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Atherosclerotic cardiovascular disease is the major cause of 
death and disability in Westernized countries and is fast 

becoming a public health problem in the developing world.1 
Atherosclerotic cardiovascular disease is considered a complex 
genetic disease with many genes involved and with important 
environmental influences and gene–environment interactions.2 
In humans, the advent of high-density single nucleotide poly-
morphism (SNP) chips made possible genome-wide association 
studies of atherosclerotic cardiovascular disease risk factors, 
such as high low-density lipoprotein (LDL), low high-density li-
poprotein (HDL), high triglycerides, hypertension, diabetes mel-
litus, and obesity, as well as genome-wide association studies of 
coronary heart disease and myocardial infarction.3 These studies 
in humans can be complemented by genetic studies in animal 
models, in which genes directly influencing the atherosclerosis 

phenotype itself can be identified.4 Mouse models of atheroscle-
rosis, such as Apoe−/− and Lldlr−/− mice, have been successfully 
used to assess the influence of candidate genes on the progres-
sion and regression of atherosclerotic lesions.5 Attempts have 
also been made to use reverse genetic approaches to discover 
new genes and pathways involved in atherosclerosis and other 
complex traits. Intercrosses and backcrosses between strains 
varying in complex disease-related traits have been performed, 
and quantitative trait locus (QTL) mapping has been used to 
identify modifier loci.6 This approach has resulted in mapping 
by linkage analysis of ≈4000 mouse QTLs, including the identi-
fication of 44 atherosclerosis modifier loci, generally called Ath 
loci.7 Identifying the causative gene of a QTL requires confirma-
tion of the locus in congenic mice and subsequent narrowing of 
the region in subcongenic mice. Finally, only by identifying the 
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Rationale: Quantitative trait locus mapping of an intercross between C57.Apoe−/− and FVB.Apoe−/− mice revealed an 
atherosclerosis locus controlling aortic root lesion area on proximal chromosome 10, Ath11. In a previous work, 
subcongenic analysis showed Ath11 to be complex with proximal (10a) and distal (10b) regions.

Objective: To identify the causative genetic variation underlying the atherosclerosis modifier locus Ath11 10b.
Methods and Results: We now report subcongenic J, which narrows the 10b region to 5 genes, Myb, Hbs1L, 

Aldh8a1, Sgk1, and Raet1e. Sequence analysis of these genes revealed no amino acid coding differences between 
the parental strains. However, comparing aortic expression of these genes between F1.Apoe−/− Chr10SubJ(B/F) and 
F1.Apoe−/− Chr10SubJ(F/F) uncovered a consistent difference only for Raet1e, with decreased, virtually background, 
expression associated with increased atherosclerosis in the latter. The key role of Raet1e was confirmed by showing 
that transgene-induced aortic overexpression of Raet1e in F1.Apoe−/− Chr10SubJ(F/F) mice decreased atherosclerosis. 
Promoter reporter constructs comparing C57 and FVB sequences identified an FVB mutation in the core of the 
major aortic transcription start site abrogating activity.

Conclusions: This nonbiased approach has revealed Raet1e, a major histocompatibility complex class 1–like 
molecule expressed in lesional aortic endothelial cells and macrophage-rich regions, as a novel atherosclerosis 
gene and represents one of the few successes of the quantitative trait locus strategy in complex diseases.    
(Circ Res. 2013;113:1054-1064.)
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causative variation and showing how it acts to alter gene func-
tion in a manner that changes the phenotype can one be certain 
of the culprit gene.8 However, despite this wealth of genetic in-
formation, QTL studies have rarely progressed beyond the initial 
QTL analysis, and only a few of these QTLs have been identified 
at the molecular level as specific genes or noncoding elements.9

In This Issue, see p 1033 
Editorial, see p 1035

We have used the Apoe−/− mouse model in a QTL analysis 
crossing the atherosusceptible strain C57BL/6 (abbreviated 
C57 or B) with the atheroresistant strain FVB/N (abbreviated 
FVB or F) to identify the Ath11 locus in the proximal region 
of mouse chromosome 10.10–13 This strong atherosclerosis 
 locus, corresponding to the proximal 21 cM of chromosome 
10, in which the FVB allele acts as an atherosusceptible reces-
sive allele, was verified in congenic mice. To confirm this in-
terval as an atherosclerosis-modifying locus, we apply a novel 
strategy of using F1 mice to allow interactions between C57 
and FVB alleles across the genome that may be crucial for the 
development of the atherosclerosis phenotype.14 Subsequent 
creation and characterization of 11 subcongenic lines revealed 
Ath11 to be complex, with a 10a proximal region (between 
0 and 7.3 Mb) in females containing 21 genes, including the 
strong candidate Esr1, and a 10b distal region (between 20.3 
and 22.1 Mb) in both sexes containing only 7 genes (Pde7b, 
Ahi1, Myb, Hbs1L, Aldh8a1, Sgk1, and Raet1e).15

We now report further narrowing of the Ath11 10b region 
to only 5 genes (Myb, Hbs1L, Aldh8a1, Sgk1, and Raet1e) by 
isolation and characterization of an additional subcongenic 
line. Furthermore, extensive sequence and expression analy-
sis uncovered altered Raet1e gene expression underlying the 
Ath11 10b locus, which was confirmed by creation of Raet1e 
transgenic mice. Finally, the molecular basis for altered aortic 
Raet1e expression and its atherosclerosis phenotype was re-
vealed to be a mutation in the transcription initiation region of 
the Raet1e gene. Our nonbiased approach has identified Raet1e, 
a major histocompatibility complex class 1–related molecule, 
as a novel atherosclerosis modifier gene and represents one of 
the few successes of the QTL strategy in complex disease.

Methods
A detailed description of Materials and Methods is provided in the 
Online Data Supplement.

Mice
Apoe−/− and Ldlr−/− mice on different backgrounds were derived 
at Rockefeller University. Mice were named as follows: strain; 

atherosclerosis-sensitizing background; subcongenic line; and geno-
type of the Chr10 interval, for example, F1.Apoe−/−Chr10SubI(B/F) for 
heterozygous F1 (C57/FVB) (B/F) mice on the Apoe−/− background 
that were heterozygous (B/F) for the subcongenic I (SubI) region.

Generation of a Narrowed Subcongenic Interval 
Mouse Line for Atherosclerosis Studies
To narrow the Ath11 10b locus region, subcongenic strains containing 
a reduced portion of the original interval were generated by cross-
ing B6.Apoe−/− Chr10SubI(B/F) with B6.Apoe−/−. A recombinant miss-
ing part of the original FVB interval was identified by genotyping 
the genetic markers D10mit213 and D10mit16 that delimit SubI.15 
The mouse line with the shortened interval was named subcongenic 
J (SubJ; B6.Apoe−/− Chr10SubJ(B/F)). This new line was bred with 
FVB.Apoe−/− mice to generate littermates that were either F1.Apoe−/− 
Chr10SubJ(F/F) or F1.Apoe−/− Chr10SubJ(B/F) for atherosclerosis studies.

Generation of BAC-Raet1e Transgenic Mice
A 56 016-bp Not I fragment containing only the C57-Raet1e gene 
was isolated, purified, and introduced by pronuclear microinjection 
into FVB-fertilized eggs. Three founder mice, FVB.TgRaet1e22, 
FVB.TgRaet1e26, and FVB.TgRaet1e30, were backcrossed 2 gen-
erations to FVB.Apoe−/− mice to obtain FVB.Apoe−/− TgRaet1e mice. 
All 3 FVB.Apoe−/− TgRaet1e transgenics were bred to B6.Apoe−/− 
Chr10SubJ(B/F) mice to generate the F1 (B6/FVB) littermates suitable 
for atherosclerosis studies.

Mouse Feeding, Atherosclerosis Assessment, and 
Blood Analysis
For atherosclerosis studies and gene expression analysis, mice were 
weaned at 28 days of age and fed a semi-synthetic modified AIN76a 
diet containing 0.02% cholesterol. Animals were fasted for 6 hours 
and euthanized at 6 and 16 weeks of age for the gene expression 
analysis and at 16 weeks of age for all atherosclerosis lesion studies 
as described.11,15

RNA Isolation, cDNA Synthesis, and Quantitative 
Fluorogenic Reverse Transcription Polymerase 
Chain Reaction
Total RNA was extracted from whole aortas (ascending aorta through 
abdominal aorta after removing the adventitia) and livers of mice us-
ing TRIzol reagent (Invitrogen). RNA was reverse-transcribed into 
cDNA using SuperScript III Reverse Transcriptase (Invitrogen) and 
random hexamer primers.

Quantitative fluorogenic reverse-transcription polymerase chain 
reaction was performed in an ABI PRISM 7900 Sequence Detection 
System (Applied Biosystems). Specific primers and probes for every 
gene were selected to span 2 exons to avoid coamplification of ge-
nomic DNA. mRNA expression levels were normalized to the house-
keeping gene cyclophilin A.

Aortic Raet1e Rapid Amplification of 5′ End of 
cDNA Polymerase Chain Reaction
The rapid amplification of 5′ end of cDNA System for Rapid 
Amplification of cDNA Ends (Invitrogen) was used for 5′ cDNA end 
amplification of Raet1e according to the manufacturer’s instructions.

Assessment of Raet1e Promoter Functionality by 
Dual-Luciferase Reporter Assay
The Raet1e promoter fragments of FVB and C57 genomic DNA up-
stream of the major aortic transcription start site (TSS)-1 were cloned 
into the luciferase reporter vector pGl4.11[luc2CP] (Promega). 
Site-directed mutagenesis was used to introduce separately, into 
the C57 promoter D fragment, each of the 4 FVB sequence varia-
tions present in the first 426 bp of promoter and the C57 variant of 
SNP rs50817078 (JMRv10073) into the FVB promoter D fragment. 
C57SV002 (Jackson Laboratory), BalbcSV006 (Jackson Laboratory), 
and NIH3T3 (ATCC) cells were cotransfected with the expression 
vectors and the vector pGl4.74[hRluc/TK] (Promega). Luciferase 

Nonstandard Abbreviations and Acronyms

HDL high-density lipoprotein

NKG2D natural killer group 2, member D

NKT natural killer T cells

SNP single nucleotide polymorphism

SubI subcongenic I

SubJ subcongenic J

TSS transcription start site

UTR untranslated region
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activities were measured using the Dual-Luciferase Reporter Assay 
System (Promega).

Results
Narrowing the Ath11 10b Region: SubJ
The distal 10b region of the original Ath11 locus, containing 
a proatherogenic FVB allele, was defined by obtaining and 
characterizing SubI,15 which contained 7 genes (Figure 1A). 
We now report a new recombinant SubJ, which was derived 
from SubI (Figure 1A and Online Figure I). Fine-mapping 
revealed that SubJ is delimited at its proximal end by the 
SNP rs29318728 at 21 148 321 bp. This SNP is in Myb in-
tron 8; so, SubJ contains the Myb promoter and potentially 
some of the first 8 exons of the 15-exon gene (Online Figure 
Ia). SubJ is delimited at its distal end by SNP rs108701952 
at 22 170 993 bp. This SNP is in Raet1e intron 2; so, SubJ 
contains the Raet1e promoter and the noncoding exons 1A 
and 1B (Online Figure IB). Therefore, compared with SubI, 
SubJ excludes Pde7b, Ahi1, and a portion of the Myb-coding 
region and contains the rest of Myb, Hbs1L, Aldh8a1, Sgk1, 
and Raet1e promoter.

We next determined whether SubJ contained the Ath11 10b 
atherosclerosis susceptibility region. Aortic root lesion area 

was assessed in F1 mice that were heterozygous (C57/FVB) in 
the SubJ region (F1.Apoe−/− Chr10SubJ(B/F)) and in F1 mice car-
rying homozygous FVB alleles in the SubJ region (F1.Apoe−/− 
Chr10SubJ(F/F)). In both sexes, F1.Apoe−/− Chr10SubJ(F/F) mice 
had significantly larger lesions than F1.Apoe−/− Chr10SubJ(B/F) 
mice (males: 76%, P<0.0001; females: 60%; P<0.004; 
Figure 1B). This is similar to what we previously reported for 
SubI and confirms that SubJ contains the Ath11 10b athero-
sclerosis susceptibility region carrying a proatherogenic FVB 
allele. F1.Apoe−/− Chr10SubJ(B/F) and F1.Apoe−/− Chr10SubJ(F/F) 
mice did not differ in total and HDL cholesterol levels 
(Online Table I).

Attempts to Further Narrow the SubJ Region
Mouse genetic maps until 2009 indicated that SubI, delim-
ited by D10mit213 and D10mit16, spanned 3.2 cM. Thus, 
attempts were made to identify recombinants to narrow this 
region. We obtained SubJ as discussed, but further attempts 
examining 541 meioses derived by breeding subcongenics 
E, I, and J failed to identify any new recombinants. A more 
recent genetic map16 indicates that the distance between 
D10mit213 and D10mit16 is only 0.07 cM (Online Figure II). 
Thus, it is remarkable that we were able to derive SubJ, but 
the short genetic distance explains our failure to derive new 
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Figure 1. Subcongenic J narrows the Ath11 10b region. A, Schematic illustration of the subcongenic strains I and J. The horizontal 
bar indicates the extent of the genomic interval for each subcongenic strain. The dotted lines at either side of the bar indicate the region 
in which the recombination occurred. Black boxes indicate genes contained in subcongenic J. Gray boxes denote genes contained in 
subcongenic I but not subcongenic J. Diagonally striped boxes indicate genes outside both subcongenics. White arrows indicate the 
transcriptional orientation of the genes, and coordinates are based on genome assembly GRCm38. B, Atherosclerotic lesion area of 
16-week-old F1.Apoe−/− Chr10SubJ(B/F) (BF; black column) vs F1.Apoe−/− Chr10SubJ(F/F) (FF; white column) male and female mice. C, 
Atherosclerotic lesion area of 16-week-old F1.Ldlr−/− Chr10SubJ(B/F) (BF; black column) vs F1.Ldlr−/− Chr10SubJ(F/F) (FF; white column) 
male and female mice. The numbers of mice studied with each genotype are indicated at the bottom of their respective columns.
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recombinants and caused us to abandon this approach to fur-
ther narrow the interval. We also attempted the yin-yang cross 
strategy, using a third mouse strain, to narrow the Ath11 10b 
region. The atherosclerosis susceptibility locus at proximal 
chromosome 10 was not identified in a cross between C57 
and BALB/c strains on the Ldlr−/− background.17 Therefore, 
we hypothesized that the proatherosclerosis variation in this 
region in FVB was absent in BALB/c. Sequence comparison 
indicated that FVB and BALB/c are highly similar in this re-
gion (<0.5% of the known SNPs in the mouse database in this 
region are polymorphic between FVB and BALB/c), so any 
differences might be candidates for the culprit causative varia-
tion. Unfortunately, when we actually crossed BALB/c and 
SubJ (Online Figure III), we found that BALB/c also carried 
the proatherogenic allele at this modifier locus (Online Figure 
IV), which made the few sequence differences between FVB 
and BALB/c in this region useless for identifying the culprit 
variation in the Ath11 10b region.

Sensitizing Background and the Ath11 10b Region
To evaluate the role of the sensitizing background on the 
atherosclerosis effect of the Ath11 10b region, SubJ was in-
tercrossed from the Apoe−/− onto the Ldlr−/− background, gen-
erating F1.Ldlr−/− Chr10SubJ(B/F) and F1.Ldlr−/− Chr10SubJ(F/F) 
mice. Aortic root lesion area was assessed in F1.Ldlr−/− 
Chr10SubJ(B/F) and F1.Ldlr−/− Chr10SubJ(F/F) mice; in both sexes, 
F1.Ldlr−/− Chr10SubJ(F/F) mice had significantly larger lesions 
than F1.Ldlr−/− Chr10SubJ(B/F) mice (males: 70%, P<0.0032; 
females: 78%; P<0.0004; Figure 1C). As shown previously, 
on the Apoe−/− background, F1.Ldlr−/− Chr10SubJ(B/F) and 
F1.Ldlr−/− Chr10SubJ(F/F) did not differ in total and HDL cho-
lesterol levels (Online Table I). Thus, the proatherogenic FVB 
allele present in SubJ, which represents the new shorter Ath11 
10b region, is independent of the atherosclerosis-sensitizing 
background, operative in both sexes, and is independent of the 
total and HDL cholesterol levels.

Sequence Analysis of SubJ Genes and Comparison 
of C57 and FVB Sequences
To determine the molecular basis of the Ath11 10b region, 
sequence comparison of the 5 SubJ genes between C57 and 
FVB was undertaken (Table and Online Table II). We initial-
ly looked for coding variation. Although there was a coding 
variation for Myb (rs29363766 Q504R), it was in exon 12 out-
side the SubJ region. There were also 2 sequence variations 
in the Sgk1-coding region, but these did not change the amino 
acid sequence. In the absence of coding variation within the 
bounds of SubJ, our attention turned to variations in regions 
that might affect gene expression. There were sequence varia-
tions in the promoter regions of all 5 genes, as well as the 
5′ untranslated region (UTR) of the Hbs1L and Raet1e genes 
and the 3′-UTR of the Aldh8a1 gene. Thus, in the absence of 
coding variation and the presence of numerous potential regu-
latory variants, it is likely that gene expression differences be-
tween C57 and FVB account for the atherosclerosis effect of 
the Ath11 10b region.

Gene Expression Analysis of SubJ Genes
Taqman-specific assays were used to assess the gene expres-
sion of the 5 Ath11 10b region genes (Online Table III). Aortic 

expression was compared between F1.Apoe−/− Chr10SubJ(B/F) 
and F1.Apoe−/− Chr10SubJ(F/F) in male and female mice at 16 
weeks of age (Figure 2). Aortic expression of Aldh8a1 was 
undetectable in either strain in both sexes. Myb, Hbs1L, and 
Sgk1 were expressed in aorta, but no differences between the 
strains were observed in either sex. In contrast, the Raet1e 
gene showed a large difference in expression, with an order 
of magnitude less than Raet1e expression in both male and 
female F1.Apoe−/− Chr10SubJ(F/F) compared with F1.Apoe−/− 
Chr10SubJ(B/F) mice (Figure 2A and 2B, respectively). 
Identical results were obtained for aortic expression of the 5 
Ath11 10b region genes when male and female SubI mice were 
analyzed comparing F1.Apoe−/− Chr10SubI(B/F) and F1.Apoe−/− 
Chr10SubI(F/F) mice at 16 weeks of age (Online Figure VA).

Because 16-week-old F1.Apoe−/− Chr10SubJ(F/F) mice have 
larger lesions than F1.Apoe−/− Chr10SubJ(B/F) mice, gene ex-
pression analysis was also performed in prelesional 6-week-
old male and female mice to avoid possible effects on gene 
expression produced by the disparate atherosclerosis lesion 
severity observed between strains. Essentially, similar results 
were found to those of the 16-week-old mice (Figure 2C and 
2D), with no significant differences in the expression between 
the strains, except for the large difference seen in the expres-
sion of the Raet1e gene.

The liver gene expression profile of the 5 Ath11 10b region 
genes was also compared between F1.Apoe−/− Chr10SubJ(B/F) 
and F1.Apoe−/− Chr10SubJ(F/F) male and female mice at 16 
weeks of age. In contrast to aortic expression, mRNA expres-
sion was detected for all 5 genes in the liver of both strains, 
with a moderate but significant difference in the expres-
sion of Aldh8a1 (1.3-fold; P=0.0313) and Raet1e (1.6-fold; 
P=0.0037) but not in the other 3 genes (Online Figure VB).

Raet1 comprises a gene family that shares 90% se-
quence identity among its members. Analysis of the ge-
nomic sequence of the Raet1 exon 6 region showed that 
C57 mice contained Raet1g, Raet1d, and Raet1e isoforms, 
and FVB mice contained Raet1a, Raet1b, and Raet1g iso-
forms (Online Figure VIA). As a result of the location of the 

Table.  Summary of Sequence Variations Identified in Ath11 
10b Region Genes Comparing C57 and FVB Strains

Gene N of Variations SNP/Indel Region

Myb 1 SNP (1)* Promoter (1)

Hbs1L 4 SNP (3) Promoter (3), 5′-UTR (1)

Insertion (1)

Aldh8a1 9 SNP (4) Promoter (2), 3′-UTR (7)

Insertion (4)

Deletion (1)

Sgk1 6 SNP (5) Promoter (4), exon (2 silent 
mutations)

Insertion (1)

Raet1e 138† SNP (124) Promoter (63), 5′-UTR (75)

Insertion (6)

Deletion (8)

SNP indicates single nucleotide polymorphism; and UTR, untranslated region.
*Number of sequence variations in parenthesis.
†In 19 kb sequenced, in the rest of the genes we sequenced around 4 kb.

D
ow

nloaded from
 http://ahajournals.org by on July 19, 2021



1058  Circulation Research  October 12, 2013

recombination at the distal end of SubI and SubJ (5′-UTR 
of Raet1e), both F1 strains (F1.Apoe−/− Chr10SubJ(B/F) and 
F1.Apoe−/− Chr10SubJ(F/F)) have the same Raet1 repertoire, 
which includes Raet1a, Raet1b, Raet1g, Raet1d, and Raet1e 
(Online Figure VIB). The previous gene expression analysis 
involved the Raet1e isoform because, as was described, SubJ 
contained the promoter and the 5′-UTR region of Raet1e. To 
examine the expression of the other members of this gene 
family, a probe was used that detects Raet1a, Raet1b, Raet1g, 
and Raet1d, but not Raet1e (Online Figure VII and Online 
Table III). As shown in Online Figure VIIIA, the level of 
expression of Raet1e is comparable in magnitude with the 
level of expression of the other family members combined. 
Differences in the expression of the other Raet1 gene fam-
ily members between aortas of F1.Apoe−/− Chr10SubJ(B/F) and 
F1.Apoe−/− Chr10SubJ(F/F) mice at 16 and 6 weeks of age were 
not observed (Online Figure VIIIB).

Raet1e is usually expressed in distressed cells, and we won-
dered whether the stress of hypercholesterolemia on the Apoe−/− 
background was required to bring out the difference between 
genotypes. Therefore, we assessed Raet1e expression in mice 
on the Apoe+/+ background, comparing F1.Chr10SubJ(B/F) 
and F1.Chr10SubJ(F/F) mice. We were able to detect the ex-
pression of Raet1e in aortas of Apoe+/+ mice and found ex-
pression at significantly higher levels in F1.Chr10SubJ(B/F) 
(3.6-fold; P=0.0087; Online Figure VIIIC). Therefore, the el-
evated expression of aortic Raet1e in F1.Chr10SubJ(B/F) mice 

is independent of the stress of hypercholesterolemia, and the 
latter is not required to bring out the difference between the 
strains in Raet1e expression.

The gene expression analysis strongly suggests that Raet1e 
is the culprit gene behind the atherosclerosis-susceptible locus 
Ath11 10b region, with decreased Raet1e expression resulting 
in increased atherosclerosis lesion area.

Raet1 Protein Is Expressed in Aortic Cells
We investigated Raet1 protein expression in the aortic root of 
mice. Immunohistochemical analysis (Figure 3A and 3B and 
Online Figure IXA and IXB) using Raet1 antibodies, which 
recognize all members of the Raet1 family, revealed that 
Raet1 protein is expressed in the aorta. Raet1 could be detect-
ed in aortic endothelial cells and in the core of atherosclerotic 
lesions within macrophage-rich regions.

Further analysis of Raet1 expression in aortic cells from 
F1.Apoe−/− Chr10SubJ(B/F) and F1.Apoe−/− Chr10SubJ(F/F) 
was performed using fluorescence-activated cell sorting. 
Comparison of Raet1 expression in aortic cell suspensions 
(Figure 3C and Online Figure IXC) showed that there was 
less Raet1 protein on the surface of endothelial cells (CD45−, 
CD31+) obtained from F1.Apoe−/− Chr10SubJ(F/F) mice than 
from F1.Apoe−/− Chr10SubJ(B/F) mice. This reinforces the re-
sults obtained in the Raet1e gene expression analysis show-
ing not only that the Raet1e gene expressed poorly in aortas 
of SubJ(F/F) mice but also that aortas from SubJ(F/F) mice show 
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Figure 2. Aortic expression of Ath11 10b region genes. Aortic expression of subcongenic J genes (Myb, Hbs1L, Aldh8a1, Sgk1, and 
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a decreased amount of surface Raet1 protein compared with 
SubJ(B/F) mice.

Effects of Raet1e BAC Transgene on Atherosclerosis
The results presented thus far strongly indicate that differ-
ences in the expression of Raet1e gene are responsible for 
the atherosclerosis-susceptible locus Ath11 10b region. To 
provide additional evidence, we created BAC-transgenic 
mice that carried the C57 allele of Raet1e. To avoid the Sgk1 
gene present in the entire BAC clone RP23-149B5 (235 802 
bp; Online Figure X), we microinjected a fragment of the 
C57-BAC clone (56 016 bp) into FVB oocytes (Figure 4A). 
Of the 3 different TgRaet1e mouse lines that were obtained, 
only 1, clone Raet1e22 (TgR22), showed transgene expres-
sion in aorta and liver, whereas the other 2, clones TgR26 and 
TgR30, showed transgene expression in liver but not in aorta 
(Online Figure XI).

Because of its aortic expression, we initially used the 
TgR22 mouse line to determine the effect of the Raet1e 
transgene on atherosclerosis. Aortic root lesion area was 
assessed in F1 SubJ(B/F) mice with or without the Raet1e 
transgene (F1.Apoe−/− Chr10SubJ(B/F) TgRaet1e and F1.Apoe−/− 
Chr10SubJ(B/F)) and in F1 SubJ(F/F) mice with or without the 
Raet1e transgene (F1.Apoe−/− Chr10SubJ(F/F) TgRaet1e and 
F1.Apoe−/− Chr10SubJ(F/F); detailed information about the 

cross to obtain these 4 groups of mice is described in Methods 
and in Online Figure Xb). In both sexes, in the absence of 
the BAC Raet1e transgene, F1.Apoe−/− Chr10SubJ(F/F) mice 
had significantly larger lesions than F1.Apoe−/− Chr10SubJ(B/F) 
mice. However, in both sexes, the presence of the BAC Raet1e 
transgene in SubJ(F/F) mice (F1.Apoe−/− Chr10SubJ(F/F) TgR22) 
significantly decreased the size of the lesions. No effect of the 
BAC Raet1e transgene on lesion size was observed in SubJ(B/F) 
mice (Figure 4B and 4C), presumably because Raet1e expres-
sion was already high in these mice.

In similar experiments, we examined the effect of the 
Raet1e transgene on atherosclerosis using mouse lines TgR26 
and TgR30, which did not express C57-Raet1e in aorta. As 
shown in Online Figure XII, no effect on atherosclerotic le-
sion size was observed in these mouse lines. For all Raet1e 
transgenic lines, the presence of the Raet1e transgene did not 
change total and HDL cholesterol levels (Online Table IV).

These experiments confirm the identification of the Raet1e 
gene as the atherosclerosis modifier gene in the Ath11 10b 
region locus and strongly suggest that the effect of Raet1e on 
atherosclerosis requires aortic expression.

Raet1e Promoter Analysis
Because the results reported in this article strongly re-
late differences in Raet1e gene expression to differences in 
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areas indicate regions of Raet1 protein expression 
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were subjected to FACS analysis. Top, Separation 
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latter were analyzed for the presence of CD31 and 
Raet1, and the results are shown at the bottom. The 
results shown are representative of ≥3 experiments.
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atherosclerosis susceptibility, we investigated the functional-
ity of the Raet1e promoter to identify the molecular basis of 
the difference in the expression discovered between F1.Apoe−/− 
Chr10SubJ(B/F) and F1.Apoe−/− Chr10SubJ(F/F) mice.

Detailed analysis of mouse mRNA and expression se-
quence tag databases revealed that the Raet1e gene has mul-
tiple potential TSS (Figure 5A). To identify the predominant 
aortic promoter of Raet1e gene, the Raet1e-specific rapid am-
plification of 5′ end of cDNA polymerase chain reaction rapid 
amplification of cDNA (5′RACE-PCR) assay was developed, 
and the results are shown in Figure 5B and 5C. The 2 most 
abundant aortic Raet1e transcripts shared the initial exon, the 
5′-UTR exon 1A, and the same TSS, TSS1, but differed in 
the incorporation of the 5′-UTR exon 3. Taking TSS1 as the 
predominant Raet1e TSS in aorta delimits the aortic Raet1e 
promoter to a TATA-less promoter in a genomic region span-
ning 4.1 kb between the pseudogene Gm4895 and the TSS1. 
Sequence comparison of this region between C57 and FVB 
strains revealed 28 sequence variations.

To identify the sequence variations responsible for the dif-
ferential expression in the Raet1e gene, different Raet1e pro-
moter fragments with C57 and FVB sequences were cloned 
into a luciferase reporter gene vector. These constructs were 
transfected into C57sv002 cells (cells with C57 genetic back-
ground), and luciferase activity was compared (Online Figure 
XIII). As observed in vivo, promoters consisting of FVB se-
quence showed reduced activity compared with those with 

C57 sequence. This analysis also identified the promoter D 
fragment (1067 bp) as the minimal genomic fragment with 
promoter activity (Online Figure XIII), which narrowed the 
number of sequence variations potentially responsible for the 
differences in promoter activity observed between the C57 
and FVB promoters to 10.

This region was further narrowed using chimeric promoter 
D regions, which contained a distal 781-bp C57 sequence and 
a proximal region 426-bp FVB sequence and vice versa. This 
experiment identified the first 426 bp of the Raet1e promoter 
as the region that contains the sequence variations causative of 
the differences in Raet1e expression (Figure 6A).

To analyze the functionality of the 4 sequence variations 
contained in this region, we used site-directed mutagenesis 
to modify the sequence in these positions and assessed the 
luciferase activity of each sequence variation. As shown in 
Figure 6A, the SNP rs50817078 was the only sequence varia-
tion that affected the promoter activity, showing a dramatic 
decrease in promoter functionality when a C57 promoter con-
tained the FVB sequence in this position and an opposite large 
increase in promoter activity when an FVB promoter con-
tained the C57 sequence in this position. The same effect was 
observed on transfecting these constructions into cells with 
BALB/c (BalbcSV006) or National Institutes of Health/Swiss 
(NIH3T3) genetic background (data not shown).

The SNP rs50817078 (JMRv10073), which involves a 
change of thymine in C57 to a cytosine in the FVB sequence, 
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was localized inside the core of the transcription initiation 
sequence in the dominant TSS1 of the broad aortic promoter  
of Raet1e by aortic Raet1e 5′RACE PCR and sequence analy-
sis (Figure 6B and 6C).

Therefore, this study identified the sequence variation 
(C/T) in the SNP rs50817078, located in the transcription 
initiation region of the Raet1e aortic promoter, as the mo-
lecular basis responsible for the atherosclerosis susceptibility 
in the Ath11 10b region locus by affecting the aortic Raet1e 
gene expression.

Discussion
In this study, the characterization of a new subcongenic line 
narrowed the interval of the Ath11 10b region. We also dem-
onstrated that this atherosclerosis locus is independent of the 
atherosclerosis-sensitizing background, operative in both 
sexes, and independent of total and HDL cholesterol levels. 
Sequencing and gene expression analysis of the 5 genes pres-
ent in this region identified Raet1e as the culprit gene, and our 
evidence suggests that lack of aortic expression of the Raet1e 
gene results in increased atherosclerosis. This was supported by 
studies in BAC-transgenic mice, in which aortic overexpression 
of Raet1e reversed the atherosclerosis phenotype displayed by 
mice with diminished Raet1e expression. Furthermore, Raet1 
proteins were localized in atherosclerotic lesions both in the 
core and on the surface of endothelial cells. Finally, functional 
promoter analysis identified the SNP rs50817078 in the tran-
scription initiation region of the Raet1e gene as the molecular 
basis for the differences in aortic expression.

Raet1e belongs to the Raet1 gene family, which encodes sur-
face proteins that are members of the major histocompatibility 

complex class I–related family, including the H60 gene family 
and Mult1 in mice and MICA, MICB, and ULBP gene fam-
ily in humans.18 Raet1 proteins are thought to be either not 
expressed or expressed at low levels in normal cells, with their 
expression markedly upregulated by stress (ie, DNA damage, 
oxidative stress, heat shock).19

Raet1 proteins are ligands of the natural killer group 2, 
member D (NKG2D) receptor, and Raet1e is the isoform with 
the highest affinity for this receptor.20 NKG2D is an activating 
receptor expressed on natural killer (NK) cells, subsets of T 
cells (NKT cells, CD8+ T cells, γδ T cells, and small subsets 
of CD4+ T cells), and some macrophages.21 Raet1 activation of 
the NKG2D receptor in NK cells stimulates perforin produc-
tion and in NKT cells stimulates the production of cytokines 
(interferon-γ, interleukin-12, tumor necrosis factor-α), which 
activate adjacent NK cells, B cells, T cells and macrophages. 
Both mechanisms are cytotoxic and capable of killing dis-
tressed Raet1-expressing cells.22

Our experiments show that aortic overexpression of Raet1e 
is atheroprotective. However, studies of Ly49a transgenic 
mice that are selectively deficient in NK cell activity, mice 
treated with αGalCer to activate NKT cells, and mice de-
ficient in the NKT cell maturation and activating receptor 
CD1d suggest that NK and NKT cells are proatherogenic.23 
Therefore, our results seem paradoxical, and several explana-
tions are possible.

In placenta24 and tumor cells,25 the overexpression of 
NKG2D ligands has been shown to cause NKG2D pathway 
desensitization. This has been invoked as a mechanism allow-
ing the fetus and tumor to escape detection by the immune 
system. Desensitization can occur by constitutive NKG2D 
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ligand expression causing internalization of the NKG2D re-
ceptor, making it inaccessible to ligands, or tumor shedding 
of soluble NKG2D ligands that serve as decoys sparing cells 
with NKG2D ligands on their surface.22 Another possibility 
is that Raet1 interaction with atheroprotective cells, such as 
anti-inflammatory T-Reg cells (CD4+ T cells)26 and M2 mac-
rophages,27 outweighs its interactions with proatherogenic 
NK and NKT cells and M1 macrophages. Another interesting 
possibility emerges from the fact that NKG2D ligand binding 
to the NKG2D receptor alone in the absence of costimulatory 
signals is insufficient for NK cell degranulation, suggesting 
that efficient NK cytotoxicity requires costimulatory signals.28 
One of these is the binding of the leukocyte integrin lym-
phocyte function–associated antigen 1 (LFA-1) to its primary 
ligand intercellular adhesion molecule (ICAM-1). For ex-
ample, it has been shown that NK cells from LFA1–deficient 
mice are unable to kill target cells because of impaired con-
jugate formation.29 If elevated expression of Raet1e on the 
surface of endothelial cells interferes with ICAM-1, then this 
could affect 2 important processes in atherosclerosis: block-
ing the cytotoxic effect of NK and NKT cells and impeding 
the recruitment of leukocytes into the vessel wall. Finally, it 
is possible that Raet1e acts in an NKG2D-independent man-
ner activating atheroprotective pathways. It has been reported 
that NKG2D ligands can suppress T-cell proliferation and 
regulate neurogenesis by supporting progenitor cell prolifera-
tion in an NKG2D receptor–independent manner.30,31 It is also 
of interest that the classical function of Raet1 to be expressed 
in distressed cells as a signal for elimination by the immune 
system is challenged by our observations and those of others32 

regarding Raet1 expression in proliferating cells and healthy 
tissues, implying Raet1 might serve nonimmune functions as 
well or produce a more complex response modulated by mi-
croenvironmental and tissue-specific cellular signals that will 
synergize or antagonize NKG2D function.

The results presented here identify Raet1e as an atheroscle-
rosis susceptibility gene and culminate our efforts using the 
forward genetic strategy of QTL mapping in mice to discover 
new genes and pathways in atherosclerosis. The human genes 
homologous to Raet1 are located in 2 regions of human chro-
mosome 6 (MICA and MICB in locus 6p21.33 and the ULBP 
family in locus 6q25.1), and the question arises regarding 
whether variations in these genes are associated with athero-
sclerotic cardiovascular risk factors, coronary artery disease, 
and myocardial infarction. Genome-wide association stud-
ies have revealed that multiple SNPs at both 6p21.3333–36 and 
6q25.137–39 are associated with these risk factors and medical 
conditions. Of course, one must be cautious about assigning 
causation to variations in the human Raet1 homologs because 
of other genes in the region. This is especially true for MICA 
and MICB because they are located within the major histo-
compatibility complex-1 locus, which contains many genes 
and is characterized by broad linkage disequilibrium.

In summary, by extensive sequence, expression, and func-
tional analysis, we have characterized the Ath11 10b locus 
and identified Raet1e as a novel atherosclerosis susceptibil-
ity gene. We showed that the SNP rs50817078 between the 
parental strains C57 and FVB that resides in the core of the 
transcription initiation region of Raet1e gene is the likely cul-
prit. Further studies of Raet1e will be required to discern its 
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mechanism of action in the aorta and to understand its role in 
atherosclerosis.
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What Is Known?

•	 Many genetic factors that affect atherosclerosis are unknown.
•	 In mouse models of atherosclerosis, quantitative trait locus (QTL) is 

one of the forward genetic strategies to identify new atherosclerosis-
modifying genes and pathways.

•	 QTL Ath11 is a complex containing 2 genetic regions, 10a and 10b.

What New Information Does This Article Contribute?

•	 Describes the steps necessary to successfully achieve positional 
cloning of a complex trait QTL in mouse.

•	 Identifies Raet1e as the atherosclerosis modifier gene underlying 
Ath11 10b.

•	 Identifies the molecular variation producing the altered aortic Raet1 
expression responsible for the Ath11 10b effect on aortic root athero-
sclerotic lesion area.

•	 Identifies a new gene and pathway involving the innate immune 
system that modifies atherosclerosis.

Genetic factors contribute significantly to atherosclerotic dis-
ease, and many of these are unknown. Here, we describe the 

identification of a new gene and a new pathway involved in ath-
erosclerosis. This gene was revealed by an unbiased forward 
genetic strategy, QTL mapping in a murine model of atheroscle-
rosis. In this article, we fine-mapped the locus using subcongenic 
strains, screened the narrowed subcongenic region for structural 
and expression variation, identified the Raet1e gene as the culprit, 
and buttressed the case by transgenic complementation. We also 
showed the causal nucleotide variation in the promoter region of 
Raet1e gene underlying the phenotype. This work represents one 
of the few successes of the QTL strategy in complex diseases. 
Although we have not identified the mechanism of action, we 
discuss some plausible hypotheses by which Raet1e variation 
might affect atherosclerosis susceptibility. Our work provides a 
novel gene and a novel innate immune system pathway involved 
in atherosclerosis. Whether Raet1e variation contributes to com-
mon forms of atherosclerosis in human populations, the pathways 
affected by Raet1e are likely to be important for a better under-
standing of the condition.

Novelty and Significance

D
ow

nloaded from
 http://ahajournals.org by on July 19, 2021


