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Why	  CVD?	  

•  CVD	  is	  the	  leading	  cause	  of	  death	  in	  the	  US	  
•  In	  2010,	  total	  costs	  of	  CVD	  were	  es=mated	  to	  
be	  $444	  billion.	  	  

•  Treatment	  accounts	  for	  about	  $1	  of	  every	  $6	  
spent	  on	  health	  care	  in	  the	  US.	  	  



National Epidemic of Metabolic Disease

1.  As geneticist we know there are genetic factors 
2.  Clearly there are environmental factors 
3.  As nutrition scientist: diet is an important environmental factor 



Atherosclerosis is a complex disease involving multiple genes, cell types and metabolic 
process at the vessel wall 

Aldons J. Lusis et al. Circulation. 2004;110:1868-1873 Copyright © American Heart Association, Inc. All rights reserved. 
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Candidate genes in lipoprotein metabolism and atherosclerosis  

Aldons J. Lusis et al. Circulation. 2004;110:1868-1873 

Copyright © American Heart Association, Inc. All rights reserved. 



Why PUFA’s? 



Potential cardio-protective mechanisms of PUFA’s  

observational studies and in 1 large open-label RCT, n-3
PUFA consumption reduced risk of sudden cardiac death
(see the following text), suggesting that anti-arrhythmic
effects seen in experimental studies could extend to humans.
Several smaller trials have attempted to address this hypoth-
esis by studying patients at higher risk for arrhythmias,
including patients with implantable cardioverter-defibrillators
(ICDs) for recurrent tachyarrhythmias, patients with recur-
rent paroxysmal atrial fibrillation (AF), and patients under-

going cardiac surgery. As reviewed in the following text,
findings have been mixed, with some trials demonstrating
lower risk of arrhythmias and others finding no significant
effects (141–147). Overall, although evidence from in vitro
studies, animal-experiments, and at least some human
studies remains compelling, confirmation of clinically rele-
vant anti-arrhythmic effects of n-3 PUFA has remained
elusive. It is also unclear whether such benefits, if present,
are due to direct effects on myocyte electrophysiology or

Figure 3 Physiological Effects of n-3 PUFA That Might Influence CVD Risk

n-3 polyunsaturated fatty acid (n-3 PUFA) affects a wide range of physiological functions in multiple tissues, including the heart, liver, vasculature, and circulating cells.
Dose-responses of these effects seem to vary. In vitro and animal experiments show that n-3 PUFA directly modulate cardiac electrophysiology, which could contribute to
reductions in heart rate and arrhythmic risk (top right). Growing evidence suggests that n-3 PUFA might improve myocardial efficiency, left ventricular diastolic filling, and
vagal tone. n-3 PUFA reduce plasma triglyceride levels in a dose-dependent fashion, which is at least partly due to reduced hepatic very low-density lipoprotein produc-
tion rate. Several mechanisms have been implicated, including effects on hepatic gene expression that down-regulate de novo lipogenesis and possibly other effects
such as increased fatty acid beta-oxidation (top left). These hepatic effects might also lead to modest shunting of carbohydrates and/or glycerol to glucose production,
which could raise plasma glucose levels but reduce hepatic steatosis and insulin resistance and not adversely affect peripheral insulin resistance or systemic metabolic
dysfunction. In the vasculature, n-3 PUFA reduces systemic vascular resistance and improves endothelial dysfunction, arterial wall compliance, and vasodilatory
responses (bottom left). These changes together contribute to the established blood pressure-lowering effects of n-3 PUFA. n-3 PUFA supplementation alters ex vivo
platelet function, but no clinical effects on bleeding or thrombosis have been seen except perhaps at very high doses (e.g., 15 g/day) (bottom left). n-3 PUFA also
reduce production of arachidonic acid-derived eicosanoids and increase synthesis of n-3 PUFA metabolites, although clinical effects of these alterations remain uncer-
tain, particularly at typical dietary doses (bottom right). CVD ! cardiovascular disease.
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PUFA’s	  are	  generally	  an=-‐inflammatory	  



Poten=al	  Gene	  x	  Diet	  interac=ons	  

intake was positively associated with serum HDL-c and
apoA-I level in carriers of the -238A allele, but negatively
associated in those with the -238GG genotype. PUFA intake
was inversely associated with HDL-c level in carriers of the
-308A allele, but not in those with the -308GG genotype. A
stronger nutrigenetic effect was observed when the poly-
morphisms at the two positions (-238/-308) were combined.

These are classic examples of how a nutrient–gene inter-
action can affect the association between a particular geno-
type and a biological risk marker, which may underlie
inconsistencies in reported study outcomes. In the mean-
time, it is prudent to suggest that subjects with low levels of
HDL-c, carriers of the A allele at the APOA1 –75 G/A and
the alleles -238A, 308GG at the TNF-alpha -238G/A and -
308G/A polymorphisms may benefit from diets containing
higher percentages of PUFA.

Interaction of PUFA with Triglyceride Metabolism
Modulated by ApoA5, NOS3 and PPARA
Polymorphisms

Apolipoprotein A-V (ApoA-V) is a component of lipoproteins
including HDL and chylomicrons and is involved in postpran-
dial lipoprotein metabolism. By activating LPL, a key enzyme
in the metabolism of TG, apoA-V is an important determinant
of plasma TG concentrations. In the Framingham study, au-
thors demonstrated a significant interaction between -
1131T/C SNP, which is associated with greater TG concen-
trations in carriers of the C allele and PUFA intake [23]. The -
1131C allele was associated with an increased fasting TG and
remnant-like particle–TG concentrations only in subjects con-
suming 46 % of energy from PUFA.

Nitric oxide synthase (NOS3) is responsible for the pro-
duction of nitric oxide (NO), which is involved in the
regulation of vascular function and blood pressure. SNPs
in the NOS3 gene were found to be associated with a
number of CVD risk markers, including dyslipidemia and
inflammation. The effects of NOS3 polymorphisms were
investigated in a cohort of 450 patients with metabolic
syndrome from the LIPGENE study who participated in a
12-week dietary intervention to alter dietary fatty acid com-
position and amount [27]. The study demonstrated that
carriers of the minor allele for rs1799983 SNP showed a
negative correlation between plasma TG concentrations and
plasma omega-3 PUFA status compared with subjects ho-
mozygous for the major allele. Following omega-3PUFA
supplementation, subjects with the minor alleles had a better
response to changes in plasma omega-3 PUFA than major
allele homozygous carriers. This highlights the potential
benefit for individual carriers of the minor allele at
rs1799983 in NOS3 in omega-3 PUFA supplementation to
achieve reduction of plasma TG concentrations.

Peroxisome proliferator-activated receptor a (PPAR-a) is
a ligand-dependent transcription factor that is a key regula-
tor of lipid homeostasis. Because of its strong involvement
in activating LPL, clearance of plasma triglycerides and
upregulation of HDL-c, PPARA has been a drug target for
pharmaceutical companies. The most frequently studied
polymorphism of the PPARA gene was the Leu162Val
variant, in which the minor allele was associated with lipid
metabolism and atherosclerosis. However, there was contro-
versy on the potential effect of this SNP on plasma TG and
apoC-III concentrations. Subsequent studies showed that
dietary PUFA intake can modulate the effects of this SNP
on lipid metabolism [26]. The 162 V allele was associated

Fig. 1 Nutrigenetic of omega 3
PUFAs in cardiovascular
disease and related traits. See
text for more details
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Generalized pathway for the conversion of eicosapentaenoic acid to eicosanoids.  

Philip C Calder Am J Clin Nutr 2006;83:S1505-1519S 

PUFA’s	  are	  generally	  an=-‐inflammatory	  



Randomized Control Trial for NGx interactions 

Charles B. Stephensen et al. J. Lipid Res. 2011;52:991-1003 
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Mean (±SEM) changes in oxylipid concentrations are shown from baseline to follow-up 
among the three ALOX5 genotype groups of interest in response to placebo and fish oil 

interventions.  

Charles B. Stephensen et al. J. Lipid Res. 2011;52:991-1003 
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Published	  Genome-‐Wide	  Associa>ons	  through	  07/2012	  
Published	  GWA	  at	  p≤5X10-‐8	  for	  18	  trait	  categories	  

NHGRI	  GWA	  Catalog	  
www.genome.gov/GWAStudies	  
www.ebi.ac.uk/fgpt/gwas/	  	  



Cardiogram	  results	  



Ini=al	  GWAS	  Finding	  

GNET/NUTR	  865	  
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A Common Allele on Chromosome 9
Associated with Coronary
Heart Disease
Ruth McPherson,1*† Alexander Pertsemlidis,2* Nihan Kavaslar,1 Alexandre Stewart,1
Robert Roberts,1 David R. Cox,3 David A. Hinds,3 Len A. Pennacchio,4,5 Anne Tybjaerg-Hansen,6
Aaron R. Folsom,7 Eric Boerwinkle,8 Helen H. Hobbs,2,9 Jonathan C. Cohen2,10†
Coronary heart disease (CHD) is a major cause of death in Western countries. We used genome-
wide association scanning to identify a 58-kilobase interval on chromosome 9p21 that was
consistently associated with CHD in six independent samples (more than 23,000 participants)
from four Caucasian populations. This interval, which is located near the CDKN2A and CDKN2B
genes, contains no annotated genes and is not associated with established CHD risk factors such as
plasma lipoproteins, hypertension, or diabetes. Homozygotes for the risk allele make up 20 to
25% of Caucasians and have a ~30 to 40% increased risk of CHD.

Coronary heart disease (CHD) is the single
greatest cause of death worldwide (1, 2).
Although CHD is highly heritable, the

DNA sequence variations that confer cardiovas-
cular risk remain largely unknown. To identify
sequence variants associated with CHD, we
undertook a genome-wide association study
using 100,000 single-nucleotide polymorphisms

(SNPs). To minimize false positive associations
without unduly sacrificing statistical power, we
designed the study to comprise three sequential
case-control comparisons performed at a nominal
significance threshold of P < 0.025 (Fig. 1). For
the initial genome-wide scan, cases and controls
were Caucasian men and women from Ottawa,
Canada who participated in the Ottawa Heart

Study (OHS). Cases had severe, premature CHD
with a documented onset before the age of 60
years and culminating in coronary artery revas-
cularization (table S1). To limit confounding by
factors that strongly predispose to premature
CHD, we excluded individuals with diabetes or
plasma cholesterol levels consistent with mono-

Fig. 4. (A) Distribution of syntenically conserved sRNAs. The
fractions of sRNAs in each class (ordinate) found in a syntenic
location in both species are shown as percentages of the total
number of sRNAs in the class. (B and C) Characterization of syntenically conserved PASRs (B) and TASRs (C). Combined maps of
syntenic sRNAs from HeLa and HepG2 human cell lines (black) and R1mES and MEF mouse cell lines (gray) are shown. Syntenic
PASR HMSY19 and TASR HMSY5 are shown on either top (+) or bottom (–) strands. Northern blots show HMSY19 and HMSY5 in both species with
comparable sizes.
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6Department of Clinical Biochemistry, Rigshospitalet, Copen-
hagen University Hospital, Copenhagen DK-2100, Denmark.
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of Texas Health Science Center, Houston, TX 77030, USA.
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GNET/NUTR	  865	  

Fine mapping of the genomic interval on chromosome 9 associated with CHD. (A) SNPs spaced ∼5 kb apart in the 
interval extending 175 kb upstream and downstream of rs10757274 and rs2383206 were assayed in 500 cases and 

500 controls from the OHS population with GeneChip Human Mapping 500K Array Sets (Affymetrix, Santa Clara, CA).  

R McPherson et al. Science 2007;316:1488-1491 

9p21	  Locus	  



9p21	  locus-‐	  Associa=ons	  reported	  

Disease/Trait	   Reported	  Gene(s)	  
Strongest	  SNP-‐Risk	  
Allele	   P-‐value	   #	  pubs	  

Abdominal	  aor=c	  aneurysm	   CDKN2A,CKDN2B	   rs2383207-‐G	  	   2	  x	  10-‐8	   1	  

Ankle-‐brachial	  index	   CDKN2B	   rs10757269-‐G	  	   9	  x	  10-‐9	   1	  

Breast	  cancer	   CDKN2A,CDKN2B	   rs1011970-‐T	  	   3	  x	  10-‐8	   1	  

Coronary	  artery	  calcifica=on	   CDKN2B	   rs1333049-‐C	  	   3	  x	  10-‐24	   1	  

Coronary	  heart	  disease	   CDKN2B-‐AS1	   rs4977574-‐G	  	   2	  x	  10-‐25	   7	  

Endometriosis	   CDKN2BAS	   rs10965235-‐C	  	   6	  x	  10-‐12	   2	  

Glaucoma	   CDKN2B-‐AS1	   rs2157719-‐?	   2	  x	  10-‐18	   5	  

Glioma	   CDKN2A,	  CDKN2B	   rs2157719-‐?	  	   5	  x	  10-‐16	   4	  

Intracranial	  aneurysm	   CDKN2A,CDKN2B	   rs1333040-‐T	  	   2	  x	  10-‐22	   4	  

Melanoma	   CDKN2A	   rs7023329-‐A	  	   4	  x	  10-‐7	   2	  

Myocardial	  infarc=on	   CDKN2A,CDKN2B	   rs4977574-‐G	  	   3	  x	  10-‐44	   2	  

Nasopharyngeal	  carcinoma	   CDNK2A,CDKN2B	   rs1412829-‐?	  	   5	  x	  10-‐7	   1	  

Platelet	  counts	   CDKN2A	   rs3731211-‐A	  	   6	  x	  10-‐14	   1	  

Type	  2	  diabetes	   CDKN2A,	  CDKN2B	   rs2383208-‐A	  	   2	  x	  10-‐29	   12	  

h6p://www.genome.gov/gwastudies/index.cfm	  
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9p21.3 locus- structure varies by population 



Missing	  Heritability	  	  

1.0 

2.0 

3.0 GWAS Studies 

“Dark Matter” 

HDL- Heritability of HDL is 45-75% 
 -GWAS loci for HDL correspond to 12.1% of total variance 
 - 25-30% of the genetic variance  

Dark matter a result of: 
 -over estimation of total genetic component (Lander 2012) 
 -gene x gene interactions 
 -gene x environment interactions 
 -environmental heterogeneity 



Can 9p21 Risk Be Modified by Dietary Intake?  

-‐ 	  Five	  ethnici=es	  
-‐ 	  Retrospec=ve	  Case-‐Control	  study	  à	  Risk	  factors	  for	  acute	  non-‐fatal	  MI	  
-‐ 	   Recruitment	  à	   within24	   hours	   of	   being	   admi6ed	   to	   a	   coronary	   care	   unit	   with	   clinical	  
characteris=cs	  of	  acute	  MI.	  à	  Control	  matched	  for	  age	  and	  sex.	  

Four	  SNPs	   (rs10757274,	  rs2383206,	   rs10757278,	   rs1333049)	   from	  the	  Chromosome	  9p21	  
region	  were	  selected	  based	  on	  previous	  results	  from	  genome-‐wide	  associa=on	  studies	  for	  
coronary	  heart	  disease/MI	  

Genotypes	  :	  1,744	  Europeans,	  1,867	  South	  Asians,	  2,231	  Chinese,	  1,100	  La=n	  Americans,	  
and	  1,172	  Arabs	  (a	  total	  of	  8,114	  samples).	  

The Effect of Chromosome 9p21 Variants on
Cardiovascular Disease May Be Modified by Dietary
Intake: Evidence from a Case/Control and a Prospective
Study
Ron Do1, Changchun Xie2,3, Xiaohe Zhang2, Satu Männistö4, Kennet Harald4, Shofiqul Islam2,3,
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Abstract

Background: One of the most robust genetic associations for cardiovascular disease (CVD) is the Chromosome 9p21 region.
However, the interaction of this locus with environmental factors has not been extensively explored. We investigated the
association of 9p21 with myocardial infarction (MI) in individuals of different ethnicities, and tested for an interaction with
environmental factors.

Methods and Findings: We genotyped four 9p21 SNPs in 8,114 individuals from the global INTERHEART study. All four
variants were associated with MI, with odds ratios (ORs) of 1.18 to 1.20 (1.8561028#p#5.2161027). A significant interaction
(p = 4.061024) was observed between rs2383206 and a factor-analysis-derived ‘‘prudent’’ diet pattern score, for which a
major component was raw vegetables. An effect of 9p21 on MI was observed in the group with a low prudent diet score
(OR = 1.32, p = 6.8261027), but the effect was diminished in a step-wise fashion in the medium (OR = 1.17, p = 4.961023) and
high prudent diet scoring groups (OR = 1.02, p = 0.68) (p = 0.014 for difference). We also analyzed data from 19,129
individuals (including 1,014 incident cases of CVD) from the prospective FINRISK study, which used a closely related dietary
variable. In this analysis, the 9p21 risk allele demonstrated a larger effect on CVD risk in the groups with diets low or average
for fresh vegetables, fruits, and berries (hazard ratio [HR] = 1.22, p = 3.061024, and HR = 1.35, p = 4.161023, respectively)
compared to the group with high consumption of these foods (HR = 0.96, p = 0.73) (p = 0.0011 for difference). The
combination of the least prudent diet and two copies of the risk allele was associated with a 2-fold increase in risk for MI
(OR = 1.98, p = 2.1161029) in the INTERHEART study and a 1.66-fold increase in risk for CVD in the FINRISK study (HR = 1.66,
p = 0.0026).

Conclusions: The risk of MI and CVD conferred by Chromosome 9p21 SNPs appears to be modified by a prudent diet high
in raw vegetables and fruits.

Please see later in the article for the Editors’ Summary.
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INTERHEART	  

An	   analysis	   of	   the	   rs2383206	   genotype	   and	   ter=les	   of	   the	   prudent	   diet	   score	   in	   the	  
INTERHEART	  samples	  demonstrated	  that	  individuals	  with	  two	  copies	  of	  the	  risk	  allele	  (GG)	  
and	  with	  a	  low	  prudent	  diet	  score	  had	  a	  ,2-‐fold	  increase	  in	  MI	  risk	  when	  compared	  to	  the	  
reference	   group	   of	   individuals	   with	   two	   copies	   of	   the	   protec=ve	   allele	   (AA)	   and	   a	   high	  
prudent	  diet	  score.	  

Will	  Dietary	  
interven=ons	  be	  
most	  effec=ve	  in	  
these	  people	  

rs2383206	  

The Effect of a Prudent Diet is most pronounced in 
individuals with Risk Allele 



The	  combina=on	  of	  a	  diet	  low	  in	  fruits,	  berries,	  and	  vegetables	  and	  two	  copies	  of	  the	  risk	  
allele	  was	  associated	  with	  a	  1.66-‐fold	   increase	  in	  risk	  for	  CVD	  but	  no	  consistent	  effect	  of	  
the	  9p21	  SNP	  was	  observed	  in	  the	  group	  with	  the	  most	  prudent	  diet.	  

The Effect of a Prudent Diet is most pronounced in 
individuals with Risk Allele 



Outline	  

•  Introduc=on	  
•  Candidate	  genes	  and	  nutri-‐gene=c	  studies	  
•  GWAS	  
•  GWAS	  candidates	  and	  nutri-‐gene=c	  
•  Mouse	  studies	  



Why Mice for Genetic Studies?

Tightly	  controlled	  environment	  
•  Housed	  in	  standardized	  cages	  
•  Given	  synthe=cally	  defined	  diets	  
•  Regulate	  access	  to	  food	  
	  

Focus	  on	  gene=c	  differences	  
•  Iden=fy	  genes	  regula=ng	  the	  

atherosclerosis	  

Resistant?	  

Suscep=ble?	  



Advanced atherosclerosis in mice

Mice	  can	  model	  complex	  pathology	  that	  is	  similar	  to	  
human	  disease	  



Why Mice for Genetic Studies?



Modulation of Sort1 alters plasma lipids and 
lipoproteins. 



Systems	  gene=cs	  

•  Quan=ta=ve	  
•  High	  throughput	  
(“omics”)	  
technologies	  

•  Natural	  varia=on	  
•  Mul=ple	  
perturba=ons	  

Arabidopsis: Jensen 
Yeast: Kruglyak 
Drosophila: Mackay 
Rats: Aitman, Cook 
Mice: Williams, Lusis, Churchill 
Humans: Schadt, Bjorkegren 

Approach: Systems genetics



SNP 

Transcript 

Linkage and association 

Approach: Systems genetics



SNP 

Linkage and association 

TRAIT 2 

Correla=on	  

Transcript 

Approach: Systems genetics



SNP 

Linkage and association 

TRAIT 2 

Causality	  

Transcript 

Approach: Systems genetics



Global	  gene	  expression,	  proteomic	  or	  metabolomic	  data	  can	  be	  integrated	  with	  gene=c	  
and	  phenotypic	  data	  to	  iden=fy	  genes	  and	  pathways	  contribu=ng	  to	  diseases	  	  

Approach: Systems genetics



Mouse Molecular Genetics

Lab	  work	  

In	  vitro	  
Fer=liza=on	  

X 

X	  
X	  

X	   X	  

X	  

Experimental	   Control	  

Reverse	  Gene=cs	  

A mouse 
segregating 
population 

X 

X F1 

Forward	  Gene=cs	  

Natural	  selec=on	  
breeding	  

X	  

“Knockout”	  Studies	  
“QTL”	  Studies	  



metabolome	  

proteome	  

transcriptome	  

genome	  

Phenotypes	  

Genome	  

Phenotypes	  

Approach: Systems genetics

Classic	  Gene=cs	   Systems	  Gene=cs	  



Metabolomics  
Coincident mapping- shared genetic regulation

analysis identified at least one candidate gene for 174 of the loci

(~75% of the loci). We report these 174 loci along with the local

eQTL candidate genes in Supplementary Table S4, and, below, we

describe two specific examples in which the metabolite locus candi-

date gene was supported by the local eQTL data (Fig 4A and B). The

first example is for the “hypoxanthine” metabolite. This metabolite,

which belongs to the “Nucleotide” class of metabolites, can be

produced in the cell either from xanthine or by degradation of

purine. The former reaction is catalyzed by the enzyme xanthine

oxidase (also known as xanthine dehydrogenase or Xdh), which is

encoded by the Xdh gene located on chromosome 17. In HMDP mice,

there is a genetic variation in this gene that affects the transcript

levels of this gene, with a significant eQTL. It appears that this varia-

tion is also affecting the hypoxanthine pool in the liver of HMDP

mice as hypoxanthine maps to the same locus as both the Xdh gene

and the mRNA variation of Xdh (Fig 4A). The second example is for

the locus on chromosome 2 where glycerol-3-phosphate dehydroge-

nase 2 gene (Gpd2) resides. The protein product of this gene, which

is localized to the mitochondrial inner membrane, functions in the

glycerophospholipid metabolism pathway, and catalyzes the conver-

sion of glycerol-3-phosphate (G3P) to dihydroxyacetone phosphate,

using FAD as a cofactor. HMDP mice have a DNA variation which

affects the transcription of this gene, as is evident by the local eQTL

for Gpd2. In the metabolite GWAS results, G3P, the Gpd2 substrate,

maps to the exact location as Gpd2 mRNA, suggesting that the same

variation that affects Gpd2 transcription also affects the G3P abun-

dance in the liver of HMDP mice (Fig 4B).

Candidate gene validation

Searching public databases coupled with transcriptome and metabo-

lome mapping data resulted in a list of candidate genes regulating

metabolites in liver. In order to evaluate the validity of our candi-

date gene identification approach, we performed biological valida-

tion of selected candidate genes by adenovirus overexpression.

Since our aim was to demonstrate proof of principle rather than

Figure 3. Genetic regulation of metabolite variation.
Comparison of percent metabolite variance explained by the peak maker in the GWAS analysis across various classes of metabolites. The largest variance explained was
observed for the Vitamins and Cofactors class with the peak marker explaining 72% of the pyridoxate variation.

Figure 4. Validation of metabolite loci by the local eQTLs.

A Co-localization of xanthine dehydrogenase mRNA (red) with its product
hypoxanthine (blue), at the chromosome 17 locus where the xanthine
dehydrogenase gene, Xdh1 resides.

B Co-localization of glycerol-3-phosphate dehydrogenase 2 mRNA (red) with
its substrate glycerol 3-phosphate (blue), at the chromosome 2 locus where
glycerol-3-phosphate dehydrogenase 2 gene (Gpd2) resides.

ª 2014 The Authors Molecular Systems Biology 10: 730 | 2014
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between mRNA levels and the metabolites abundance. At the 5%

FDR (P-value of 1.28e-05), we found a total of 1,497 significant

metabolite-mRNA correlations of which 721 (48%) were positive

and 776 (52%) were negative. The 1,497 significant correlations

included 969 probesets on the gene expression microarray and 145

metabolites. To investigate the significance of integrating metabolite

Figure 5. Biological validation of candidate genes.

A Biological validation for the Gpd2 gene and its effect on liver G3P levels. The GWAS results for the G3P metabolite levels and Gpd2 mRNA levels are shown on the top.
On the bottom the results of adenovirus experiments in mice overexpressing Gpd2 (red) and control mice (black) are shown. For each group four mice were used
(n = 4).

B Biological validation for the Acy1 gene and its effect on liver N-acetylglutamate levels. The GWAS results for the N-acetylglutamate metabolite levels and Acy1 mRNA
levels are shown on the top. On the bottom the results of adenovirus experiments in mice overexpressing Acy1 (red) and control mice (black) are shown. For each
group four mice were used (n = 4).

C Biological validation for the Aox1 and its effect on liver pyridoxate levels. The GWAS results for the pyridoxate metabolite levels and Aox1 mRNA levels are shown on
the top. On the bottom the results of adenovirus experiments in mice overexpressing Aox1 (red) and control mice (black) are shown. For each group four mice were
used (n = 4).

ª 2014 The Authors Molecular Systems Biology 10: 730 | 2014
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•  These	  mice	  are	  derived	  
from	  the	  8	  founders	  
used	  to	  create	  the	  
Collabora=ve	  Cross	  (CC).	  

•  144	  pairs	  of	  pre-‐CC	  mice	  
at	  F4-‐12	  of	  inbreeding	  
were	  used	  to	  create	  the	  
DO.	  

•  While	  the	  CC	  are	  
maintained	  as	  RILs,	  DO	  
are	  maintained	  by	  
randomized	  outbreeding	  

Diversity	  Outbred	  Mice	  (DO)	  

Diversity Outbred mice: 
A New multi parent genetic reference panel 



A new multi parent mouse resource has been 
designed to improve QTL mapping resolution



Combination of 8 inbred founders results in genetically diverse population 

•  These	  strains	  capture	  90%	  of	  the	  
known	  allelic	  diversity	  across	  
inbred	  strains.	  

•  There	  are	  ~45	  million	  polymorphic	  
loci	  between	  the	  8	  founder	  strains	  
-‐	  37.8	  million	  SNPs	  
-‐	  6.9	  million	  inser=ons,	  dele=ons,	  

	  structural	  variants	  
	  
•  Each	  DO	  mouse	  has	  roughly	  equal	  

founder	  allele	  contribu=on	  across	  
the	  genome	  from	  each	  inbred	  
strain.	  

	  

Mouse	  Chromosomes	  

~12.5%	  

~12.5%	  

~12.5%	  

~12.5%	  

~12.5%	  

~12.5%	  

~12.5%	  

~12.5%	  

Total	  genome	  of	  DO	  animal	  =	  100%	  

Diversity Outbred mice 



•  Mice	  were	  on	  chow	  diet	  when	  received	  from	  Jackson	  Labs.	  
•  Transferred	  to	  synthe=c	  diet	  from	  4-‐6	  weeks.	  
•  At	  6	  weeks	  of	  age,	  half	  of	  the	  mice	  transferred	  to	  a	  non-‐atherogenic,	  low	  fat	  	  

diet	  and	  half	  of	  the	  mice	  were	  transferred	  to	  an	  atherogenic	  ,	  high	  fat	  diet.	  
•  Mice	  were	  maintained	  on	  these	  two	  diets	  for	  18	  weeks,	  un=l	  24	  weeks	  of	  age.	  

24wk	  

146	  mice	  

146	  mice	  

Atherogenic	  High-‐Fat	  Diet	  

Non-‐Atherogenic,	  Low-‐Fat	  Diet	  

4	  wk	  	   6wk	  	  

Chow	   AIN-‐76A	  

24wk	  	  

292	  mice	  

Diversity Outbred mice: 
Study Design



p=0.05	  
	  

Max	  LOD=10.9	  

Peak	  SNP	  at	  122.6	  Mb	  

Atherosclerosis	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
LO

D	  

Diversity Outbred mice:  
Chromosome 6 associated with atherosclerosis 

Smallwood	  2014	  



QTL	  Interval	  (Mb)	  
93.4	  -‐	  150	  

	  
128.5	  -‐136.3	  

	  
116.6	  -‐128.5	  

	  
	  	  122.6	  -‐	  122.7	  	  

QTL	  Name	  
Artles	  
	  

Ath38	  
	  

Ath37	  
	  

DO	  Chr	  6	  QTL	  
	  

We	  have	  refined	  Ath37	  to	  a	  100	  kb	  interval	  on	  Chromosome	  6.	  
Chromosome	  6	  (Mb)	  

Diversity Outbred mice: 
Provide high-resolution mapping 



•  The	  90,000	  kb	  
interval	  contains	  6	  
genes.	  

•  Likely	  candidate	  
gene	  in	  this	  region	  
is	  Apobec1.	  

•  Apobec1	  is	  a	  C	  à	  
U	  mRNA	  edi=ng	  
enzyme.	  	  

Diversity Outbred mice: 
Chromosome 6 associated with atherosclerosis



QTL co-localizes with the  
physical location of the gene itself 

Local eQTL transcript 

Gene A 

Iden>fy	  genes	  whose	  
mRNA’s	  levels	  is	  

regulated	  by	  region	  

Region	  associated	  with	  
Lesion	  size	  

Integrating Gene Expression-eQTL



	  	  	  	  	  	  	  	  	  	  	  Apobec1	  mRNA	  expression	  	  	  	  	  	  	  	  	  	  	  	  

Max	  LOD=	  38	  

Peak	  SNP	  at	  122.6	  Mb	  

p=0.05	  
	  

LO
D	  

Integrating Gene Expression-
significant local eQTL for Apobec1



A/J over-expresses the long isoform of Apobec1 in 
response to an atherogenic diet 
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Apobec1	  Long	  Isoform	  

	  	  	  	  	   	  	  	  	  	  

*	  

*	  

*	  
A.	   B.	  Apobec1	  Short	  Isoform	  

*	  
*	  

*	  

C57BL/6J	   A/J	  

HFCA	  Diet	  	  	  	  	  	  -‐	  	  	  	  	  	  	  	  	  	  +	  	  	  	  	  	  	  	  	  	  -‐	  	  	  	  	  	  	  	  	  	  +	  	  	  	  	  	  

C57BL/6J	   A/J	  

HFCA	  Diet	  	  	  	  	  	  -‐	  	  	  	  	  	  	  	  	  	  +	  	  	  	  	  	  	  	  	  	  -‐	  	  	  	  	  	  	  	  	  	  +	  	  	  	  	  	  



DO mice and atherosclerosis

•  We	  characterized	  suscep=bility	  of	  DO	  mice	  to	  
diet-‐induced	  atherosclero=c	  lesions	  

•  Refined	  the	  previously	  iden=fied	  Ath37	  locus	  
on	  Chromosome	  6	  to	  a	  100	  kb	  interval	  
containing	  6	  candidate	  genes.	  	  

•  Apobec1	  is	  a	  strong	  candidate	  gene	  with	  
known	  role	  in	  lipid	  biology	  and	  atherosclerosis	  

•  Ongoing	  studies	  will	  characterize	  the	  A/J	  allele	  
and	  how	  it	  contributes	  to	  atherosclerosis.	  
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