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Genes that associate with complex disease are likely to 
be shaped by natural selection. However, the underlying 

pattern of selection may be confounded by multiple functions 
of a single gene or pleiotropy.1 Specifically, if a gene has 2 
functions and a variant improves function for 1 phenotype but 
has the opposite effect on the second, a phenomenon known 
as antagonistic pleiotropy, it will influence our ability to detect 
associations in a context-dependent fashion, potentially mask-
ing important biology. One way to explore this phenomenon 
is to compare inter- and intraspecific patterns of genetic varia-
tion in genes with multiple known functions and to assess pat-
terns of selection.

We tested this hypothesis in the lectin-like oxidized low-
density lipoprotein receptor 1 gene (OLR1, Online Mendelian 
Inheritance in Man [OMIM] 602601), which encodes lectin-like 
low-density lipoprotein receptor 1 (LOX-1), thought to increase 
cardiovascular disease (CVD) risk by acting as a scavenger 
receptor for oxidized low-density lipoprotein in endothelial 
cells.2 LOX-1 also binds other ligands, including bacterial 
cell wall proteins, thus playing an important protective role in 
immune function.3 These 2 biological functions likely operate 
independently and antagonistically. Although it is impossible 
to know with certainty what the dominant function was and is 
for OLR1, the immune function role is likely the ancestral one 
because ancient humans had a short life span and were not likely 
exposed to the selection pressure of atherosclerosis-based CVD.

Background—Natural selection shapes many human genes, including some related to complex diseases. Understanding 
how selection affects genes, especially pleiotropic ones, may be important in evaluating disease associations and the 
role played by environmental variation. This may be of particular interest for genes with antagonistic roles that cause 
divergent patterns of selection. The lectin-like low-density lipoprotein 1 receptor, encoded by OLR1, is exemplary. It has 
antagonistic functions in the cardiovascular and immune systems because the same protein domain binds oxidized low-
density lipoprotein and bacterial cell wall proteins, the former contributing to atherosclerosis and the latter presumably 
protecting from infection. We studied patterns of selection in this gene, in humans and nonhuman primates, to determine 
whether variable selection can lead to conflicting results in cardiovascular disease association studies.

Methods and Results—We analyzed sequences from 11 nonhuman primate species, as well as single-nucleotide 
polymorphisms and sequence data from multiple human populations. Results indicate that the derived allele is favored 
across primate lineages (probably because of recent positive selection). However, both the derived and ancestral alleles 
were maintained in human populations, especially European ones (possibly because of balancing selection derived from 
dual roles of LOX-1). Balancing selection likely reflects response to diverse environmental pressures among humans.

Conclusions—These data indicate that differential selection patterns, within and between species, in OLR1 render 
association studies difficult to replicate even if the gene is etiologically connected to cardiovascular disease. Selection 
analyses can identify genes exhibiting gene–environment interactions critical for unraveling disease association.  (Circ 
Cardiovasc Genet. 2013;6:299-307.)
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Regarding the possible functional role of genetic variation in 
OLR1, studies have demonstrated that a haplotype containing 
single-nucleotide polymorphisms (SNPs) in and around intron 4 
causes alternative splicing of exon 5 and leads to increased syn-
thesis of a truncated isoform known as LOXIN.4,5 The SNPs in 
this haplotype (rs3736232, rs3736234, rs3736233, rs3736235, 
rs3816844, and rs1050283) are in strong linkage disequilibrium 
(LD) with each other in all populations, and the region is therefore 
often studied using only 1 representative SNP.4 Because exon 5 
encodes a C-type lectin-binding domain, crucial for LOX-1 to bind 
its ligands, LOXIN is dysfunctional (Figure 1).5–7 Despite com-
pelling experimental data indicating loss of function because of 
this variation,5 studies investigating association with disease have 
often yielded inconsistent and even contradictory results (Table I 
in the online-only Data Supplement).8 We hypothesize that this is 
because LOX-1 is favored in some environments, whereas LOXIN 
is favored in others. Variation in the relative importance of the 2 
functions and the subsequent divergent selection may confound 
results of studies addressing association with CVD. For example, 
validation of epidemiological results using different populations 
or different end points might lead to contrasting results if the 2 
functions of the gene are both involved in the pathogenesis of the 
disease, as is the case for LOX-1 and LOXIN in atherosclerosis. In 
addition, because both immunity and lipid oxidation are important 
players in atherogenesis, it is reasonable to expect classical genetic 
association studies to be influenced by this effect. To determine 
whether this is likely, we performed analyses of OLR1 with 
respect to its evolutionary history of both inter- and intraspecies.

Results
Evidence for Ancient Positive Selection in Intron  
4 of the OLR1 Locus
To examine whether and how ancient selection has shaped 
the OLR1 locus, we conducted 2 selection tests on coding and 

noncoding regions in primate lineages. First, we evaluated the 
ζ ratio of nonsynonymous to synonymous substitution rate in 
coding regions and the ω ratio of noncoding to synonymous 
substitution rate for the intron 4 region across the 12 primate 
species (human+11 nonhumans). We found strong evidence of 
selection in intron 4 (P=0.001) but not in the coding sequence 
of the OLR1 locus (P=0.519; Table 1). Furthermore, using 
either the Naive Empirical Bayes algorithm (which uses max-
imum likelihood estimates of model parameters to identify 
sites undergoing positive selection) or the Bayes Empirical 
Bayes algorithm (which assigns priors for model parameters 
and estimates averages by numeric integration over these pri-
ors to identify sites under positive selection),9 we identified 3 
sites (sites 112, 207, and 224 from the beginning of the ampli-
con) with posterior probability of positive selection ≥92% 
(Table II in the online-only Data Supplement).

Evidence for Intraspecies Balancing Selection 
in Intron 4 Within Humans and for Intraspecies 
Positive Selection Within Chimps
In humans, especially the HapMap CEU population, 
balancing selection is likely to be acting on OLR1 as indicated 
by high Tajima’s D from HapMap 2 data (D=3.54; P<0.001; 
Figure 2; Table 2). When we divided the gene into 2 distinct 
regions defined by their LD patterns, (1) the region of high 
LD between rs12822177 and rs11615002 that contains intron 
4 and is marked in Figure 1 as including the C-type lectin-
binding domain and (2) the rest of the gene, we observed 
a higher Tajima’s D in the LD block region in Europeans 
(D

LD
=3.49; D

Non-LD
=2.88; Figure 2A; Table 2). Similarly, F

st
 

for the region of LD was higher than for the rest of the gene 
(F

st-LD
=0.27; F

st-non LD
=0.080), supporting differential selection 

patterns in different parts of the gene (Table 2). Similar results 
were found for SNPs in the LD block derived from 1000 
genome samples of majority of European ancestry, indicating 
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Figure 1. A, Structure of OLR1 with location of variants (in order from left to right: rs3736232, rs3736234, rs3736233, rs3736235, 
rs3816844, and rs1050283, r2>0.95) that modulate the ratio between the lectin-like low-density lipoprotein receptor 1 (LOX-1) and LOXIN 
mRNA. Bracket identifies region of strong linkage disequilibrium CTLD indicates c-type lictin domain. 
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that for these continental populations, common and rare 
SNPs share patterns of selection (Table III in the online-only 
Data Supplement). In general, the European data provide the 
strongest evidence for selection in OLR1.

In contrast to the pattern of selection found among humans, 
several OLR1 gene regions in Pan troglodytes (chimpan-
zee) showed evidence for intraspecific positive selection. 
Specifically, negative Tajima’s D values were found for the 
5′ untranslated region, intron 4, and 3′ untranslated region 
(D=−2.381, −1.947, and −1.821 respectively; Figure 2D), 
indicating intraspecific positive selection in these regions. In 
contrast, the other regions of the gene did not show evidence 
of positive selection, with D values ranging from −1.800 to 
0.000 (Table 2). Taken together, the data from humans and 
chimpanzees indicate different types of selective pressure 
(balancing versus positive) acting on a segment that includes 
intron 4 in both humans and chimpanzees.

Evolutionary History of the OLR1 Locus Is 
Consistent With Species Phylogeny
The action of selection on a locus can cause its phylogeny 
to deviate significantly from that of the species.10,11 To test 
whether this was the case for the OLR1 locus, we recon-
structed the evolutionary history of the locus using both cod-
ing and noncoding data (Figure I in the online-only Data 
Supplement). Although the locus history is largely in accor-
dance with species phylogeny, sequences from species with 
multiple individuals often fail to form monophyletic group-
ings, with some of the alleles representing trans-species 
polymorphisms (eg, alleles in humans that are more similar 
to alleles in chimpanzees than they are to alleles derived 
from other humans).12 Although only balancing selection 
can maintain trans-species polymorphisms for the long-term,  
transient trans-species polymorphisms could also be consistent 
with directional selection or neutrality.10 To test this possibil-
ity, we compared whether the maximum likelihood estimated 
topologies, that is, the branching patterns of phylogenetic 
trees, from the entire set of coding and noncoding sequences 
were significantly different from topologies constrained to 
obey the primate phylogeny and monophyly of alleles from 
each species using the Shimodaira–Hasegawa test.13 The max-
imum likelihood topologies were not significantly different 

from the species phylogeny (both tests were not significant at 
P=0.05), indicating that trans-specific OLR1 polymorphisms 
do not exist in primates.

Discussion
Analyses of primate sequences of OLR1 indicate complex pat-
terns of selection based on species and the part of the gene 
being assessed. Our results support the hypothesis that intron 
4 and its surrounding region have been shaped by differen-
tial selection in human versus nonhuman primate lineages. 
To summarize, although analyses of the coding region indi-
cate selective neutrality, we found strong evidence of ancient 
positive selection in the intron 4 region in primates (Table 1). 
Comparable analyses of 18 chimpanzee sequences also indi-
cated intraspecific positive selection (Figure 2D; Table 2), 
whereas in humans (especially Europeans) there was strong 
evidence for balancing selection in intron 4 (Figure 2A–2C; 
Table 2). Hence, the mode of recent selection varies between 
these very closely related species.

Differential patterns of selection in OLR1 can be interpreted 
in light of how the LOX-1 and LOXIN proteins function and 
their impact on phenotypic variation. For LOX-1 to bind its 
ligands, it must contain the sequence encoded in exon 5. The 
ability to bind ligands, however, has been significantly asso-
ciated with several predominantly human diseases (CVD, 
hypertension, Alzheimer's; Table I in the online-only Data 
Supplement). In contrast to its presumed negative effect on 
cardiovascular disease, the function of LOX-1 is necessary for 
binding to bacteria and to trigger the subsequent response to 
infection.3

Antagonistic pleiotropy acting on OLR1 is consistent with 
the pattern of balancing selection in certain human populations. 
Balancing selection, which maintains alleles in a polymorphic 
state, may in the case of OLR1 be because of both the direc-
tion and strength of selection varying with immediate environ-
ments. For example, for a late-onset disease such as coronary 
artery disease, the selection pressure may be weaker than that 
from infection in certain populations (eg, humans in tropical 
regions), whereas it may be stronger in humans in nontropi-
cal climates, such as Europe. In contrast, selection pressure 
for late-onset noncommunicable disease among nonhuman 
primates is likely low, and therefore locus variation in these 

Table 1. Results of Ancient (Interspecific) Selection Analyses on Coding (ω) or Noncoding (ζ) Regions of OLR1

Coding Region Intron 4

ω/ζ Ratio Tests M1a M2a ncM1a ncM2a

Model (Data) Frequency ω Frequency ω Frequency ζ Frequency ζ

Class 0 (0<ω<1 or 
0<ζ<1)

0.427 0.000 0.450 0.024 0.988 0.379 0.843 0.379

Class 1 (ω=1 or ζ=1) 0.573 1.000 0.503 1.000 0.014 1.000 0.012 1.000

Class 2 (ω>1 or ζ>1) n/a n/a 0.047 3.229 n/a n/a 0.147 4.748

Ln likelihood −1770.666 −1770.009 −2796.810 −2787.700

Parameters 2.000 4.000

Likelihood ratio test 1.313 18.214

P value 0.519 0.001

n/a indicates not applicable.
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Figure 2. Representation of linkage disequilibrium (LD) of single-nucleotide polymorphisms (SNPs; r2) in HapMap (A) Caucasian 
European, (B) Han Chinese from Beijing+Japanese from Tokyo, (C) Yoruba from Ibadan, and (D) chimps from the present study.  
Tajima’s D values are shown by the colored bars above the exons (if D≥3 then balancing selection, P<0.001; if 2<D>3 then balancing 
selection, P<0.01; if D=2 then balancing selection, P<0.05; if D<−2 then positive selection, P<0.001; if D=2 then positive selection, 
P<0.05; if −2<D>1.8 then neutral). Level of significance for each region is also indicated above the exons by *P<0.05, **P<0.01, and 
***P<0.001, and darker shades represent stronger selection signals. The region that demarks the C-type lectin domain also demarks  

 at UNIV PIEMORIENTAA VOGADRO on August 20, 2013http://circgenetics.ahajournals.org/Downloaded from 

http://circgenetics.ahajournals.org/


Predazzi et al  LOX-1, Pleiotropy, and Variable Selection  303

C

5 642 31
5’ 3’

2

2

4

0

Tajima’s D

*
***

5 642 31

5’

D

3’

2

2

4

4

0

Tajima’s D

** **

Figure 2. (continued) what we refer to as the LD block (between SNPs rs12822177 and rs11615002). Markers: 1=rs2742110, 
2=rs11053654, 3=rs2634162, 4=rs2742113, 5=rs2742114, 6=rs2742115, 7=rs16910917, 8=rs3741860, 9=rs3912640, 10=rs11611453, 
11=rs11611438, 12=rs2010655, 13=rs11053649, 14=rs6488265, 15=rs11053648, 16=rs12822177, 17=rs11053646, 18=rs3736232, 
19=rs3736233, 20=rs3736234, 21=3736235, 22=rs3816844, 23=rs2634156, 24=rs12309394, 25=rs1050283, 26=rs10505755, 
27=rs1050286, and 28=rs1050289 (A–C). Polymorphisms in chimpanzees have no rs numbers.
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has more likely been shaped by positive selection in response 
to early onset diseases such as those because of infectious 
agents. Balancing selection could also be caused by heterozy-
gote advantage. However, our data are insufficient to directly 
address this possibility.

This and previous physiological and immunological studies 
support a likely role for balancing selection in humans, but the 
case in nonhuman primates is less obvious. Clearly, our inter-
specific analyses provide support for ancestral positive selec-
tion, but functional data in nonhuman primates are lacking. 
Therefore, it is impossible to infer exactly what the biological 
role of these variants is in nonhuman primates. Nonetheless, 
the analyses clearly provide support to the idea that the poly-
morphisms in intron 4 confer differences based on variable 
selective effects between species. However, the exact variants 
cannot be determined because they are not directly function-
ally comparable between humans and primates.

Our data provide a unique perspective on the role of selec-
tion in a gene that has multiple and putative antagonistic roles, 
indicating that future studies examining the phenotypic role 
of OLR1 might best be focused on the region where we found 
evidence of selection. In addition, we argue that association 
studies with OLR1 will need to adjust for ethnicity because the 
patterns of selection vary by population. Pleiotropy leading 
to a complex signature of selection may play out differently 
depending on the environmental context and may provide a 
paradigm for genes, such as OLR1, that confer risk for mul-
tiple diseases.

In summary, the results suggest that antagonistic pleiotropy 
may obscure genetic associations between coronary artery 
disease and OLR1, a gene whose multiple functions influence 
diverse, antagonistic, or competing biological processes. 
For example, atherogenesis is affected by both immunity 

and oxidized low-density lipoprotein internalization. In 
addition, the 2 variants, LOX-1 and LOXIN, affect at least 
one of these processes antagonistically. Nonetheless, our 
data are consistent with the concept that evolution shapes 
genetic structure differently in relatively short-lived human 
populations with a high pathogen load (eg, developing world 
populations), where there is likely to be strong selection for 
the variant that increases the proportion of LOX-1 product 
compared with populations in the developed world with 
access to quality care and nutrition. In the latter, environment 
infection may not provide a large selective pressure, allowing 
LOXIN to increase in frequency. In both cases, changing 
patterns of allelic variation may over the long-term reduce 
power to detect phenotype association in some, but not all 
populations. Antagonistic roles may also drive balancing 
selection in some populations, further masking effects on 
disease, especially when separate phenotypes are being 
assessed, such as myocardial infarction, stroke, or carotid 
intima-media thickness (Table I in the online-only Data 
Supplement). These complex biological roles may explain 
why functional studies on LOX-1 have clearly explained its 
role in the pathogenesis of coronary artery disease, whereas 
epidemiological studies have produced inconsistent and at 
times opposite outcomes.

Our data showing complex patterns of selection in OLR1 sup-
port the argument that environmentally dependent antagonis-
tic pleiotropy is likely to affect the pattern of genetic variation 
in this gene, and hence association results as such studies are 
impacted by allelic distributions and patterns of LD. Therefore, 
assessing patterns of selection can identify genes, such as OLR1, 
for which knowledge of function is key to defining disease risk 
because they may be more sensitive to gene–environment inter-
actions than those with simpler patterns of selection.

Table 2. Intraspecific Selection Analyses in Humans and Chimpanzees by Region of the Gene OLR1

Species Population/Region Tajima’s D

Fu and Li Population 
Differentiation (F

st
)D F

Humans

 Homo sapiens CEU–overall 3.54*** 1.84** 3.00** 0.117***

 Homo sapiens YRI–overall 1.77 1.40 1.84*

 Homo sapiens CHB+JPT–overall 3.50*** 1.83** 3.01**

 Homo sapiens CEU–LD block 3.49*** 1.41 1.84* 0.270***

 Homo sapiens YRI–LD block 0.89 0.81 1.01

 Homo sapiens CHB+JPT–LD block 2.37* 1.34 2.05**

 Homo sapiens CEU–non-LD block 2.88** 1.58* 1.58* 0.080***

 Homo sapiens YRI–non-LD block 2.30* 1.41 2.06*

 Homo sapiens CHB+JPT–non-LD block 3.70*** 1.45 2.76**

Chimpanzees

 Pan troglodytes 5′UTR+exon 1 −2.381** −3.60** −3.77** …

 Pan troglodytes Intron 4 −1.947* −2.19 −2.45 …

 Pan troglodytes Exon 5 −1.012 1.60 1.32 …

 Pan troglodytes Exon 6′+3′UTR −1.821* −2.58* −2.74* …

For human populations, population stratification indexes are also reported.
CEU indicates Caucasian European; LD, linkage disequilibrium; SNP, single-nucleotide polymorphisms; and UTR, untranslated region.
*P<0.05, **P<0.02, and ***P<0.001. LD block refers to the SNPs between rs12822177 and rs11615002, and non-LD block refers to all the SNPs in OLR1 that are 

out of that region.
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Experimental Procedures

Samples
A total of 48 samples were collected and sequenced from human 
and nonhuman primates, covering 12 species. The 3 human 
samples used were deidentified. An additional 6- reference 
sequence, 1 each from Homo sapiens, P. troglodytes, Pongo 
pygmaeus, Nomascus leucogenys, Macaca mulatta, and Cal-
lithrix jacchus, was downloaded from the Ensembl database. 
Details regarding the samples are presented in Table IV in the 
online-only Data Supplement. DNA was extracted from blood 
samples using the phenol–chloroform method.14

Amplification and Sequencing
Primers were designed using conserved regions of the Ensembl 
6 primate alignment (http://www.ensembl.org/Homo_sapiens/
Gene/Compara_Alignments?align=511&db=core&g=ENSG
00000173391&r=12%3A10310902-10324737). At least 50 
bp of flanking intronic sequence were included in all exon 
amplimers. The entirety of intron 4 was amplified because 
previous data suggested that it included a variant that affected 
alternative splicing. Primer sequences and reaction conditions 
for all the primers used are shown in Table V in the online-
only Data Supplement, and the amplified regions are shown 
in Figure II in the online-only Data Supplement. Amplifica-
tion reactions were performed with Taq Platinum according 
to the manufacturer’s protocols (Invitrogen). Each fragment 
was sequenced in both the forward and reverse directions. 
Sanger sequencing was performed in the Vanderbilt Univer-
sity Genome Resources Core.

Tests for Ancient Selection on Coding and 
Noncoding Regions
We tested for ancient selection in both coding and noncoding 
regions of 2 different taxon sets. The coding region contained 
exons 1, 2, 3, 4, 5, and 6. The noncoding region sequence con-
tained intron 4. The first taxon set (primate data set) included 
a single sequence from each of 12 different primate species, 
whereas the second taxon set (human-chimp data set) included 
4 human sequences and 17 de novo chimpanzee sequences.

Sequence Alignment
All coding sequence alignments were performed in protein 
space using the MAFFT software, version 6.81115,16 and back-
translated to codons using the PAL2NAL software,17 whereas 
all noncoding sequence alignments were performed in nucleo-
tide space using the MAFFT software, version 6.811.15,16

Test for Ancient Selection in Coding Regions
We tested the coding region of the primate data set for evi-
dence of positive selection by estimating the ω ratio of the 
nonsynonymous substitution rate (d

N
) to the synonymous sub-

stitution rate (d
S
) using the CODEML module from the PAML 

software package, version 4.4.18 To do so, we first evaluated 
the log likelihood of the null M1a model, which allows codon 
sites to exhibit variable selective pressure but no positive 
selection. Under M1a, ω values at different codon sites can 
belong to 1 of 2 categories: sites in the first category have 
ω values that range >0 but <1 (and are assumed to be under 

purifying selection), whereas sites in the second category have 
ω values equal to 1 (and are assumed to be neutral). We then 
compared the log likelihood of the M1a model with that esti-
mated by the alternative model M1b, which allows codon sites 
to exhibit variable selective pressure with positive selection. 
Under M1b, ω values at different codon sites can belong to 1 
of 3 categories: sites in the first category have ω values that 
range between 0 and 1 (and are assumed to be under purifying 
selection), sites in the second category have ω values equal 
to 1 (and are assumed to be neutral), and sites in the third 
category have ω values >1 (and are assumed to be products of 
positive selection).

Test for Ancient Selection in Noncoding Regions
We tested the noncoding primate data set for evidence of 
positive selection by estimating the ζ ratio using the batch file 
developed by Olivier Fedrigo19 for use with the HyPhy software 
package, version 2.0.20 The ζ ratio is similar in concept to the ω 
ratio. To assess whether a noncoding region is evolving under 
purifying selection, neutrally, or under positive selection, 
it compares the ratio of the substitution rate of a noncoding 
region (d

NONCODING
) relative to the substitution rate of the 

synonymous sites from the adjacent coding region (d
S
), which 

are assumed to be evolving neutrally.21,22 Similar to the coding 
region tests, we first evaluated the log likelihood of the null 
model (noncoding M1a or ncM1a), which allows noncoding 
sites to exhibit variable selective pressure but no positive 
selection. Under ncM1a, ζ values at different sites can belong 
to 1 of 2 categories: sites in the first category have ζ values 
that are >0 but range between 0 and <1 (and are assumed to be 
under purifying selection), whereas sites in the second category 
have ζ values equal to 1 (and are assumed to be neutral). We 
then compared the log likelihood of the ncM1a model relative 
to that estimated by the alternative model (noncoding M1b 
or ncM1b), which allows sites to exhibit variable selective 
pressure with positive selection. Under ncM1b, ζ values at 
different sites can belong to 1 of 3 categories: sites in the first 
category have ζ values that range from 0 to 1 (and are assumed 
to be under purifying selection), sites in the second category 
have ζ values equal to 1 (and are assumed to be neutral), and 
sites in the third category have ζ values >1 (and are assumed to 
be undergoing positive selection).

Tests for Intraspecific Selection
Genotype data for SNPs spanning the whole gene 
(chr12:10 202 166–10 216 057) were downloaded from the 
HapMap database available at http://hapmap.ncbi.nlm.nih.
gov/cgi-perl/gbrowse/hapmap24_B36/#search server. The 
considered populations were the Chinese (Han Chinese from 
Beijing, 45 unrelated Han Chinese from Beijing, China), 
Japanese (Japanese from Tokyo, 45 unrelated Japanese from 
Tokyo, Japan), Nigerian (Yoruba from Ibadan, 30 Yoruba 
mother–father–child trios from Ibadan, Nigeria), and Euro-
pean (Caucasian European, 30 mother–father–child trios 
from the CEPH collection Utah residents with ancestry from 
Northern and Western Europe) from the second release of the 
project. Offspring genotypes were removed to analyze only 
unrelated subjects. Formatted files were submitted to the Phase 
v2.1.1 software for haplotype reconstruction.23–25 Analysis of 
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molecular variance and Tajima’s D was then computed using 
Arlequin 2.0 version.26,27 Through analysis of molecular vari-
ance, we calculated F

st
, which is a measure of how genetic 

variation is partitioned within versus among populations, and 
therefore serves as a means to discern genetic differences 
among populations. SNPs used in these analyses are listed in 
Table VI in the online-only Data Supplement.

In a second phase of the analysis, the haplotypes were split 
into 2 regions: the LD block that includes intron 4 and the 
rest of the gene. Analyses were then repeated in these regions 
separately and compared (Figure 1 and Table VI in the online-
only Data Supplement).

Analyses on humans were also replicated in the samples 
from the 1000 genomes project (Table III in the online-only 
Data Supplement). We used data from 55 Tuscans from Italy; 
86 Great Britains from both England and Scotland; 92 Finnish 
from Finland; 86 Yoruba from Ibadan, Nigeria; 58 African 
Americans from the Southwest; 99 Southern Han Chinese; 
97 Han Chinese from Beijing, China; and 88 Japanese from 
Tokyo, Japan. Unfortunately, only 4 sequences from the 
Caucasian European populations were available for this gene 
region and were excluded from our analyses.

Tajima’s D was also calculated on 18 P. troglodytes 
sequences using the DNAsp software, version 5.10.01.28 
Tajima’s D was calculated separately for different regions 
(overall coding region including all exons, 5′ untranslated 
region and exon 1, exon 2 and surrounding intronic region, 
exon 3 and surrounding intronic region, exon 4 and upstream 
region, exon 4, exon 6, and surrounding region, and 3′ untrans-
lated region). In all cases, significance of selection was deter-
mined using a P value cutoff of 0.05.

Phylogenetic Analysis
We estimated the evolutionary history of both coding and 
noncoding regions of all sequences from all taxa using the 
maximum likelihood optimality criterion, as implemented in 
the RAxML software, version 7.2.6.29 The maximum likeli-
hood estimates of the phylogenies of both sets of sequences 
were obtained, assuming a general time reversible model of 
nucleotide evolution, empirically measured nucleotide fre-
quencies, and allowing for rate heterogeneity across sites. 
The appropriate number of bootstrap replicates was assessed 
through the frequency-based stopping criterion implemented 
in RAxML.30 Because the maximum likelihood estimates 
of the evolutionary history of both coding and noncoding 
regions may differ from the standard species phylogeny,31,32 
we evaluated whether each of the maximum likelihood trees 
was significantly different from the species phylogeny using 
the Shimodaira–Hasegawa test,13 as implemented in RAxML.
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CLINICAL PERSPECTIVE
The region spanning intron 4 to the 3′ untranslated region of the lectin-like oxidized lipoprotein receptor 1 gene (OLR1) is 
under divergent patterns of selection in different primates, with positive selection in nonhuman primates, especially chim-
panzees, and balancing selection in humans, with different patterns in different populations. Intron 4 sequences regulate 
alternative splicing, especially loss of exon 5 and production of a truncated isoform, called LOXIN. The proteins encoded by 
the 2 transcripts have opposing roles in disease because lectin-like oxidized lipoprotein receptor 1 binds both oxidized low-
density lipoprotein and bacterial cell wall proteins, the first favoring cardiovascular disease and the second protecting from 
infection, whereas LOXIN binds neither. A lower LOXIN/lectin-like oxidized lipoprotein receptor 1 ratio has been reported 
in subjects with coronary artery disease compared with controls, but no clear correlation between OLR1 polymorphisms 
and disease was found in >20 genetic epidemiological studies, leading to uncertainty about the role of OLR1 in human ath-
erosclerosis. Our work provides evidence that genes related to multiple complex traits can be subject to different and even 
antagonistic selection pressures depending on environmental variation and that this phenomenon underlies our inability to 
detect or validate strong genotype–disease associations. Therefore, biological function may be shrouded by complicated 
evolutionary histories that will need to be considered before dismissing the role of genes affecting disease because of lack 
of validation in different studies.
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SUPPLEMENTAL MATERIAL 

Supplemental Figure 1: Phylogenetic trees of coding (a) region and intron 4 (b)  
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Supplemental Figure 2: schematic of the analyzed regions of OLR1 gene 
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Supplemental Table S1. List of association studies on OLR1 SNPs and disease (CAD: coronary 
artery disease, AMI: acute myocardial infarction, ACS: acute coronary syndrome) 

Reference Phenotype Study design Sample number GCAAGC 
haplotype 

N (Asn) variant

Luedecking-Zimmer et al 
2002 1 

Alzheimer Case control 800 vs 700 Dependent on 
APOE*41 

--- 

Lambert et al 2003 2 Alzheimer Case control 589 vs 663 Risk --- 

Bertram et al 2004 3 Alzheimer Family based 437 families (1439 
subjects) 

No association --- 

Colacicco et al 2009 4 Alzheimer Case control 169 vs 264 Risk --- 

Mango et al 2003 5 CAD, AMI Case control 103 vs 150 Protective Protective 

Tatsuguchi et al 2003 6  AMI Case control 102 vs 102 --- Risk 

Ohmori et al 2004 7 CAD severity Case control 167 vs 39 vs 419 --- Protective 

Sentinelli et al 2006 8  CAD Case control 351vs 251 No association --- 

Knowles et al 2008 – 
ADVANCE 9 

AMI Case control 1200 vs 1045 Protective Protective 

Knowles et al 2008 – ARIC 9 AMI Case control 1156 vs 8702 Risk --- 

Trabetti et al 2006 10 CAD, AMI Case control 190 vs 160 vs 327 No association Protective 

Puccetti et al 2007 11 Statin 
effectiveness 

Cohort 751 Protective --- 

Puccetti et al 2011 12 Statin 
effectiveness 

Cohort 1039 Protective --- 

Morgan et al 2007 13 AMI mortality Cohort 811 --- No association 

Chen et al 2003 14 Stenosis gravity Case-control 227 vs 150 vs 206 Protective --- 

Wang et al 2010 15 ACS Case-control 198 vs 204 Risk No association 

Hou et al 2008 16 Hypertension Case-control 280 vs 284 --- Risk 

Hattori et al 2006 17  Ischemic stroke Case-control 274 vs 274 --- No association 

Wang et al 2011 18 Carotid plaque 
phenotypes 

Case-control 134 vs 153 --- Risk 

Predazzi et al 2012 19 IMT Cohort 2200 --- Risk 

Sciacqua et al 201220 Hypertension Case-control 178 vs 36 Protective --- 

Gu et al 201221 Conventional 
factors for CAD 

Cohort 1075 No association --- 
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Supplemental Table S2. Ancient inter-specific selection on intron 4 (Neg = Negative selection, Neu = Neutrality, Pos = Positive selection) 

 

 

 

1posterior probability of type of selection 

 Bayes Empirical 
Algorithm1 

Naïve Empirical Bayes 
Algorithm1 

Intron 4 sequence 

Site Neg Neu Pos Neg Neu Pos H. 
sapie

ns 

P. 
troglodyt

es 

P. 
paniscu

s 

G. 
gorilla 

P. 
pygmaeu

s 

N. 
leucogenys 

M. 
sphinx 

P. 
cynocephalus 

M. 
mulatta 

M. 
nemestina 

M. 
assamen

sis 

C. 
jacch

us 
46 0.047 0.428 0.526* 0 0.438 0.562* T T T T T C C C C C C T 
55 0.047 0.427 0.526* 0 0.433 0.567* T T T T T T G G G G G A 
112 0.004 0.068 0.927* 0 0.054 0.946* T T T A G G T T T T T G 
180 0.036 0.327 0.636* 0 0.321 0.680* C C C C G C G G G G G - 
207 0.003 0.056 0.941* 0 0.046 0.954* G A A G A G A A A A A - 
219 0.046 0.402 0.553* 0 0.404 0.596* T T T T T T T C T C T T 
224 0.001 0.014 0.986* 0 0.010 0.991* G G G A G G A G A G A G 
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Supplemental Table S3. Results of intra-species analyses in human samples from the 1000 genomes 
project (TSI, Toscani in Italia; GBR, British in England and Scotland; FIN, Finnish in Finland; 
YRI, Yoruba in Ibadan, Nigeria; PUR, Puerto Ricans from Puerto Rico; ASW, African American 
Southwest; CHS, Southern Han Chinese; CHB, Han Chinese in Bejing, China; JPT, Japanese in 
Tokyo, Japan). Significant reusults are in RED. 

  Tajima’s D 
  European Ancestry Admixed 

Ancestry 
Western 
African 
Ancestry 

Asian Ancestry 

Variant Region TSI GBR FIN PUR ASW YRI CHS CHB JPT 
rs2171602 LD block 2.080* 1.117 1.601 0.997 0.709 0.15 1.494 1.443 1.34 
rs7964641 LD block 0.008 0.195 -0.136 -0.137 -0.442 -0.126 1.054 1.017 -0.132 
rs10505755 LD block 1.546 0.71 1.401 1.317 -0.429 -0.68 0.4724 0.435 0.345 
rs2634156 LD block 2.283* 2.158* 2.097* 0.933 0.123 -0.325 1.557 0.914 1.311 
rs3816844 LD block 2.685* 2.614* 1.893 2.414* 0.863 -0.081 0.539 1.499 1.311 
rs34807991 LD block 1.447 0.889 0.903 1.274 -0.351 -0.608 1.27 1.245 1.199 
rs35146920 LD block 2.525* 1.604 1.651 1.042 0.435 -0.273 1.464 1.41 1.235 
rs2634159 LD block  0.279 1.163 1.093 0.039 -0.549 1.092 0.833 0.846 0.18 
rs34970770 LD block 1.093 1.635 0.661 0.09 0.058 -0.6251 1.464 1.411 1.235 
chr12:103176331 LD block -0.794 -0.402 -1.254 -1.201 -1.386 -1.212 0 0 -1.109 
rs35827587  Non LD block 0 -1.215 -1.215 -0.96 -0.9 -0.745 -1.029 -1.031 -1.042 
rs34163097  Non LD block 0.035 0.434 0.388 -1.011 -0.63 -0.291 1.362 0.821 1.56 
rs35567600 Non LD block -1.092 -0.977 -0.974 -1.135 -1.336 -1.07 0 -1.092 -1.042 
rs35492478 Non LD block -0.21 0.499 0.569 0.298 -0.006 0.502 2.406* 0.92 0.895 
chr12:103211971 Non LD block 0.179 -0.385 -0.179 -0.59 -0.186 0.627 1.781 1.774 -0.568 
rs16910917 Non LD block -0.736 -0.832 -0.787 -0.603 -0.729 0.19 -1.485 -1.431 -1.497 
chr12:103224841 Non LD block -0.51 1.238 1.558 -0.592 -1.081 -0.757 -0.504 -0.513 1.773 
chr12:103231561 Non LD block 0.231 1.059 0.587 0.276 -0.31 0.781 1.195 2.302* 2.246* 
chr12:103240571 Non LD block -0.005 0.085 -0.131 -0.738 -1.231 -1.185 -0.157 0.468 -0.126 
rs35553961 Non LD block 0.212 0.126 -0.416 -0.464 -1.051 -0.694 0.299 -0.199 0.26 
chr12:103250771 Non LD block 0 0 -1.037 -1.393 -1.633 -1.701 0 0 0 
rs2742112 Non LD block 1.284 1.61 -0.225 0.255 0.559 -0.148 0.472 0.469 0.432 
*Sites that show evidence of balancing selection 

1(Human genome Reference Sequence NCBI36)22. 
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Supplemental Table S4. List of species and samples used for sequence analyses 

Sample Number (n)  Species Time since last common 
ancestor 

5 (5 de novo1) Bonobo Pan paniscus 2 MYA2 

18 (17 de novo + Ensembl 
Refseq) 

Chimpanzee Pan troglodytes 

4 (3 de novo + Ensembl 
Refseq) 

Human Homo sapiens 6 MYA 

3 (3 de novo) Gorilla Gorilla gorilla 7 MYA 
7 (6 de novo + Ensembl 
Refseq) 

Orang Pongo pygmaeus 14 MYA 

1 (Ensembl Refseq) Gibbon Nomascus leucogenys 18 MYA 
1 (Ensembl Refseq) Macaque Macaca mulatta 25 MYA 
1 (de novo) Macaque Macaca nemestina 
1 (de novo) Macaque Macaca assamensis 
2 (2 de novo)  Mandrill Mandrillus sphinx 
1 (1 de novo) Baboon Papio cynocephalus 
1 (Ensembl Refseq) Marmoset Callithrix jacchus 40 MYA 

1Sequenced for this project as denoted in Supplemental Figure 3 
2MYA equals millions of years ago 
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Supplemental Table S5. List of primers used for amplification and sequencing reactions and 
amplicon characteristics 

Primer Name Region  Amplified Sequence Amplicon 
size 

Annealing 
T 

F1 Exon 1  
 

ATTCTAAAATCACCCAGGAC 776 56 
R1 TCCCATACTTGGGTGTTTAG 
F2  

Exon 2 
 

CAGGCTCTCTGCACTGTGGA 1213 57 
R2 GCCTCTCAGATGATCTTGGA 
R2 - Macaques GCCTCTCAGATGATCTTGGA 
F3  

Exon 3  
CCTGGAGGGATTTTTATTTGG 998 57 

F3 - Macaques CCTGGAGGGATTTTTATCTGG 
R3 GCCTGTTCAATATGGCAAAAC
R3 - Macaques GCCTGTTCAATATGGTAAAAC 
F4 - Humans  

Exon 4, Intron 4 and 
Exon 5 
 

TTCTCCCAACCCTCACTTTC 1042 56 
F4 - Chimps TTCTCCCAGCCCTCACTTTC 
F4 - Orangs TTCCTCCAACCCTCACTTTC 
F4 - Macaques TTCCCCCAACCCTCACTTTC 
R4 GTGGGGCATCAAAGGAGAA 
F5 Exon 4, Intron 4 and 

Exon 5 (nested) 
AGGAATTCTTGTTTGAGAG 

R5 CTCTCAAACAAGAATTCCT 
F6 Exon 6 Forward CCCATTCTTTTTGATGCCTC 1005 55 
R6 Exon 6 Reverse AGTGGTAGAGTCTGGAGATG 
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Supplemental Table S6. List of Hapmap SNPs used for the analysis 

SNP REGION CEU CHB JPT YRI ANALYSIS 
rs11615002 3’UTR 0.5 0.5 0.8 0.2 0.8 0.2 0.9 0.1 LD Block1

rs11609310 3’UTR 0.5 0.5 0.8 0.2 0.8 0.2 0.9 0.1 LD Block 
rs12231578 3’UTR 0.5 0.5 0.8 0.2 0.8 0.2 0.9 0.1 LD Block 
rs12231585 3’UTR 0.5 0.5 0.8 0.2 0.8 0.2 0.9 0.1 LD Block 
rs3994135 3’UTR 0.5 0.5 0.8 0.2 0.8 0.2 0.9 0.1 LD Block 
rs11053645 3’UTR 0.1 0.9 0.2 0.8 0.2 0.8 0.2 0.8 LD Block 
rs7964641 3’UTR 0.9 0.1 1 0 0.9 0.1 0.4 0.6 LD Block 
rs1050286 3’UTR 0.5 0.5 0.8 0.2 0.8 0.2 0.9 0.1 LD Block 
rs1050283 3’UTR 0.5 0.5 0.8 0.2 0.8 0.2 0.8 0.2 LD Block 
rs1050289 3’UTR 0.1 0.9 0.1 0.9 0 1 0 1 LD Block 
rs12309394 Int 5 1 0 1 0 1 0 0.8 0.2 LD Block 
rs2634156 Int 5 0 1 0 1 0 1 0.1 0.9 LD Block 
rs3816844 Int 5 0.5 0.5 0.8 0.2 0.8 0.2 0.9 0.1 LD Block 
rs3736235 Int 4 0.5 0.5 0.8 0.2 0.8 0.2 0.9 0.1 LD Block 
rs3736234 Int 4 0.5 0.5 0.8 0.2 0.8 0.2 0.9 0.1 LD Block 
rs3736233 Int 4 0.5 0.5 0.8 0.2 0.8 0.2 0.9 0.1 LD Block 
rs3736232 Int 4 0.5 0.5 0.8 0.2 0.8 0.2 0.9 0.1 LD Block 
rs11053646 ex4 (K167N) 0.9 0.1 0.8 0.2 0.8 0.2 0.8 0.2 LD Block 
rs12822177 Int 3 0.5 0.5 0.8 0.2 0.8 0.2 0.9 0.1 LD Block 
rs11053648 Int 3 0.5 0.5 0.8 0.2 0.8 0.2 0.9 0.1 Not in LD Block  
rs2742109 Int 3 1 0 1 0 1 0 1 0 Not in LD Block  
rs6488265 Int 3 0.4 0.6 0.8 0.2 0.8 0.2 0.5 0.5 Not in LD Block  
rs11053649 Int 3 0.5 0.5 0.8 0.2 0.8 0.2 0.9 0.1 Not in LD Block  
rs2010655 Int 3 0.6 0.4 0.5 0.5 0.4 0.6 0.4 0.6 Not in LD Block  
rs11611438 Int 3 0.1 0.9 0.2 0.8 0.2 0.8 0 1 Not in LD Block  
rs11611453 Int 3 0.1 0.9 0.2 0.8 0.2 0.8 0 1 Not in LD Block  
rs3912640 Int 2 0.3 0.7 0.5 0.5 0.6 0.4 0.6 0.4 Not in LD Block  
rs3741860 Int 2 1 0 1 0 1 0 1 0 Not in LD Block  
rs2742118 Int 2 0 1 0 1 0 1 0 1 Not in LD Block  
rs2742117 Int 2 1 0 1 0 1 0 1 0 Not in LD Block  
rs2634161 Int 2 1 0 1 0 1 0 1 0 Not in LD Block  
rs12316417 Int 2 1 0 1 0 1 0 1 0 Not in LD Block  
rs2742116 Int 2 1 0 1 0 1 0 1 0 Not in LD Block  
rs2742115 Int 1 0.7 0.3 0.5 0.5 0.4 0.6 0.8 0.2 Not in LD Block  
rs2742114 Int 1 0.7 0.3 0.5 0.5 0.4 0.6 0.4 0.6 Not in LD Block  
rs2742113 Int 1 0.3 0.7 0.5 0.5 0.6 0.4 0.6 0.4 Not in LD Block  
rs2634162 Int 1 0.7 0.3 0.5 0.5 0.4 0.6 0.8 0.2 Not in LD Block  
rs11053654 Int 1 0.5 0.5 0.2 0.8 0.2 0.8 0.1 0.9 Not in LD Block  
rs2634163 5’UTR 1 0 1 0 1 0 1 0 Not in LD Block  
rs12308385 5’UTR 0 1 0 1 0 1 0 1 Not in LD Block  
rs2742111 5’UTR 1 0 1 0 1 0 1 0 Not in LD Block  
1 LD block as shown in Figure 1 (main text). 
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