. DaNsky, M. DoNAVAN, G. DUYK,
J. L. BResLow and K. J. MOORE, unpublished data). The
absence of the Apoe gene sensitizes these strains toward

atherosclerosis, allowing any strain-specific atheroscle-
rosis enhancing or protecting modulators to be re-
vealed. The six strains can be divided into two groups,
a group that is highly susceptible to atherosclerosis on
a normal chow diet, consisting of C57BL/6] Apoe—/—,
CH7BL/Ks] Apoe— /—, and 129/Sv] Apoe— /— and a group
that is far less susceptible, consisting of BALB/cBy]J-
Apoe— /—, C3H/He]-Apoe—/—, and FVB/NCr-Apoe— /—
(P. SHu, J. MoNTAGNO, H. M. DANSKY, M. DONAVAN,
G. Duvk, J. L. BREsLow and K. J. MooORE, unpublished
data). Similar trends were noted for FVB/NJ-Apoe—/—
vs. CH7BL/6]-Apoe—/— with less pure genetic back-
grounds (DANSKY et al. 1998).

Using the 99.7% pure FVB/NJ-Apoe—/— and C57BL/
6]-Apoe—/— congenic strains we performed a QTL anal-
ysis to reveal loci that underscore the difference in ath-
erosclerotic predisposition of these two strains. We iden-
tified loci that are responsible for lipid differences and
loci that drive lesion predilection yet do not affect lipid
levels. The statistical significance of the loci found far
exceeds anything yet reported, indicating the discovery
of major genetic loci for atherosclerosis predisposition
in the mouse.

MATERIALS AND METHODS

Mice: The congenic strain FVB/NCr Apoe—/— was created
by the speed congenic method as previously described (MARr-
KEL et al. 1997). The congenic strain C57BL/6] Apoe—/— was
produced from the importation of C57BL/6].129 —Apoe—/—
(ZBHANG et al. 1992) at the N; backcross from the Jackson
Laboratories. Backcrossing to C57BL/6] was continued until
the Nj; generation and then brother-sister mating was used
to maintain the strain. The genetic purity of the C57BL/6]
Apoe—/— and FVB/NCr Apoe— /— strains, which were deter-
mined empirically (MARKEL ¢t al. 1997), is 99.5% C57BL/6]
and 99.7% FVB/NCr, respectively. C57BL/6] Apoe—/— and
FVB/NCr Apoe—/— mice were crossed and the resultant F,
offspring were intercrossed to create a cohort of 197 F, mice
for the QTL analysis, referred to as cross 1. All parental and
subsequent progeny mice were maintained at Millennium
Pharmaceutical in a pathogen-free environment and fed a
normal chow ad lbitum diet containing 9% fat. The C57BL/
6].129 Apoe— /— and FVB/NJ.129 Apoe— /— stocks used in the
confirmatory second cross (DANSKY el al. 1998), which are
totally independent of the congenic lines used in cross 1, were
92% C57BL/6] and 91% FVB/NJ, respectively. The genetic
purity of these strains was also determined empirically (DAN-
sKY el al. 1998). These stocks and all subsequent offspring of
crosses between them were maintained at Rockefeller University
on normal chow, containing 4.5% fat, ad libitum. C57BL/6].129
Apoe—/— and FVB/N]J.129 Apoe— /— mice were crossed and the
resultant F; offspring were intercrossed to create a cohort of 186
F, mice for the QTL analysis referred to as cross 2.

Plasma cholesterol analysis: Overnight-fasted F, mice from
cross 1 and the parental strains C57BL/6] Apoe— /— and FVB/
NCr Apoe—/— were assayed for serum lipid as follows: 60 pl
of plasma was overlaid with 60 pl of PBS and spun at 70,000
rpm in a Beckman Optima TL-100 tabletop ultracentrifuge
for 3 hr at 4° using a Beckman TLA-100 fixed angle rotor.
The upper 60 ul contained the very-low-density lipoprotein
(VLDL) predominant fraction. The lower 60 pl was collected
and was mixed with 60 pl of potassium bromide (specific
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density 1.12) in a new centrifuge tube (final specific density
1.063). Ultracentrifugation for 24 hr at 70,000 rpm using a
Beckman TLA-100 fixed angle rotor at 4° was performed. The
upper 60 ul is predominantly LDL and intermediate-density
lipoprotein and the bottom 60 wl contains the HDL. The
various fractions were all assayed using the Sigma (St. Louis)
Cholesterol Kit (Cat. 352-100) and quantitated with choles-
terol standards from Sigma (Cat. 1.0524).

F, mice from cross 2 and the parental stocks C57BL/6].129
Apoe—/— and FVB/NJ.129 Apoe— /— were assayed for serum
lipid as described (DANSKY et al. 1998). Non-HDL cholesterol
was determined by subtracting the HDL fraction from the
total cholesterol level.

Quantitative atherosclerosis measurements: At 16 wk of age,
the F, progeny were overnight fasted and anesthetized. Blood
was collected from the retro-orbital sinus into capillary tubes
containing EDTA. The circulatory system was perfused with
0.9% NaCl by cardiac intraventricular cannulation. The heart
and ascending aorta including the aortic arch were removed,
and the heart containing the aortic root was fixed in phos-
phate-buffered formalin. Eight-micrometer sections were cut
and every other section was collected for aortic root quantita-
tive atherosclerosis assay as previously described (DANSKY et
al. 1998). A total of five sections were used for quantitation,
resulting in an 80-wm coverage of the aortic root.

Genotyping: Genomic DNA from kidney or tail-tip tissue
was isolated (MARKEL el al. 1997). The 197 F, (C57BL/6]
Apoe—/— X FVB/NCr Apoe—/—) mice of cross 1 were geno-
typed using 194 markers at a distance no greater than every
10 c¢M as reported (MARKEL et al. 1997). The 186 (C57BL/
6].129 Apoe—/— and FVB/N]. 129 Apoe—/—) F, mice were
genotyped in a similar fashion with 127 markers.

Statistics: All genotype and phenotypic data were analyzed
by the MapManager QT version 3.0b28 (MaNLy 1993) for
QTL analysis. LANDER and KruGLYAK (1995) propose both
verbal definitions and supporting LOD scores to define QTL
confidence in mouse crosses. A suggestive linkage is expected
to occur one time at random in a genome scan and has an
estimated minimum LOD score of 2.0. A significant linkage
is expected to occur 0.05 times at random in a genome scan
and has an estimated minimum LOD score of 3.4. However, we
put even greater constraints on ourselves by using permutation
tests to determine significance. Significance was determined
by 1000 permutations to provide likelihood ratio statistics
(LRS) that are suggestive, significant, and highly significant.
LOD scores were calculated from the MapManager results by
dividing the LRS by 4.6. QTL analysis was performed using
nontransformed cholesterol data and log-transformed athero-
sclerosis data as lesion area may not be normally distributed.
MapMaker (LANDER e al. 1987; LINcOLN and LANDER 1992)
was also used to analyze the association between the phenotype
and genotype and the results were quite similar to that ob-
tained using MapManager QT software (data not shown).
Prism 3.0 (Graph Pad) was used for comparisons between
genotypic means.

RESULTS

We used QTL analysis of F; mice to identify atheroscle-
rosis susceptibility loci underlying the marked differ-
ence in atherosclerosis between C57BL/6 and FVB/
N Apoe— /— mice. Two independent strain intercrosses
were performed using different parental strains. Cross 1
was performed using fully congenic C57BL/ 6] Apoe— /—
and FVB/NCr Apoe—/— parental strains and cross 2

was performed using C57BL/6].129 and FVB/NJ.129
Apoe— /— mice.

Parental strain and F, phenotype: Plasma lipids and
aortic root atherosclerotic lesion area were measured
in the fully inbred parental strains. Mean aortic root
lesion area was 6-fold higher in male and 20-fold higher
in female C57BL/6] Apoe—/— mice when compared
to gender- and age-matched FVB/NCr Apoe—/— mice
(Table 1). Total cholesterol, VLDL-C, LDL-C, and HDIL-C
were higher in FVB/NCr mice; however, the differences
were more prominent in male mice (Table 1). Both
the male and female F;s had intermediate lesion areas.
Mean male F; lesion area was significantly different from
that of FVB/NCr Apoe— /— male mice, but was not sig-
nificantly different from that of C57BL/6] Apoe—/—
male mice. Mean lesion area in the F, females was sig-
nificantly different from that of both C57BL/6]
Apoe— /— and FVB/NCr Apoe— /— female parental mice
(Table 1).

In parental mice from cross 2, mean aortic root lesion
area was seven- to ninefold higher in C57BL/6.129
Apoe— /— mice compared to FVB/NJ.129 Apoe—/— as
previously reported (DANSKY et al. 1998).

Quantitative trait analysis: Lesion area: A highly sig-
nificant locus on chromosome 10 was obtained from
both crosses with a LOD score of 7.8 in cross 1 (Table
2) and 11.9 in cross 2 (Table 3). This locus accounted
for 19% of the log lesion variance in cross 1 (Table 2)
and 25% of the log lesion variance in cross 2 (Table 3).
Significant LOD scores were still obtained when the
analysis was limited to a single gender in both crosses,
except for the female cohort in cross 1 where this locus
was suggestive (Tables 2 and 3). The markers with the
highest LOD scores were D10Mit213 in cross 1 and
D10Mit214 in cross 2 but as these markers are <3 cM
apart the simplest hypothesis is that they are represent-
ing the same QTL. Indeed, interval mapping of chromo-
some 10 in cross 1 (Figure 1) revealed a peak that
included both D10Mit213 and D10Mit214. These data
suggest that the same gene on chromosome 10 affects
lesion area in the F, progeny of both crosses. We have
termed this locus Athl1, in keeping with the previously
established system for naming atherosclerosis suscepti-
bility loci in the mouse. Highly significant LOD scores
were obtained for the chromosome 10 locus using either
a dominant or additive model. When lesion area in
Fy mice (cross 1) was plotted according to D10Mit213
genotype, there was a twofold difference between mean
lesion area in mice homozygous for the D10Mit213
FVB/NCr (FF) allele compared to mice homozygous
for the C57BL/6] allele (BB, Figure 2A). Unexpectedly,
homozygosity for the FVB/NCr allele (FF) was associ-
ated with a significant increase in lesion area when com-
pared to heterozygotes (BF) and mice homozygous for
the C57BL/6] allele (BB).

An additional significant lesion QTL was also seen at
D10Mit49 (Table 2) in both crosses with male-only data.
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TABLE 1

Total cholesterol, VLDL, HDL, LDL, and lesion area for the progenitor strains and the F, offspring at 16 weeks of age

Total cholesterol

Weight (g)

VLDL (mg/dl) LDL (mg/dl) HDL (mg/dl)

(mg/dl)
652 * 33 (5)
596 * 114 (5)

Lesion area (mm?)

Gender

30 + 2 (5)
9% = 0 (3)
30 + 2 (7)
97 + 1 (7)
40 * 6 (5)
95 + 3 (3)

23.0 £ 4 (5)

151 + 25 (5)
204 * 102 (5)
208 = 47 (5)*
958 + 56 (6)
161 = 21 (5)
154 + 18 (3)

411 * 33 (5)
341 + 93 (5)

100,281 *+ 46,933 (5)
221,006 = 24,960 (3)

M

F

C57BL/6] Apoe—/ —

14 + 2 (5)
32.0 = 9.9 (7)
18.7 = 7.1 (6)

747 = 115 (5)*
487 + 92 (6)*

976 + 99 (5)**
821 + 298 (5)

17,445 = 6,533 (5)%**
10,371 = 5,551 (6)**
56,046 * 25,065 (5)

FVB/NCr Apoe—/—

30 + 9 (5)
91 + 6 (3)

602 = 81 (5)**

895 + 59 (5)**
797 = 125 (3)

F, Apoe—/—

512 + 56 (8)**

98,965 = 19,805 (3)**

Total cholesterol, VLDL, HDL, and LDL levels are expressed as milligrams/deciliter. The lesion quantitation is expressed as the cumulative morphometric analysis of
five cross sections, expressed as square micrometers per aortic root per mouse. All data are expressed as mean and standard error. The number of animals used for each

analysis is indicated in parentheses. A Student’s ttest with two-tail, unequal variance measured significance between any two samples. *P < 0.05; **P < 0.001.
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LOD scores of 5.3 and 8.8 were seen in crosses 1 and
2, respectively. However, interval mapping controlling
for D10Mit213 and D10Mit214 diminished the peak at
D10Mit49 to nonsignificance. It is unlikely therefore
that there is a separate QTL at D10Mit49. Additional
loci were suggestive for linkage with lesion area in cross
1, some of which were also seen in cross 2. Interval
mapping indicated a linkage peak on chromosome 14
that was suggestive for linkage in the entire F, cohort
(peak markers: D14Mit60 and D14Mit63 in cross 1 and
2, respectively). Given the small genetic interval (1.5
cM) containing these markers, the simplest hypothesis
is that both crosses are detecting the same QTL, which
we have termed Athl3. The dominantly inherited, with
respect to C57BL/6], Athl3 locus accounted for 6-9%
of the variance in log lesion area. Mean lesion area in
male F; mice from cross 1 that were homozygous for the
D14Mit60 FVB/NCir allele (FF) was significantly smaller
when compared to D14Mit60 (BF) heterozygotes (Fig-
ure 2B). Since there were no significant differences in
mean lesion area in male F, D14Mit60 heterozygote
mice (BF) and homozygous BB mice (Figure 2B), lesion
areas were combined from these two genotypes and
compared to male F; homozygotes (FF). There was a
34% decrease in mean lesion area in male F, homozy-
gotes (FF) compared to the combined group (65,400 *
5141, n = 60 vs. 43,360 = 4982, n = 28; P = 0.0029).

Two loci (D14Mithb and D14Mitl58) from cross 1
male F, mice and one locus (D14Mit63) from cross 2
male F, gave suggestive linkages. Interval mapping in
cross 1 controlling for D14Mit55 still gave a peak at
DI14Mitl58 (LOD of 2.5). Likewise, controlling for
D14Mitl58 gave suggestive peaks at D14Mit55 (LOD of
2.4). Given this analysis it is possible that this region of
chromosome 14 (from 5 to 30 cM) contains multiple
QTL. However, such complexities of QTL analysis can-
not be confirmed with theoretical modeling alone, espe-
cially with closely linked QTL and only suggestive LOD
scores. Empirical data, based on lines derived from re-
combination breakpoints, are the best way to confirm
multiple, closely linked QTL. No chromosome 14 mark-
ers showed significance for lesion for female F, mice
(Tables 2 and 3).

Another suggestive locus observed is on chromosome
19 and fits a recessive model, with respect to C57BL/
6]. This locus, named Ath16, was suggestive for linkage
in cross 1 but not observed in cross 2. Genotype analysis,
of the Fo mice from cross 2 (data not shown) showed that
most markers on chromosome 19 showed triallelism,
indicating non-FVB/NJ and non-C57BL/ 6] alleles were
segregating. This precluded confirmation of the chro-
mosome 19 locus revealed by cross 1. Single marker
and interval mapping of Fy, mice from cross 1 revealed
a peak at DI9Mit120 (Table 3 and Figure 2C). The LOD
score was 3.8 in male F, mice (Table 3), but no linkage
was found in female mice on chromosome 19. Consis-
tent with a recessive model (Figure 2C), there was a 50%
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TABLE 2

MapManager QT analysis for the F,s from cross 1

Phenotype

Model with respect to

Chromosome marker  (log transformed) Gender LOD % variance  Pvalue  Significance C57BL/6] allele
DIMit359 Total cholesterol M+ F 3.5 7 0.00035  Suggestive Additive /recessive
D1Mit359 Total cholesterol F 7.1 29 7.5¢-8 Highly sig. Additive/recessive
D1Mit359 HDL M+ F 3.6 7 0.0002 Sig. Additive /recessive
D1Mit359 HDL M 6.2 23 1.6e-7 Highly sig. Additive

D1Mit359 LDL M+ F 2.9 6 0.00144  Suggestive Additive

D1Mit359 LDL F 6.0 25 9.1e-7 Highly sig. Additive
DIMIT359 VLDL M+ F 2.3 4 0.00529  Suggestive Additive /recessive
DIMit359 VLDL F 3.4 14 0.00044  Suggestive Additive/recessive
D1Mit203 HDL M 2.4 8 0.00411  Suggestive Dominant
DIMit78 HDL M 3.2 13 0.00064  Suggestive Recessive

DIMit231 Lesion M+ F 2.3 5 0.00443  Suggestive Additive /recessive
D4Mit41 Total cholesterol M+ F 2.4 5 0.00371  Suggestive Additive

D4Mit41 Total cholesterol F 2.8 11 0.00147  Suggestive Recessive

D6Mitl10 LDL M+ F 2.2 4 0.00589  Suggestive Additive

D9Mit90 LDL M+ F 2.7 5 0.00197  Suggestive Dominant
D10Mit80 HDL M+ F 2.6 5 0.00264  Suggestive Additive/dominant
D10MIT133 VLDL M+ F 2.3 5 0.00443  Suggestive Recessive
D10Mit49 Lesion M 5.3 22 5.7¢-6 Sig. Additive
D10Mit213 Lesion M+ F 7.8 19 1.7¢-8 Highly sig. Additive/dominant
D10Mit213 Lesion M 5.1 21 7.8¢-6 Sig. Dominant
DI10Mit214 Lesion F 3.5 16 0.00035  Suggestive Additive/dominant
D10Mit233 VLDL F 2.4 10 0.00397  Suggestive Recessive
D14Mitb5 Lesion M 2.4 10 0.00417  Suggestive Dominant
D14Mit60 Lesion M+ F 3.2 8 0.00062  Suggestive Dominant
D14Mit63 Lesion M 2.5 9 0.00495  Suggestive Dominant
DI14Mitl58 Lesion M 24 10 0.00420  Suggestive Dominant
D16Mit103 Lesion M+ F 2.5 6 0.00319  Suggestive Additive/dominant
D17Mit164 Total cholesterol M+ F 24 5 0.00393  Suggestive Additive/recessive
D17Mitl164 LDL M 2.5 9 0.00326  Suggestive Additive
D17MIT164 VLDL M+ F 2.6 5 0.00223  Suggestive Additive/recessive
DI9Mitl120 Lesion M+ F 3.2 7 0.00135  Suggestive Recessive
D19Mit120 Lesion M 3.8 16 0.00014  Suggestive Recessive

The phenotypes analyzed are total cholesterol, HDL, LDL, and VLDL and cross-sectional lesion data and are indicated in the
second column. Each data set is log transformed. The first column indicates the chromosome and marker on which the linkage
was seen. The fourth column gives the LOD score that was derived by dividing the LRS by 4.6. The fifth column indicates the
percentage of the total phenotypic variance detected in the F, cohort with which each marker showing linkage was associated.
The next two columns indicate the statistical significance of the linkage, first as a numerical P value and then verbally. The
designation of suggestive, significant, and highly significant is determined by 1000 permutation tests for each data set. The last
column indicates the best model for the mode of inheritance, with respect to the C57BL/6] allele. This was determined using
the MapManager QT program. If two models, such as recessive and additive, appear equally likely by MapManager QT analysis,
it is indicated as additive/recessive. Each analysis was done for the sex-combined, the male-only, and the female-only data. Only
suggestive or significant linkages are listed in the table. Sig., significant.

decrease in mean lesion area in F, mice homozygous for
the D19Mitl120 (BB) when compared to heterozygotes
or to Fy mice homozygotes for the FVB/NCr allele (FF).

Weaker but still suggestive, QTL for lesions observed
in cross 1 include D1Mit231 and D16mitl03, both of
which were seen in the full F; cohort and each of which
accounted for ~5% of the phenotypic variance. When
the chromosome 10, 14, and 19 QTL were controlled
for, the D16MIT103 QTL showed a significant LOD
score of 4.4 (P = 3.5¢5) and explained 9% of the vari-
ance.

Lipid measurements: Blood lipids were measured in in-
dividual F, mice of both crosses and linkage analysis was

performed using MapManager QT software. A highly
significant locus at the distal end of chromosome 1
(peak marker D1IMit359) was associated with total cho-
lesterol (TC), HDL, and LLDL in cross 1 with LOD scores
exceeding 3.5 in the combined gender groups (Table
2). A suggestive linkage of DIMit359 to VLDL was also
seen. Upon gender splitting the data, the linkage to TC,
LDL, and VLDL became statistically stronger in females
but yielded nonsignificant results in males. Contrarily
the D1Mit359 linkage to HDL in males was increased but
was not significant in females. These gender differences
may reflect the presence of more than one QTL in
this genetic region. Overall, this region accounted for
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TABLE 3

The MapManager QT analysis of the lesion and log-lesion data from the confirmatory cross 2

Model with respect to

Chromosome marker  Phenotype = Gender = LOD % variance P value Significance C57BL/6] allele
DIMIT359 Lesion M+ F 3.3 7 0.00049 Suggestive Additive

D1Mit50 Totalchol. M + F 7.6 18 2.5E-08 Highly sig. Additive

D1Mit50 Totalchol. M 5.9 26 1.4E-06 Sig. Additive

D1Mit50 Non-HDL M+ F 7.0 17 1.1E-07 Highly sig. Additive

D1Mit50 Non HDL M 54 24 4.0E-06 Highly sig. Additive

D1Mit50 HDL M+ F 5.2 12 7.0E-06 Highly sig. Additive

D1Mit50 HDL M 2.7 11 1.93E-03 Suggestive Additive

D1Mit50 HDL F 4.1 18 8.4E-05 Sig. Additive
D10MIT49 Lesion M 8.8 37 1.6E-09 Highly sig. Dominant/additive
D10MIT214 Lesion M+ F 11.9 25 1.3E-12 Highly sig. Dominant/additive
D10MIT214 Lesion M 5.8 24 1.5E-06 Highly sig. Dominant/additive
D10MIT214 Lesion F 6.8 27 1.5E-07 Highly sig. Dominant/additive
DI14MIT63 Lesion M+ F 2.6 6 0.00245 Suggestive Dominant
DI14MIT63 Lesion M 3.1 13 0.00076 Suggestive Dominant
D14MIT158 Lesion M 3.3 14 0.00047 Suggestive Dominant

Chol., cholesterol; Sig., significant.

4-29% of the variance in these lipid parameters (Table
2). Interval mapping of chromosome 1 revealed a peak
LOD score of 6 at D1Mit359 for HDL in male-specific
data (Figure 1), named Ath9. The FVB/NCr allele was
associated with increasing HDL and best fit the additive
model (Figure 2D). In cross 2, the same region of chro-
mosome 1 (peak marker DIMit50) was associated with
TC, non-HDL cholesterol, and HDL (Table 3). The
chromosome 1 locus accounted for 4-11% of the vari-
ance in these lipid parameters in the combined gender
groupsin cross 2. As DIMit150 and D1Mit359 co-localize
on the genetic map they can be regarded as equivalent
for comparing crosses 1 and 2. Unexpectedly, cross 2
also revealed a suggestive linkage for lesion formation
at D1Mit359 whereas cross 1 did not. This difference can-
not be explained by the genetic contamination of the
cross 2 stocks because these stocks are carrying only FVB
and CH7BL/6 alleles in this region of chromosome 1.

Other suggestive QTL for lipid levels were seen at
D1Mit203, DIMit78, D4Mit4l, D6Mitl0, DIMit90,
D10Mit80, D10Mit133, D10Mit233, and D17Mit164 (Ta-
ble 2). None of these were recapitulated in cross 2, likely
due to the less genetically clean background of cross 2
compounding difficulties of phenotypic and genotypic
analysis.

Cross 1 was also analyzed by the MapMaker QTL
(LANDER et al. 1987; LincoLN and LANDER 1992) pro-
gram. All suggestive, significant, and highly significant
QTL detected by MapManager (Table 2) were also de-
tected by MapMaker QTL with one exception. This was
the very weak, LOD2.3, D10Mitl33 linkage to VLDL
(Table 2). Furthermore, MapMaker detected an addi-
tional suggestive linkage (LOD 2.7) to D17Mitl64 in
the male-only data for total cholesterol. D17Mit164 had
already been linked, using MapManager to total choles-

terol and VLDL in the full cohort and LDL in male-only
data. This QTL therefore seems to be very consistently
associated with cholesterol regulation.

DISCUSSION

Atherosclerosis is a complex pathological process in-
volving a multitude of cell types and gene products
(Lusts 2000; GLass and WiTtzTum 2001). The evaluation
of candidate genes using mutant mouse models has
yielded important insights into the role of apolipopro-
teins (PLump et al. 1994), adhesion molecules (DoNG
et al. 2000), immune mediators (DANSKY et al. 1999),
receptors (GUPTA et al. 1997), and signaling molecules
(Gu et al. 1998). However, this approach requires a priori
knowledge of the identity of the candidate gene.

Genetic approaches to gene discovery afford greater
de novo discovery of novel genes and pathways because
they do not require prior knowledge of a candidate
gene for a disease. Many genes for single-gene traits in
both man and mouse have been discovered this way
(Moore 1999). More recently, studies using crosses be-
tween inbred strains of mice and QTL analysis have
identified disease susceptibility loci for many complex
diseases, including obesity, lupus, diabetes, and hyper-
tension (MoOORE and NAGLE 2000)

In this study, we have identified multiple atherosclero-
sis susceptibility loci in F, progeny derived from two
crosses, each of which are a mix of C57BL/6 Apoe—/—
and FVB/N Apoe— /— mice. Blood lipids did not corre-
late with lesion area in the F, progeny of either cross,
suggesting the segregation of atherosclerosis susceptibil-
ity genes that do not affect plasma cholesterol levels.
Two such atherosclerosis susceptibility loci, located on
chromosomes 10 and 14, were identified in both crosses.
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FIGURE 1.—The chromosome interval maps for chromosome 10 (B), chromosome 14 (D), and chromosome 19 (A) for lesion
area and the chromosome interval map for chromosome 1 for HDL cholesterol (C). All data shown are from the F, cohort of

cross 1.

We have termed these loci Athl1and Athl3, respectively.
The reproducibility of the findings in two indepen-
dently performed crosses greatly increases the likeli-
hood that atherosclerosis susceptibility genes are lo-
cated within the chromosome 10 and 14 QTL intervals
and that these associations are not statistical phenom-
ena. In particular, the chromosome 10 Ath11 locus was
highly significant (LOD > 7) in both crosses. To our
knowledge, this is the first time that an atherosclerosis
susceptibility locus has been identified in the mouse
with LOD scores of this magnitude and additionally
confirmed in a second cross.

The Athll interval (0-19 cM) contains several candi-
date genes and is evolutionary conserved with human
chromosome 6q22-24. The following candidate gene
map, sequence, and annotation information is obtained
from publicly available sources. The strongest candidate
gene for the chromosome 10 QTL is the interferon
gamma receptor (Ifngr), which is located at 15 ¢cM on
mouse chromosome 10.

The role that Ifng may play in atherosclerosis is com-
plicated as there are both proatherogenic and antiath-
erogenic induced functions (GUPTA et al. 1997; Ross
1993, 1999). Interferon gamma is secreted by both CD4

and CD8 THI1 cells, which are often co-localized within
atherosclerotic lesions. In vitro, interferon gamma exerts
numerous effects on the cell types present in atheroscle-
rotic lesions. These effects include the induction of class
II histocompatibility antigens on macrophages, induc-
tion of macrophage metalloproteinase secretion (SCHON-
BECK et al. 1997), downregulation of lipoprotein receptors
on macrophage (HussAINI et al. 1996), downregulation
of macrophage scavenger receptor A (L1 et al. 1995) and
ABC-1 (Panousis and ZuckeRMAN 2000), induction of
endothelial VCAM-1 (DE CATERINA et al. 2001), and
inhibition of smooth muscle proliferation (SELZMAN et
al. 1998). Evidence that the Ifngrplays a proatherogenic
role is derived from studies using mutant mice. Athero-
sclerotic lesion area decreased by 60% when interferon
gamma receptor knockout mice were bred onto the
Apoedeficient background (GupTA et al. 1997). Ifngr
coding polymorphisms that affect receptor expression
and immune function have been identified between the
C57BL/6 and BALB/c inbred strains of mice (CHOU et
al. 2000). Ifng is clearly an excellent candidate within
the QTL region on mouse chromosome 10 although
initial results have shown no coding variant difference
between C57BL/6] and FVB/N]J (data not shown). Ex-
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periments are in progress to determine whether there
are differences in macrophage Ifngr expression in
C57BL/6 Apoe— /— and FVB/NCr-Apoe— /— mice.

Other candidate genes on chromosome 10 include
the connective tissue growth factor gene (CNFin human
and Fispl2 in mouse), the estrogen receptor-a (Esrl)
and tumor-necrosis-factor-induced protein 3 (Tnfip3).
CNF has been shown to be upregulated in atheroscle-
rotic lesions, being expressed predominantly at the
shoulder of fibrous caps but also at the lipid core mar-
gins and in the necrotic core (OEMAR ¢t al. 1997). Pre-
liminary experiments looking at the expression of Fisp12
in the aortic root of C57BL/6] and FVB/N]J mice have
indicated that Fisp12is upregulated in C57BL/6] (data
not shown), making Fispl2 an excellent candidate for
further studies.

The chromosome 14 interval (10-35 ¢cM) has homol-
ogy with human 14q11.2, 8pl11.2, and 13q11-12. Candi-
date genes within this region of chromosome 14 em-
brace many proteases, including a family of mast cell
proteases (Mcptl, 2, 4, 5, and 9), two metalloproteases
(Mmpl4and Adaml3), cathepsins G (Ctsg) and B (Ctsb),
and clusterin (Clu), also known as apolipoprotein J.

The interval spanning 15-45 ¢cM on mouse chromo-
some 19 that contains the QTL Athl6 is evolutionarily
conserved with human chromosomal regions of 9q12-
21, 9p24, and 10q23-26. Candidates of some note within
this interval include the very-low-density lipoprotein re-
ceptor (Vidir), fibroblast growth factor 8 (Fgf8), the col-
ony-stimulating factor, granulocyte macrophage, recep-
tor-a (Csfgmra), and antioxidant protein 1 (Apol).

A QTL on the distal end of chromosome 1 was
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strongly associated with total cholesterol, non-HDL cho-
lesterol, and HDL cholesterol in both crosses. This inter-
val from 60 to 90 cM is homologous to human 1q21-32
and encompasses the previously identified A¢hl locus
(PAIGEN et al. 1987a,b,c). We have no data to support
that AthI and the QTL we identified are the same. Lusis
and co-workers (PURCELL-HUYNH et al. 1995; MACHLEDER
et al. 1997) have also analyzed F, progeny derived from
strains with high and low HDL levels and identified a
QTL on chromosome 1 with peak markers close to the
Apoa2 gene, which is within the interval we defined in
these studies. There are many reasons to think that the
Apoa2 gene is an excellent candidate for the QTL, Ath9,
although it has been excluded as a candidate for Athl
(PAIGEN et al. 1987a,b,c). Apoa2 expression levels have
effects on both HDL and non-HDL cholesterol levels
in mice; HDL is reduced in the Apoa2 knockout mouse
(WENG and BresLow 1996) and increased in mouse
Apoa2 transgenic mice (HEDRICK et al. 1993). Coding
differences in the Apoa2 gene sequence appear to play
a major role in the differences in HDL and APOA2
levels in inbred strains of mice such as NZB and SM
(PURCELL-HUYNH et al. 1995). We previously reported
that plasma Apoa2 levels in 129.FVB/N] Apoe— /— mice
are much higher than those in 129.C57BL/ 6] Apoe— /—
mice (DANSKY et al. 1998). The Apoa2 gene may there-
fore be responsible for the chromosome 1 QTL, Ath9.
However, it is also possible that other genes such as the
antioxidant protein 2 (Aop2) that lie in the interval may
play a role in the strain differences in plasma lipids.
An unexpected finding was that mean lesion area was
greater in Fy mice homozygous for the D10Mit213 FVB/N
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(FF) allele compared to F, mice homozygous for the
CH7BL/6 allele (BB). The increased lesion size that the
F allele drives is not intuitively obvious given that FVB/
NCr Apoe—/— mice have smaller lesions than do
C57BL/6] Apoe—/— mice. Nevertheless, this locus ac-
counted for ~20% of the variance in lesion area in the
F, progeny. Likewise, homozygosity for the D19Mitl120
CH7BL/6 allele (BB) was associated with a smaller mean
lesion area in the F, progeny (Figure 2C). However, it
should be noted that a QTL analysis detects loci that
regulate the phenotypic variance seen within the F, co-
hortand does not necessarily detect loci that are respon-
sible for the phenotypic variance between the two paren-
tal strains. There are several possible explanations for
these findings. The most likely scenario is that gene-
gene interactions (epistasis) may be present. The (F)
allele of the chromosome 10 QTL, Athl11, is proathero-
genic but may require the presence of other genes in
the C57BL/6] background. In this way, it would be pro-
atherogenic in the F, progeny that have the interacting
C57BL/6] alleles of the epistatic genes and not be pro-
atherogenic in FVB/N Apoe—/— parental mice. An-
other possibility is that the (F) allele of this gene is
proatherogenic but its effects are overshadowed by the
actions of antiatherogenic genes in FVB/N Apoe—/—
parental mice. Since the presence of the (F) allele of
chromosome 14 locus was associated with decreases in
atherosclerosis when compared to mice homozygous
for the C57BL/6] allele (BB), this locus may represent
one such antiatherogenic FVB gene.

The interval maps (Figure 2) for the chromosome
10, 14, and 19 QTL encompass regions that span 20-30
cM, which is fairly typical for most QTL. Interval map-
ping of chromosome 14 revealed a few peaks and valleys
surrounding the peak locus (Figure 1B). This suggests,
although does not prove, the possibility of multiple QTL
and, therefore, multiple atherosclerosis susceptibility
genes in this region. Indeed, the subsequent dissection
of initially identified mouse QTL peaks has often re-
sulted in the identification of multiple loci (MOORE and
NAaGLE 2000).

The next steps for this research are to identify the
genes responsible for the predisposition loci identified.
A two-pronged approach toward this will be taken. The
production of interval-specific congenic strains has been
started for the most significant, non-lipid-regulating
loci, including the proximal region of chromosome 10,
the broad region of D14Mit55-158, and the D19Mit120
interval. These interval-specific congenics will be used
to reduce the genetic intervals defining each of the
QTL and assist in further dissection into subregions
and multiple QTL where necessary. Subphenotyping,
classical genetic crosses, and gene identification ap-
proaches will then be pursued. In parallel the candidate
gene approach will be used to look for DNA polymor-
phism and expression differences between FVB/NJ and
C57BL/6]. We have started the candidate gene ap-

proach using both broad sweep expression profiling
with gene arrays and mass spectrometer protein profil-
ing of serum as well as the gene-by-gene approach for
all the genes mentioned in the text above.

The intent of this long-term study was to use an ApoE
null sensitized genetic background to identify loci that
regulate the predisposition to atherosclerosis in the
mouse but do not necessarily regulate cholesterol. In-
deed, we have identified three such novel atherosclero-
sis susceptibility loci in the F, progeny from an intercross
of C57BL/6] Apoe—/— and FVB/NCr Apoe— /—mice.
The identification of these QTL is a prerequisite to
further genetic and molecular analysis that will result in
the identification of mouse atherosclerosis susceptibility
genes. Given the striking similarities in atherosclerotic
lesions present in humans and in mutant mouse models
of hypercholesterolemia and atherosclerosis, it is likely
that human atherosclerosis susceptibility genes will sub-
sequently be isolated. In turn, the identification of these
human susceptibility genes may lead to the discovery of
new molecular pathways involved in atherogenesis and
provide therapeutic targets aimed at treatment and pre-
vention of human atherosclerotic vascular disease.
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