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Abstract

Most of the biological understanding of mechanisms underlying coronary artery disease (CAD)
derives from studies of mouse models. The identification of multiple CAD loci and strong
candidate genes in large human genome-wide association studies (GWAS) presented an
opportunity to examine the relevance of mouse models for the human disease. We
comprehensively reviewed the mouse literature, including 827 literature-derived genes, and
compared it to human data. First, we observed striking concordance of risk factors for
atherosclerosis in mice and humans. Second, there was highly significant overlap of mouse genes
with human genes identified by GWAS. In particular, of the 46 genes with strong association
signals in CAD-GWAS that were studied in mouse models all but one exhibited consistent effects
on atherosclerosis-related phenotypes. Third, we compared 178 CAD-associated pathways derived
from human GWAS with 263 from mouse studies and observed that over 50% were consistent
between both species.

Introduction

Over the past 35-40 years, the mouse has become by far the most widely used animal model
for atherosclerosis research. Mice and humans are diverged by about 80 million years and
have undoubtedly been subjected to many different selective pressures. Nevertheless, their
genomes have remained very similar, with about 95% sharing of their protein coding genes,
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although non-coding genes and regulatory regions are considerably less conserved. The
latter may be of particular relevance to the topic since human variants affecting
atherosclerosis risk do so most often by modulating gene regulation rather than protein
structure (Nikpay et al., 2015; Samani et al., 2007; Seifert et al., 2016).

The purpose of this review is to comprehensively evaluate the consistency of findings by
which gene alterations lead to atherosclerosis-related phenotypes in mice and humans. We
briefly discuss the development of mouse models and summarize results from histological
and genetic studies of atherosclerosis using mouse models. Altogether, we review a total of
over 9,000 publications. We then compare the results in mice with what is currently known
about factors affecting disease risk in humans. During the past decade, in particular,
dramatic advances have been made in mapping and functionally characterizing loci
contributing to common forms of CAD (Ghosh et al., 2015b; Makinen et al., 2014;
McPherson and Tybjaerg-Hansen, 2016; Nikpay et al., 2015; Nurnberg et al., 2016; Samani
etal., 2007; Seifert et al., 2016). These comparisons are performed on three levels. First, we
examine the consistency between the mouse results and the various risk factors that have
been identified in human epidemiologic and genetic studies. Second, we examine the
overlap between findings in mouse and recent results from human genome-wide association
studies (GWAS). Third, in addition to gene-based comparisons, we construct 263 mouse
atherosclerosis pathways based on our literature search of genes and compared these to 178
known human CAD pathways based on GWAS. Each of these comparisons has limitations,
which we discuss. Based on our findings, we make some recommendations about the most
useful research strategies to move forward.

Background: Mouse models in atherosclerosis research

Historical perspective

Since the early 1900s, the mouse has been the classic animal model for genetic analysis.
Research on the mouse as a model of atherosclerosis began in the late 1970s and early 1980s
with efforts to characterize plasma lipoprotein metabolism and develop diets that promote
atherosclerotic lesions development in mice (LeBoeuf et al., 1983; Lusis et al., 1983; Paigen
etal., 1987; Reue et al., 1984; Roberts and Thompson, 1976). Mice have very low levels of
atherogenic lipoproteins and unlike rabbits, hamsters and some other animal models, do not
develop significant lesions when fed a western-type high fat, high cholesterol diet. However,
it was found that the addition of cholic acid to such diets did result in aortic lesions that
corresponded to early, fatty streak lesions in humans (Paigen et al., 1987; Roberts and
Thompson, 1976). In the early 1990s mouse models exhibiting very high cholesterol levels
and relatively advanced lesions were created through genetic engineering, including
apolipoprotein E knockout (Apoe™~) and LDL receptor knockout (La/7'~) mice (Ishibashi
etal., 1994; Li etal., 1993; Plump et al., 1992; Warden et al., 1993).

Two approaches were utilized to identify genetic factors contributing to atherosclerosis in
the mouse. The first involved genetic analysis of natural variation in the mouse using
quantitative trait locus (QTL) analysis, an analytic method for mapping genes underlying
complex traits. Such studies revealed the considerable genetic complexity of atherosclerosis,
but the poor resolution of QTL mapping made gene identification difficult (Rodriguez et al.,
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2013). The second approach involved the analysis of genes hypothesized to play a role in
atherosclerosis based on known biology, known as “candidate genes”. In most such studies
the expression of the candidate genes was modified through genetic engineering (for
example, gene targeting), usually followed by analysis on a hyperlipidemic background to
assess lesion development. Such studies have now been performed for many hundreds of
genes (Stylianou et al., 2012). Below, we ask how the results of these studies fit with what is
known about human atherosclerosis, particularly the results of human GWAS.

In experimental models such as Apoe™'~ or Lalr'~ mice fed “Western” diets, the
development of atherosclerotic lesions is similar to that observed in pathologic studies of the
human disease. The first discernible event is the accumulation of aggregated apolipoprotein
B-containing lipoprotein particles in the intimal space. This is followed by the recruitment of
blood monocytes to the intima at sites of lipoprotein accumulation and subsequent
transformation to macrophages. These cells then proceed to take up the lipoproteins through
scavenger receptors or phagocytosis to give rise to cholesterol loaded “foam cells” that are
the hallmark of early atherosclerosis. As lesions grow in size, a necrotic core comprised of
foam cells, cholesterol crystals, and apoptotic cells forms, and a “fibrous cap” containing
smooth muscle cells (migrated from media to intima) and extracellular matrix proteins such
as collagen develops (Lusis, 2000). In addition to monocytes, T-lymphocytes are recruited to
the lesions, and in certain genetic backgrounds, intimal and medial calcification occurs
(Rattazzi et al., 2005).

There are, however, some distinct differences as compared to human atherosclerosis. While,
as in humans, lesions in mice tend to occur in regions of disturbed blood flow, the primary
sites of lesion development in mice are the aorta and carotids, not the coronary arteries (Hu
et al., 2005). Also, while intimal thickening usually occurs in early lesions in humans, this is
not the case in mice (Schwartz et al., 1995). Moreover, the mouse models rarely show
evidence of lesion rupture, a particularly significant point since about three quarters of heart
attacks result from plaque rupture followed by thrombaosis. It should be noted that certain
mouse models, notably the combined Srb-17~/Apoe™'~ mouse, develop significant coronary
lesions, although these have not been widely used in research, presumably because of the
difficulty of breeding engineered alleles onto a double knockout background (Zhang et al.,
2005). Also, lesions in certain vessels, such as the innominate artery that branches from the
aorta, exhibit greater complexity than aortic lesions, including the presence of fibrin within
lesions, although they do not appear to be a good model for studies of mechanisms of plaque
rupture in humans (Schwartz et al., 2007).

Most studies in mice have evaluated only lesion sizes, not composition. It is clear that in
mice the genetic background as well as environmental factors can influence the relative
content in macrophages, smooth muscle cells, lymphocytes, calcified deposits, collagen, and
necrotic debris (Bennett et al., 2006; Shaposhnik et al., 2007). Given its importance in
plague vulnerability, the quantitative evaluation of lesion composition is clearly of interest
(Schwartz et al., 2000). On the other hand, many human studies often lack any pathological
characterization of atherosclerotic lesions. Specifically, large-scale GWAS use often clinical
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definitions for atherosclerotic disease manifestations ranging from symptoms (e.g. angina
pectoris) and findings in imaging studies (e.g. coronary angiography) to clinical
manifestations (e.g. myocardial infarction, large artery stroke).

Natural genetic variation

The studies of natural variation in mice have focused on the overall genetic architecture of
atherosclerosis and molecular signatures associated with lesion development (Hsu and
Smith, 2013; Kayashima et al., 2015; Rodriguez et al., 2013; Welch, 2012). For example, a
large cross between strains C3H/HeJ and C57BL/6J on an Apoe™'~ background identified
numerous loci significantly associated with atherosclerosis, vascular calcification, and traits
such as obesity, insulin levels, and plasma lipids. Pathway analysis using /ngenuity revealed
a number of pathways strongly associated with atherosclerosis such as cholesterol
metabolism, mitochondrial oxidative phosphorylation and inflammation (Wang et al., 2007).

Because of the poor resolution of linkage analysis in mice (and humans), very few novel
genes contributing to complex forms of atherosclerosis susceptibility were identified based
on genetic crosses (Broeckel et al., 2002; Erdmann et al., 2013). With the development of
technologies for high density genotyping, however, relatively high resolution association
mapping of complex traits has become possible in mice as well as humans. Such association
analyses can be performed using outbred mouse populations or using inbred mouse
population following correction for population structure (Bennett et al., 2010; Valdar et al.,
2006). An advantage of the use of inbred mice for such analyses is that many different
phenotypes can be examined across the same genetic backgrounds (Bennett et al., 2015;
Orozco et al., 2012; Parks et al., 2013).

Studies of natural variation in mice have revealed that atherosclerosis is a highly complex
trait, involving many genes contributing to a variety of risk factors. A recent study of a large
set of inbred strains known as the Hybrid Mouse Diversity Panel (HMDP) revealed strong
evidence of association with inflammation, nitric oxide signaling and levels of
trimethylamine-N-oxide (TMAO) as well as traditional risk factors such as plasma lipid
levels. Moreover, the study provided strong evidence of gene-by-gene as well as gene-by-
environment interactions (Bennett et al., 2015).

Engineered models and drug studies

To investigate mechanisms contributing to atherosclerosis susceptibility, hundreds of
“candidate genes” have been examined for their effects on atherosclerosis in mice. Such
candidate genes were chosen based on hypotheses generated from the understanding of
human atherosclerosis and are thus inherently biased. When relating the results of such
studies to human atherosclerosis genetics, a number of other caveats should be considered,
including differences in effect size, the problem of “passenger genes” and some statistical
considerations. Such confounding factors are discussed in a later section.

We comprehensively reviewed over 9000 Pubmed publications that examined genes
contributing to atherosclerosis in mice. These included a total of 827 mouse atherosclerosis
genes as defined by a significant effect on atherosclerotic lesion size or composition when
perturbed in a mouse model. To our knowledge this represents the most comprehensive
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collection of mouse genes which have significant effects on atherosclerosis in mouse
models. Citations for all included genes are provided in Table S1. The mouse genes were
classified into three groups:

1. Engineered models of reduced gene expression (knockdown or knockout)
2. Engineered models of gene overexpression (primarily transgenic mice)
3. Models of drug treatment

Comparisons of mouse and human data on a gene level have to consider genetic differences.
To assess overlap of genes between the species, the most recent ENSEMBL homologs were
considered (Kersey et al., 2016). After species-specific adjustments, 19,583 protein coding
human genes could be matched to 20,738 mouse genes. Thus, about 98.8% (19,583 of
19,815) of human genes are represented in the mouse genome and 94.5% (20,738 of 21,936)
of mouse genes are represented in the human genome (Harrow et al., 2012; Mudge and
Harrow, 2015).

Following the classification of mouse models, our research revealed a total of 827 mouse
genes of which 535 (64.5%) were models of reduced gene expression, 48 (5.8%) were
models of overexpressed genes, and 244 (29.5%) were models of drug treatment. Genes that
showed significant alterations in lesion size (808 genes) or plaque stability (19) were
considered as having an effect on atherosclerosis. Altogether 805 of our 827 literature
derived mouse genes have a human ortholog (97.3%). These 805 mouse genes were matched
to 797 unique genes in humans. Ten mouse genes (Ang, AngZ2, Ang4, Ang5, Ang6, Bglap,
Bglap2, Bglap3, Ces3a, Ces3b) were represented by 3 human genes (ANG, BGLAP, CES).
Mice with deletion of Apoe (68.6% of studies) or Ldlr(27.2%) served most frequently as
models for atherosclerosis studies. Thus, the vast majority of all genetic mouse models were
explored on the background of excessive hypercholesterolemia, a condition that is similar to
familial hypercholesterolemia in man. Of all 827 genes, 58.6% (485) of genes were
described to mediate pro-atherogenic effects, 41.2% (341) anti-atherogenic effects, and
Pecaml is a gene affecting atherosclerosis in a site specific manner either positively or
negatively.(Goel et al., 2008)

Using the gene enrichment tool DAVID we observed that the top disease categories
corresponding to the 827 mouse genes were strongly associated with atherosclerosis. Among
the top ten of human associated conditions, six are directly related to either CAD or
atherosclerosis in humans and two represent known CAD risk factors. The two remaining
conditions are Alzheimer’s disease and longevity (Table 1).

Risk factors: Concordance of mouse and human studies

Epidemiologic studies of human populations have identified a number of genetic or
environmental “risk” factors, that are significantly associated with the prevalence of CAD
(Table 2). Here we have comprehensively evaluated the consistency of findings in mice and
humans in terms of the effects of these risk factors on atherosclerosis.
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Dyslipidemia - high levels of plasma LDL-C, VLDL-C and triglycerides and low levels of
HDL-C are strongly related with human coronary artery disease (Expert Panel on Detection
and Treatment of High Blood Cholesterol in, 2001; Grundy et al., 2004). To mimic human
hypercholesterolemia in mouse models, genetic and dietary adaptions were necessary, as
circulating cholesterol is predominantly based on HDL in mice and LDL in humans. Also
cholesteryl ester transfer protein (CETP), which transfers cholesteryl esters and triglycerides
between lipoproteins, is not present in mice. Moreover, absorption of dietary cholesterol is
low in mice. Summarizing results from several genetically modified mouse models that
address lipid and lipoprotein metabolism, the data are most consistent for increased
atherosclerosis in mice with hypercholesterolemia, hypertriglyceridemia and singular
elevations of LDL or VLDL plasma levels (Huszar et al., 2000; Knouff et al., 2004; Plump
et al., 1992; Powell-Braxton et al., 1998; van Ree et al., 1994; VanderLaan et al., 2009;
\oyiaziakis et al., 1998). Elevated levels of HDL, on the other hand, reduced the progression
of atherosclerosis (Berard et al., 1997), and in atherosclerotic lesions lacking calcification
elevated levels of HDL even led to partial regression of lesion size (Feig et al., 2014).

High blood pressure is a well-known risk factor of human coronary artery disease (Stamler
etal., 1993). Induction of high blood pressure in mouse models was initiated by excessive
salt intake, reninangiotensin-aldosterone-system-upregulation, genetic perturbations or
mechanistic constriction of renal arteries. Although the causes of hypertension in those
models are different, acceleration of atherosclerosis was a consistent finding (Leong et al.,
2015; Weiss et al., 2001; Wiesel et al., 1997).

Human systemic inflammatory disorders such as rheumatoid arthritis, lupus and psoriasis
are strongly associated with human CAD, albeit the genetic underpinnings of the two
disorders may be different (del Rincon et al., 2001; Jansen et al., 2015; Wang et al., 2012;
Westerweel et al., 2007). In agreement, mouse models of human rheumatoid arthritis, lupus
and psoriasis also showed increased atherosclerotic lesions in mouse models (Cao et al.,
2013; Karbach et al., 2014; Ma et al., 2008; Rose et al., 2013).

Smoking accelerates the development of CAD in humans (Kannel et al., 1968). In mouse
models exposure to mainstream cigarette smoke led to perturbations of lipid metabolism,
arterial endothelial cell function and the development of atherosclerotic lesions (Boue et al.,
2012). Cessation of smoke exposure led to decelerated plaque progression and decreased
accumulation of pro-atherogenic lipids (Lietz et al., 2013).

Air pollution s a risk factor for accelerated human atherosclerosis (Araujo, 2010). Mouse
models exposed to long term concentrated ambient particles smaller than 2.5um (mimicking
polluted air) showed acceleration of atherosclerosis and vascular inflammation (Sun et al.,
2005).

Type 1 diabetes (T1D) promotes progression of human CAD (Schnell et al., 2013). T1D in
mouse models was induced by streptozotocin or via viral infection. Both methods resulted in
accelerated lesion formation (Shen and Bornfeldt, 2007).

Type 2 diabetes (T2D) is a risk factor of human CAD (Reaven, 2003). Most mouse T2D
models are based on a leptin deficient model, fat or carbohydrate feeding or genetically
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induced dysfunction of beta cells, and most showed that T2D accelerates atherosclerosis
(Junetal., 2011; King, 2012; Renard et al., 2004; Schreyer et al., 1998). There were some
contradictory results possibly due to the involvement of the immune system (Taleb et al.,
2007) or atheroprotective effects of leptin deficiency itself (Lep?”?) (Chiba et al., 2008).

Distress, acute and chronic, is a risk factor for development and progression of human CAD
(Holmes et al., 2006). In a mouse model of chronic stress mice were repeatedly exposed to
iced water. The animals developed more advanced and complex atherosclerotic lesions
(Heidt et al., 2014; Najafi et al., 2013).

Trimethylamine-N-oxide (TMAQO), derived from dietary choline or carnitine through the
action of gut microbiota, has recently been shown to be a risk factor for CAD as well as
heart failure (Koeth et al., 2013). Inbred strains of mice exhibit variations in TMAO levels
when maintained on a Western diet and these are significantly associated with
atherosclerosis (Bennett et al., 2015). Experimental mouse models revealed that dietary
supplementation of choline (which can be processed to TMAQ) or TMAO itself promoted
atherosclerosis (Wang et al., 2011).

Thrombosis is significantly related to human coronary artery disease (Davies, 1996). An
investigation of plasminogen activation inhibitor 1 (PaiZ) in a mouse model, showed a pro-
thrombotic phenotype with accelerated lesion formation (Schafer et al., 2003).

Lack of physical activity is a well-known risk factor of human CAD (Warburton et al.,
2006). Studies in mouse models revealed decelerated development of atherosclerosis in mice
subjected to exercise (Meissner et al., 2011).

Unadue bacteremiais associated with CAD. Periodontal disease provides the most common
entrance for such pathogens (Beck et al., 1996). Models of oral infection with periodontal
pathogens showed accelerated atherosclerosis in mice (Lalla et al., 2003).

Renal failure accelerates the progression of human CAD, especially when the burden of
calcification is high (Yerkey et al., 2004). Genetically engineered mouse models of renal
failure (Fgf23™~ or Klotho™) or mice in which induction was initiated with uremic toxins,
such as indoxyl sulfate, exhibited accelerated atherosclerosis and highly calcified lesions
(Neven and D’Haese, 2011).

Metabolic syndrome, characterized by insulin resistance, obesity, elevated blood pressure
and dyslipidemiga, is a risk factor for development of human coronary artery disease (Isomaa
etal., 2001). A number of mouse models of metabolic syndrome exhibit accelerated lesion
formation (Kennedy et al., 2010).

Obesity is an established risk factor for CAD in human. Obesity is also positively associated
with atherosclerosis in mice on high fat, high cholesterol diet (Kennedy et al., 2010). Mice
deficient for leptin (Lep°??P) have a distinct obese phenotype but are protected from
atherosclerosis (Chiba et al., 2008; Nishina et al., 1994; Plummer and Hasty, 2008). This
effect may be related to increased size of lipoproteins in Lep??9% obese mice, leading to
reduced penetration of artery walls (Nishina et al., 1994) and the regulation of blood
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pressure (Huby et al., 2016). Deficiency of the leptin receptor (Lep®’®), in contrast to leptin
deficiency, led to increased plasma levels of leptin and pronounced atheroscleraosis,
suggesting that leptin itself promotes atherosclerosis (Wu et al., 2005).

Sex differences

In humans, men display earlier onset of CAD as compared to women. In mice, on the other
hand, atherosclerosis is generally more prominent in females, although this depends on the
mouse model and diet used. The increased susceptibility to atherosclerosis in female mice
has been attributed in part to genes encoded by the sex chromosomes (Arnold et al., 2016;
Link et al., 2015) and also to differences in the metabolism of TMAQO, a potent risk factor
for atherosclerosis (Bennett et al., 2013). TMAQ is produced by oxidation of circulating
trimethylamine, catalyzed by the enzyme flavin monooxygenase 3 (FMO3). In mice, FMO
expression is dramatically suppressed by testosterone and, hence, TMAQO levels are much
lower in males as compared to females (Bennett et al., 2013; Kloss et al., 1982). In contrast,
the levels of hepatic FMO3 expression are similar or only slightly lower in men as compared
to women, and circulating TMAO levels are similar in males and females (Tang et al., 2013).

Human genome-wide association results: Overlap with mouse studies

Over the past decade GWAS have robustly mapped thousands of loci for various common
diseases. Generally, the identified loci individually exhibit a very modest effect size and
together they explain a small fraction of the genetic component (heritability) of disease,
although some loci display allelic series ranging from common, genome-wide significantly
associated alleles to rare mutations giving rise to mendelian traits, e.g. LDLR or GUCY1A3
deficiency (Erdmann et al., 2013; Goldstein and Brown, 2015). In the case of
atherosclerosis, large meta-analyses have now identified a total of 57 loci that meet a
Bonferroni-adjusted threshold level of significance and about 100 additional loci exhibit
suggestive association (Consortium et al., 2013a; Consortium, 2011; McPherson and
Tybjaerg-Hansen, 2016; Nikpay et al., 2015; Schunkert et al., 2011). In contrast to
mendelian traits (in which about 85% of the causal variants affect coding sequences),
common complex disease traits appear to be due primarily to variations in noncoding
regions that affect gene expression (Nikpay et al., 2015; Seifert et al., 2016). In general,
within the region of linkage disequilibrium (LD) the loci contain multiple genes. The causal
gene may even lie outside the region of LD if it is regulated by an enhancer within the region
associated with disease. Thus, a challenge at present is to identify the causal genetic
variant(s) and the causal gene(s) at each locus. For our comparison with mice we have used
two different human GWAS gene sets, described below (Table S2).

The first set of genes (244 GWAS Genes) is based on annotations of 169 known significant
and suggestive GWAS loci, incorporating knowledge and data driven approaches (Braenne
et al., 2015; Consortium et al., 2013b; Nikpay et al., 2015; Schunkert et al., 2011). This list
of genes is a conservatively curated gene set, which is likely to provide the most reliable
human CAD genes based on the GWAS approach.

The second set of genes (880 Extended GWAS Genes) is also based on GWAS loci
(Consortium et al., 2013b; Nikpay et al., 2015) but additionally incorporates functional
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aspects using eQTLs and ENCODE annotations, such that additional genes not meeting a
genome-wide level of significance (p < 5E-08) are incorporated. The extension of genes
increases the probability of including false positive genes, but offers a better opportunity to
infer biological mechanisms and pathways contributing to CAD (Zhao et al., 2016).

Experimental perturbation in mice

The 797 human orthologs (Table S2) of the mouse genes identified in engineered mouse
models significantly overlapped with the human CAD gene sets described above. Thus, 45
(18.4%) of the CAD GWAS Genes (p=1.13E-17) and 72 (8.2%) of the Extended GWAS
Genes (p=1.27E-08) overlapped with the list of 797 mouse orthologs. The number of genes
that overlap is necessarily small because only a small fraction of human genes has been
identified (as judged to the fraction of heritability explained) and some of these are likely to
be false positives.

Perhaps a more meaningful analysis is to ask what fraction of human GWAS genes that have
been studied in mouse models yield a consistent result. Since the human GWAS results were
very recently published, only a fraction of the human candidates has been studied in mice.
Moreover, we should note that a negative result in the mouse may very well not be
published. Nevertheless, we found that of the 244 significantly or suggestive human GWAS
genes, 46 have already been studied for their effect on lesion size in mice and 45 of these
significantly affected atherosclerosis in mouse models (Fig. 1, Fig. 2), leaving around 190
human candidate genes that have not yet been studied (Fig. S1). Detailed information is
provided in Table S2. Given that many of the human GWAS genes in our list are unlikely to
be causal, such a high degree of overlap seems surprising. However, most of the overlapping
genes were previously (before GWAS) considered to be strong candidates based on their
roles in lipid metabolism, blood pressure, or inflammation, and were, therefore, studied in
mice (Figure 1).

Natural variation across inbred mouse strains

There are some potential problems with the use of gene knockouts in mice to model human
atherosclerosis. Importantly, such studies are biased by the choice of the gene. Moreover, the
effect may depend on the genetic background and most knockouts studied to date may be
compromised by a “passenger gene” effect (see below) (Lusis et al., 2007). Finally,
knockouts have a much larger effect size than the subtle quantitative or structural genetic
variations of most GWAS genes. These issues with knockouts can be avoided by comparing
human GWAS results with results from studies of natural variations in mice. The most
comprehensive study of atherosclerosis among inbred strains of mice was performed in a set
of about 100 highly diverse, commercially available inbred strains of mice known as the
Hybrid Mouse Diversity Panel (HMDP)(Bennett et al., 2015). Altogether about 1000 mice
were studied on the background of combined ApoE-Leiden and human CETP transgenes.
Atherosclerosis susceptibility varied several hundred-fold among the strains (Bennett et al.,
2015).

We first asked if the mouse orthologs of the human GWAS genes, exhibited significant
correlation (p<0.05) with atherosclerosis across the HMDP. Of the 244 GWAS Genes, 66
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(27.0%) exhibited significant correlation (in the form of expression), with lesion size in
aorta. Additionally, expression levels of 27 (11.1%) genes in the liver were correlated
significantly with increased lesion size in mouse aorta (Table 3). In addition to the CAD
GWAS, there have been large GWAS studies of blood lipids, with altogether 274 candidate
genes identified (Goodarzi, 2016; Welter et al., 2014). We tested whether the mouse
orthologs of these genes exhibited significantly correlation (p<0.05) in expression in livers
or adipose tissue with plasma lipids in mice. Overall 55.1% (151 of 274) of these genes
exhibited significant correlation with plasma lipids in the HMDP (Table 3). Results of both
comparisons are presented in Table S3. We conclude that the GWAS genes for both
atherosclerosis and plasma lipids exhibit highly consistent variations when studied across
different inbred strains of mice.

Pathway modeling: Concordance of human and mouse studies

Three separate studies have modeled CAD pathways based on data of the Coronary Artery
Disease Genome-Wide Replication and Meta-Analysis Consortium (CARDIOGRAM)
(Ghosh et al., 2015b; Makinen et al., 2014; Zhao et al., 2016). Mékinen et al. utilized a SNP
set enrichment analysis (SSEA) that first mapped CARDIOGRAM GWAS to genes based on
expression quantitative trait loci (eQTLs), and then assessed the enrichment of CAD signals
in tissue-specific co-expression networks and canonical pathways from Biocarta, KEGG and
Reactome databases. The study revealed 79 significant pathways for human CAD (Makinen
etal., 2014). Gosh et al. used an alternative gene mapping strategy which was based on
chromosomal distance between SNPs and genes and an alternative gene set enrichment
analysis to identify 32 significant CAD pathways derived from the Reactome database
(Ghosh et al., 2015a). Zhao et al. curated different candidate gene lists based on peak GWAS
SNPs and implemented gene regulatory networks and expression patterns to identify 93
CAD relevant pathways based on canonical pathways from Biocarta, KEGG, and Reactome
(Zhao et al., 2016). When combined, these three studies identified a total of 178 unique
human CAD GWAS associated pathways (Table S4).

To examine the concordance of human and mouse pathways (Fig. 3), we modeled
atherosclerosis pathways in mice using similar methods based on the set of 827 genes shown
to contribute to atherosclerosis using experimental perturbation (see above). We applied
knowledge-based canonical pathways from KEGG, Reactome, and Biocarta databases to
define over-represented gene sets. We used Fisher Exact test and defined significance of
over-representation as p<0.01 after Bonferroni correction. We focused on 263 pathways
showing significant overrepresentation of atherosclerotic mouse genes. Pathways for lipid
metabolism, immune system, toll-like receptor cascade, focal adhesion, hemostasis, platelet
activation signaling and aggregation were highly overrepresented.

Of the 178 human CAD pathways 72 (40.2%) pathways were identical with our mouse
pathways. A limiting factor is the different nomenclature of Biocarta, KEGG and Reactome
makes a direct comparison impossible. To address this limitation, we analyzed the overlap of
genes included in these pathways and considered those pathways highly significant that
mutually shared over 50% of their genes or that included at least 90% of their genes in a
pathway of the other species. Using these criteria, we observed that 55.1% (98 unique
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pathways) of human CAD associated pathways overlapped with atherosclerosis pathways of
the mouse and 53.2% (140) of mouse pathways overlapped with human CAD GWAS
associated pathways.

For pathways based on mouse data, only 5 overlapped less than 30% with human pathways.
These mouse-specific pathways included diabetes, developmental biology and regulation of
gene expression in beta cells. The last pathway, for example, consists of 20 genes and shares
Aktl, Akt2, Akt3, Foxol, Hnf4a, Hnf4g and insulin with known human CAD associated
pathways, whereas the genes FoxaZ2, Foxa3, Gek, lapp, Mafa, Neurodl, Nkx2-2, Nkx6-1,
Pax6, Padx1, Pkirand SlcZ2aZ2were not present in the human pathways. Altogether, 37 human
pathways showed less than 30% overlap. These included metabolism of polyamines, organic
cation anion zwitterion transport, pantothenate and CoA biosynthesis, phenylalanine
metabolism, sulfur amino acid metabolism and tRNA aminoacylation. Two unexpected
pathways, the neuroactive ligand receptor interaction pathway and neurotrophin signaling
pathway, exhibited around 50% overlap between mice and humans. Since most mouse
models do not develop myocardial infarctions, it was of interest to examine whether the
species differed in relevant pathways such as coagulation or collagen degradation. However,
no such significant differences were observed. Overall, these findings highlight a high
biological consistency between the species, as only 42 (11.4%) of 369 (human and mouse)
unique atherosclerosis related pathways shared less than 30% of genes between species.

One way to visualize concordance of atherosclerosis associated pathways between human
and mouse is to summarize them as clusters. We used a principal component analysis to
reduce the high-dimensionality of the data to group the pathways according to the overlap of
their constituent genes (Fig. S2). In this representation, the closer the pathways, the higher
the percentage of shared genes. We divided clusters according to the functions of their
genes, with the following categories: antigen, apoptosis, cancer, cell-cycle, focal adhesion,
immune system, inflammation, lipid and lipoprotein metabolism, platelet function and
proliferation and transcription.

Confounding Issues

In assessing the relevance of studies in mice for human CAD, there are a number of potential
confounders that need to be considered. Below we briefly discuss the most significant.

Large versus small effect size genetic perturbations

Whereas common forms of CAD result from interactions of many different genetic and
environmental factors, the majority of mouse studies are carried out using large genetic or
environmental perturbations, such as knockout mice or extremely high cholesterol diets.
Such extreme perturbations may affect many pathways and hundreds or thousands of genes,
quite possible influencing atherosclerosis in kind of a bystander manner rather than directly.
The genes identified in GWAS studies on the other hand, generally exhibit very modest
functional variation.
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The problem of passenger genes

Until the past several years, most gene targeted mice were generated on a strain 129/J
genetic background and then transferred to the strain C57BL/6J by a series of backcrosses.
While 5-10 generations of backcrossing will successfully eliminate the majority of genetic
129/5 contribution, regions immediately flanking the targeted gene will remain, since rare
recombination events will be required to substitute C57BL/6J alleles. Thus, hundreds of
129/J genes including many with functional differences, will typically contaminate such
studies. Since many different biologic pathways converge on atherosclerosis, the possibility
of a passenger gene effect is significant. Similarly, transgenic mice are often generated on
backgrounds other than C57BL/J (Lusis et al., 2007). Recent studies have examined the
passenger gene issue in studies of immune functions and bone metabolism (Ackert-Bicknell
and Rosen, 2015; Vanden Berghe et al., 2015).

The candidate gene approach is inherently biased

Candidate genes are generally selected for study based on what is known from human
studies of atherosclerosis or from other biologic data. For example, some studies are directed
at investigating mechanisms contributing to risk factors such as high blood pressure or
hypercholesterolemia. Clearly, this could result in an artificial overlap of results in mouse-
human comparisons. Studies of natural variations in mice, on the other hand, do not suffer
from this bias and are more likely to reflect meaningful overlap.

Statistical considerations

Phenomena such as “winners curse”, the concept that the first report is likely to a have a
larger effect size than subsequent studies, and “publication bias” the concept that the
literature will be biased because positive results are more likely to be published than
negative results, have undoubtedly skewed the results of studies of candidate genes. For
example, beginning in the 1980’s with the development of methods for examining genetic
variation at the DNA level, many studies of relatively small numbers of patients and controls
(typically, hundreds) reported “significant” associations of DNA variants with common
diseases. Few of the many hundreds of reported findings could be replicated in the much
larger and unbiased GWAS studies (Altshuler et al., 2008). A similar situation may apply to
investigations of candidate genes in mice using knockout or transgene technologies,
particularly given the very large non-genetic variation of atherosclerosis lesion assays in
mice (Daugherty and Rateri, 2012). Indeed there are numerous examples of the failure to
replicate findings for such studies, such as those involving Abcgl, SRA and CD36 (Moore et
al., 2005; Witztum, 2005).

Lesion analyses in mice and humans

Comparisons of different studies in mice are difficult given the lack of a standardized
protocol. Variables between studies include the model, the method (en face, frozen sections,
cholesterol content), the staining procedure (lipid, immune), the diet, the length of the study;,
the age of the mice, the vivarium conditions, and the number of mice studied. Because of the
small size of mouse lesions, quantitative analyses of cell composition and gene expression
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are difficult (Erbilgin et al., 2013; Zhao et al., 2007). On the other hand, most human studies
used clinical definitions for atherosclerosis.

Discussion

Most of our current understanding of the mechanisms underlying atherosclerosis derives
from studies with mouse models. An important issue relates to the relevance of mouse
models for human pathobiology, particularly since mouse data are being used to develop
drug targets, and mouse models are also used to test therapeutic compounds in preclinical
studies. The recent identification of human loci associated with CAD or plasma lipids in
large GWAS studies (Consortium, 2011; Consortium et al., 2013b; Goodarzi, 2016; Nikpay
et al., 2015; Samani et al., 2007; Schunkert et al., 2011; Welter et al., 2014) provided an
opportunity to perform systematic gene comparisons between the two species. We first
carried out a comprehensive survey of genes that have been significantly associated with
atherosclerosis in mice using experimental perturbation, identifying a total of 827 genes that
have been reported to influence lesion development. We also surveyed results from studies
of natural genetic variation affecting atherosclerosis in mice. We then performed three
different comparison analyses. The first addressed the consistency of atherosclerosis risk
factors between the species. The second addressed the overlap of human CAD GWAS genes
with results from mouse studies. And the third examined the overlap of 178 human CAD
pathways and 263 mouse atherosclerosis pathways. We observed strong overlap in all three
analyses. In particular, nearly all the human GWAS genes that have been studied in mice (45
of 46) show consistent effects on atherosclerosis. This includes lipoprotein(a), which was
studied as a transgenic but does not have a homolog in mouse.

Our conclusions differ from a recent study by Pasterkamp and colleagues in which the
investigators concluded that, with the exception of lipoprotein metabolism, mouse studies
are likely to be of very limited value in understanding the human disease (Pasterkamp et al.,
2016). These investigators performed a comprehensive survey of mouse studies of candidate
genes (in total 659) and focused on the overlap with human GWAS genes. We confirmed
about 75% of their mouse candidate genes in our literature search, but did not find clear
evidence for the remaining 25% in the literature. This may have been caused by the selection
of the human ortholog names, different search criteria and more stringent inclusion of genes
in our study (for example, several of their genes exhibited only a suggestive effect on
atherosclerosis in mice). However, in addition to the number and interpretation of mouse
genes identified in the literature, there were further significant differences between the
studies. First, our analysis included additional atherosclerosis risk factors while theirs
focused only on lipids. Second, we used a more refined set of human genes based not only
on distance to the peak SNP, but also functional information, particularly expression
quantitative trait loci data. Using GWAS data we performed additional comparisons, such as
examining the GWAS genes that have been tested in mouse models for consistency. Third,
we did not restrict our comparison to genes from engineered mouse models, but included
data from studies of naturally occurring variations in mice. This is perhaps the strongest line
of evidence supporting the relevance of mouse models because it avoids some of the biases
inherent in the other comparisons. Finally, the pathway databases used in the two studies are
different: the previous study used Ingenuity, a compilation of broad literature data from
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multiple species and tissues, while we used the Biocarta, KEGG and Reactome databases. In
contrast to the previous report, we conclude that the genes and pathways uncovered from the
mouse atherosclerosis studies reflect highly overlapping biology with that revealed by
human GWAS of coronary artery disease. This does not mean that there were no significant
differences. For example, the most impactful human GWAS locus, on chromosome 9p21, is
probably mediated by changes in the expression of a long noncoding RNA, ANRIL, that is
not conserved in the mouse (Holdt et al., 2013). Also, while the conservation of disease
pathways between mice and humans is highly significant, it is far from complete.

The relevance of animal models for common human disorders has been questioned, largely
based on the failure of drug targets developed in animal models to show efficacy in human
trials (Greek and Hansen, 2013; Mak et al., 2014; Perrin, 2014; Richmond and Su, 2008).
One explanation of course is that there are significant differences between the species.
Another plausible explanation is that there are several false positives in the mouse data, as
discussed above. A third relates to experimental design. In particular, it is not clear that
knockout mice are appropriate for modeling the subtle genetic variations that underlie
common forms of atherosclerosis. Finally, most mouse studies were performed on a single
genetic background (generally, strain C57BL/6J), which may severely limit the breadth of
the conclusions that can be drawn (Gasch et al., 2016). Despite these limitations in mouse
studies, our comparison between species revealed many converging pathways and supports
the value of mouse models in revealing critical mechanistic processes of atherogenesis.

Focusing on the pathogenic pathways rather than individual genes is likely to be a more
productive way to translate information from animal models to human studies. Of immediate
interest is to further determine the factors regulating these pathways and to identify the
tissues in which they contribute to atherosclerosis. Additionally, the convergent and
divergent pathways between species revealed from our comparative review may help to
guide the selection of the appropriate models in future preclinical studies. In addition to
lesion progression, some studies have suggested an overlap of genes controlling lesion
regression in mice and humans, suggesting a possible avenue for therapeutic investigation
(Ramsey et al., 2014). Given the many advantages of mice for studying atherosclerosis,
including access to tissues and the ability to control the environment, studies on mice will
probably continue to lead the way to mechanistic understanding.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Human CAD GWAS Candidate Genes
- Effect in mice
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Figure 1. Human CAD GWAS candidate genes — focus on genes already validated in mice
The pie chart (left) shows human CAD GWAS candidate genes grouped into those not yet

studied in mice (blue), studied in experimental models with consistent effects (green) or
inconsistent effects (red) and genes with no human homolog (white). The second pie chart
shows the percentage of genes contributing to CAD associated traits or functions (right).
Genes with pleiotropic effects are arranged according to their most dominant contribution.
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Figure 2. Human CAD GWAS candidate genes that have been tested in mouse animal models
This circular plot shows a fraction of 244 human CAD GWAS candidate genes that have

been tested in animal models. The numbers within the circle represent the 22 human
autosome pairs. Candidate genes are arranged according to GWAS peak SNPS. Genes
labeled green have already been studied in mouse models and show significant effects on
atherosclerosis. Lipoprotein(a) (LPA), which has no ortholog in mice, was studied in a
transgene mouse model. Red indicates that experimental perturbation of the gene in mice
showed no significant effect on atherosclerosis. Genes labeled blue are the subject of
ongoing research in mouse models.
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Top ranked mouse Atherosclerosis Pathways
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Figure 3. Top ranked mouse atherosclerosis pathways — overlap with human CAD pathways
Listed are most significant (p-value) mouse atherosclerosis pathways. Identical and highly

overlapping pathways between species are represented by continuous lines. Dashed lines
indicate human pathways contributing with >90% of their genes to a mouse pathway. The
least overlapping pathways of both species are shown below.
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Association of human-mouse orthologs with human disease databases

Table 1

Page 27

Listed are the top 10 enriched DAVID terms associated with 827 literature derived mouse atherosclerosis

genes. This table shows that genes involved in atherosclerosis in mice also account for CAD and related
conditions in humans.

Term Fold Change  Mouse Genes FDR" P-Value™™
Coronary artery disease 45 53 2.70E-23  1.10E-27
Ischemic heart disease 4.4 32 1.20E-12  5.40E-17
Restenosis 4.3 47 2.90E-19  1.30E-23
Longevity 4 47 8.40E-17  4.90E-21
Coronary atherosclerosis 3.9 100 5.80E-39  3.60E-43
Coronary heart disease 39 35 140E-11  8.40E-16
Alzheimer’s disease 33 89 6.10E-12  3.30E-15
Myocardial infarction 3 62 5.30E-15  5.70E-19
Hypertension 2.6 79 5.40E-15  7.80E-19
Diabetes, type 2 2.1 104 2.00E-13  3.00E-17

*
adjusted for multiple comparison,

Aok

calculated using Fisher’s exact test.
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Human CAD risk factors and their effect on atherosclerosis in mouse models*

Consistency of human CAD risk factors in atherosclerosis mouse models

Page 28

Concordant risk factors

Effect on atherosclerosis

Reference

Hypercholesterolemia

Elevated lipoproteins levels

LDL
VLDL
HDL
Lp(@)
Hypertriglyceridemia
Hypertension
Inflammatory diseases
Arthritis
Lupus
Psoriasis
Smoking
Air pollution
T1D
T2D
Aging
Disstress
TMAO
Thrombosis
Lack of physical activity
Bacterial presence
Renal failure

Metabolic Syndrome

1

- o> >« > >

e e e e e S S e T e

(Plump et al., 1992; van Ree et al., 1994)

(Huszar et al., 2000; Powell-Braxton et al., 1998)
(Knouff et al., 2004; VanderLaan et al., 2009)
(Berard et al., 1997; Feig et al., 2014)

(Voyiaziakis et al., 1998)

(Leong et al., 2015; Weiss et al., 2001; Wiesel et al., 1997)

(Rose et al., 2013)
(Ma et al., 2008)
(Karbach et al., 2014)

(Boue et al., 2012; Gairola et al., 2001; Lietz et al., 2013)
(Araujo, 2010; Soares et al., 2009; Sun et al., 2005)

(Merat et al., 2000; Rosenfeld et al., 2000)
(Kumari et al., 2003; Najafi et al., 2013; Roth et al., 2015)
(Gregory et al., 2015; Hartiala et al., 2014; Wang et al., 2011)

(Schafer et al., 2003)

(Meissner et al., 2011; Pellegrin et al., 2009)
(Gibson et al., 2004; Lalla et al., 2003)
(Bro et al., 2003; Hewitson et al., 2015; Neven and D’Haese, 2011)

(Kennedy et al., 2010)

(Callow et al., 1995) (Schneider et al., 2005) (Pedersen et al., 2010)

(In’t Veld, 2014; Kunjathoor et al., 1996; Shen and Bornfeldt, 2007)
(Jun et al., 2011; King, 2012; Renard et al., 2004; Schreyer et al., 1998)

Discordant risk factors

Effect on athero in Human/Mouse

Reference

Obesity

Gender

1/~ (Lepeb/odb_mice)

male /female 1

(Venegas-Pino et al., 2016)

(Chiba et al., 2008; Nishina et al., 1994; Plummer and Hasty, 2008)

*
1 indicates that the factor is positively associated with atherosclerosis, | indicates a negative association, - indicates no association with

atherosclerosis
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Table 3

Correlation of gene sets with lesion size (top) and blood lipids (bottom) in HMDP mice

* . *
Aorta P-value Liver P-value

Mouse Atherosclerosis Genes (827) 202 (24.4%) 2.08E-109 156 (18.9%)  3.67E-66
CAD GWAS Genes (244) 66 (27.0%)  5.38E-36 27 (11.1%) 2.54E-6
CAD Extended GWAS Genes (880) 152 (17.3%) 6.17E-65 98 (11.1%)  1.75E-25

Adipose P-value ™ Liver P-value ™

LIPID GWAS Genes (274) 116 (42.3%)  6.21E-97 126 (46.0%) 3.77E-111

*
calculated using Fisher’s exact test.

Hk
Given is the name and size of each gene set, the tissue in which the gene expression was measured and the number of genes significantly

correlated to lesion size in aorta and liver and to lipids in adipose tissue and liver. Calculations were based on expression levels of mouse genes.
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