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Positive Selection on MMP3 Regulation 
Has Shaped Heart Disease Risk 

lations. How these factors conspire to generate the ob-
served distribution of phenotypes—whether variation is 
disproportionately due to mutational hot spots, whether 
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University College London in the heart disease gene MMP3, encoding the matrix 
metalloproteinase stromelysin, to determine whether Gower Sreet 

London WC1E 6BT the phenotypic variation resulting from this polymor-
phism represents ordinary neutral variation or whether United Kingdom 
it is instead a mutational hot spot or a target for selec-
tion. The polymorphism is one of the best-characterized 
functional variants in humans, both at the biochemical Summary 
and organismal level, and its study therefore offers a rare 
opportunity to bridge the disconnect between molecular Background: The evolutionary forces of mutation, natu-
and phenotypic evolution. ral selection, and genetic drift shape the pattern of phe-

Biochemical and clinical studies have established the notypic variation in nature, but the roles of these forces 
functional importance of the MMP3 5T/6T polymor-in defining the distributions of particular traits have been 
phism, 1608 bp from the gene’s transcription start site hard to disentangle. To better understand the mecha-
(dbSNP rs3025058). The polymorphism falls in a region nisms contributing to common variation in humans, we 
bound by at least three different protein complexes, investigated the evolutionary history of a functional poly-
which contain the zinc-finger transcription factor ZNF148 morphism in the upstream regulatory region of the MMP3 
and the NF-B dimers p50/p50 and p50/p65 [1, 2]. The gene. This single base pair insertion/deletion variant, 
transcriptional effects of these proteins are mediated which results in a run of either 5 or 6 thymidines 1608 
by protein-protein interactions between TCF20, which bp from the transcription start site, alters transcription 
binds an adjacent element, and JUN, which binds in the factor binding and influences levels of MMP3 mRNA and 
proximal promoter, near the transcription start site [3]. protein. The polymorphism contributes to variation in 
The 5T allele binds with lower affinity than the 6T allele arterial traits and to the risk of coronary heart disease 
to at least one transcription complex, now identified as and its progression. 
the p50/p50 NF-B dimer [1, 4]. In reporter assays in Results: Phylogenetic and population genetic analysis 
cultured cells, the 5T allele drives higher levels of ex-of primate sequences indicate that the binding site re-
pression than the 6T allele [4, 5], implying that p50/p50 gion is rapidly evolving and has been a hot spot for 
acts as a transcriptional repressor, perhaps by interfer-mutation for tens of millions of years. We also find evi-
ing with ZNF148, whose overexpression upregulates dence for the action of positive selection, beginning 
MMP3 transcription [2], or by competing with p65/p50 approximately 24,000 years ago, increasing the fre-
heterodimers. The effect of the polymorphism seen in quency of the high-expression allele in Europe but not 
reporter assays has been confirmed by a strong associa-elsewhere. Positive selection is evident in statistical 
tion between 5T genotype and levels of both MMP3 tests of differentiation among populations and haplo-
transcript and protein in vivo [6, 7]. type diversity within populations. Europeans have greater 

Allelic differences in MMP3 transcription translate into arterial elasticity and suffer dramatically fewer coronary 
measurable differences in phenotypes, both in health heart disease events than they would have had this 
and in disease. MMP3 breaks down extracellular matrix selection not occurred. 
components and plays a critical role in vascular tissue Conclusions: Locally elevated mutation rates and strong 
remodeling, mediating the balance between matrix ac-positive selection on a cis-regulatory variant have shaped 
cumulation and degradation. This balance is best char-contemporary phenotypic variation and public health. 
acterized with respect to arterial phenotypes, where 
significant associations between 5T genotype and char-

Introduction acteristics of the carotid and coronary arteries of healthy 
individuals, including elasticity and thickness of the arte-

The genetic basis of human variation must ultimately be rial walls, have been found repeatedly [7–10]. Unsurpris-
due to mutation, natural selection, and demographic ingly, the MMP3 polymorphism is implicated in heart 
factors such as migration and genetic drift in small popu- disease. The low expression allele, on the matrix accu-

mulation side of the balance, is implicated in risk of 
coronary artery disease, characterized by the buildup *Correspondence: mrockman@duke.edu 
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Figure 1. Alignment of the Functional Region around the –1608 SNP (*) Shows Its Rapid Evolution 

Each unique allele is shown. A shared polymorphism is indicated by arrowheads, and a mutation likely to affect ZNF148 binding is indicated 
by stars. The transcription factor binding sites characterized biochemically in humans [1, 2, 4, 58, 59] are indicated above the alignment. 
Relationships among the species are shown by the phylogeny to the left of the alignment (branch lengths are arbitrary). 

of atherosclerotic plaque, and in its progression and Experimental Procedures), is greater than the rate of 
such events in the remainder of the 1.8 kb cis-regulatory recurrence (as restenosis) after treatment [4, 5, 11–18]. 
region by a factor of 70, and the nucleotide substitution Yet, because MMP3 is expressed by macrophages 
rate is elevated by a factor of 3. within the atherosclerotic plaques typical of coronary 

The elevated level of variation observed in this func-artery disease [19], the high expression allele, by de-
tionally important region may be attributed to either in-grading matrix, promotes plaque instability or rupture, 
creased maintenance of variation (balancing selection) and thus myocardial infarction and aneurysm [5, 20–22]. 
or increased input of variation (hypermutation). The un-The importance of the MMP3 balance in heart disease is 
usual pattern of shared states, such as a C/T polymor-corroborated by results from an atherosclerotic mouse 
phism segregating at a homologous site (Figure 1, ar-model: inactivation of MMP3 in these mice increases 
rowheads) in both gorilla and baboon, is consistent with atherosclerotic plaque accumulation while reducing an-
variation being maintained over long periods of time by eurysm [23]. 
balancing selection. To test this model, we generated We investigated the evolution of the MMP3 polymor-
a phylogeny of 1.8 kb promoter haplotypes representing phic region, in both phylogenetic and population genetic 
multiple alleles from the great apes and baboons and contexts, to understand how mutation, selection, and 
determined that the intraspecific variation is of recent demography contribute to phenotypic variation in health 
origin; the shared polymorphisms do not occur on and disease. We show that both genomic variation in 
shared haplotypes, even over distances of tens of nucle-mutation rates and geographic variation in selective re-
otides, implying recurrent mutation and not long term gimes have influenced MMP3 regulation and shaped 
maintenance (Figures 1 and 2A). common variation in complex traits. 

Empirical support for elevated mutation rates comes 
from studies of somatic mutation. DNA mismatch-repair 

Results defects causing microsatellite instability are known to 
result in elevated somatic mutation rates precisely in 

Rapid Evolution and Elevated Polymorphism the TnCn region of the MMP3 promoter [24]. While the 
Among Primates normal segregating variation at this locus in humans 
We first characterized the region around the polymor- involves only one base pair, the phylogenetic and so-
phic site in nonhuman primates, including chimpanzee matic mutation data indicate that this locus behaves 
(22 chromosomes), bonobo (8), gorilla (2), orangutan as a cryptic microsatellite with respect to mutational 
(10), baboon (74), rhesus monkey (2), pigtailed macaque processes. 
(2), mustached tamarin (2), and woolly monkey (2). While Because several different protein complexes bind to 
humans are polymorphic for a run of five or six Ts, this region, the interspecific differences and polymor-
chimpanzees and bonobos possess seven Ts, gorillas phisms are likely to result in species- and allele-specific 
two, and orangutans nine to twelve. This poly-T tract is transcriptional regulation. The C to T substitution in 
the remnant of an ancient, complicated GTn repeat that chimpanzee and bonobo (and independently in orang-
survives in the Old and New World Monkeys (Figure 1). utan) at the position corresponding to human –1605 
Differences among species are also evident in the tract (Figure 1, stars) is likely to abrogate binding of the activa-
of cytosines that follows the Ts. Moreover, seven of tor ZNF148, which depends on the run of Cs for binding 
the ten sampled primate species exhibit intraspecific [2]. The ZNF148 protein sequence is identical between 
polymorphism in this TnCn region. The rate of insertion human and chimpanzee (Chimpanzee Genome Se-
and deletion events in the region, in a sample of 22 quencing Consortium, 13 Nov. 2003 assembly). Empiri-

cal support for important differences among species great ape and baboon chromosomes (see Supplemental 
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Figure 2. Evolution of the MMP3 Promoter 

(A) Maximum likelihood phylogeny of 1.8 kb 
MMP3 promoter haplotypes. 
(B) Genealogies of 11.9 kb human MMP3 hap-
lotypes, rooted by chimpanzee sequence. 
Clades characterized by the 5T allele are 
boxed. The derived position of the 5T clade 
indicates that the 5T allele arose from a 6T 
allele. 

comes from a study of gene expression in cultured pri- differentiation among populations. Under neutrality, dif-
mary fibroblasts, which found that MMP3 is expressed ferentiation reflects the demographic history of genetic 
at dramatically lower levels (6 fold) in bonobos than drift and migration, a history common to all autosomal 
in humans [25]. loci. Loci under selection, however, will show deviations 

Due to the rapid evolution of the Tn tract, the ancestral from the neutral pattern: elevated differentiation when 
state of the human promoter polymorphism cannot be selection differs among populations and reduced differ-
confidently inferred from the primate sequences. Human entiation when balancing selection maintains similar al-
haplotype data from the SeattleSNPs database, how- lele frequencies among populations [26, 27]. We com-
ever, indicate that the 5T allele arose from a 6T allele; pared genetic differentiation (measured with FST, which 
the 5T haplotypes are nested withing several clades of ranges from 0 to 1) at the 5T/6T site to that at 18 mutually 
6T-bearing haplotypes (Figure 2B). The 5T allele thus unlinked single nucleotide polymorphisms (SNPs), each 
represents an evolutionary loss of the repressive inter- chosen to be more than 200 kb from any known gene and 
action between the DNA and the p50/p50 NF-B dimer. thus unlikely to be affected by selection. The presumed 

neutral polymorphisms provide an empirical estimate of 
the FST expected in the absence of selection. An empiri-Differentiation Among Populations 
cal distribution based on candidate neutral loci is neces-We next investigated whether the functional variation 
sary both because there is no robust theoretical expec-in humans can be attributed to positive selection, or 
tation and because the fraction of loci under selection whether the mutation causing the loss of the NF-B 
is unknown, rendering random loci unsuitable for esti-binding site is neutral or weakly deleterious, subject to 
mating the tails of a neutral distribution [28]. Additionally, gradual elimination from the population. We genotyped 
analysis of random loci has shown that FSTs are on aver-the polymorphism in six human populations (Cameroon, 
age lower in coding than noncoding regions, consistent China, Ethiopia, India, Southern Italy, and Papua New 

Guinea) in order to investigate the pattern of genetic with the action of stronger purifying selection on coding 
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sequences [27]; these findings underscore the value of contrast, the African-American sample exhibits no devi-
ations from neutral expectations in any of the statistical estimating the neutral distribution from noncoding can-

didate neutral SNPs and also point to the conservatism tests. 
The observed departures from the neutral equilibrium of such an approach. The observed MMP3 frequencies 

fit the allele frequency criteria employed in our selection model may be due to selection or to nonequilibrium 
demography in the European-American sample. Euro-of neutral SNPs (see Experimental Procedures), sug-

gesting that our SNP ascertainment strategy does not peans are known to have experienced a recent popula-
tion expansion, but this demographic effect will result bias our results. As a test statistic, we considered the 

difference between the FST at MMP3 and the 18-locus in an excess of haplotypes in a sample, contrary to 
the observed pattern [33]. A dramatic bottleneck could FST for the same pair of populations. We estimated the 

neutral distribution of the test statistic by bootstrap [28]. produce a deficit of haplotypes, but such an event 
should affect both 5T and 6T haplotypes; at MMP3, only The pairwise FSTs at the  MMP3 cis-regulatory polymor-

phism (Table S1) are within the ranges attributable to the 5T allelic class shows reduced nucleotide diversity 
and overrepresentation of a single haplotype. drift, but the value for the Southern Italy-Cameroon com-

parison approaches significance (FST  0.392, p  Another way to determine whether the unusual pattern 
of variation at MMP3 is due to selection or demography 0.055). Our Southern Italian sample has the highest 5T 

allele frequency among the six populations, 0.42, yet it is to consider other loci. Because demography is shared 
among loci, while selective effects are unique to each is lower than that observed in European populations 

from further to the north, including Czech (0.48 [29]), locus, other loci sampled from the same individuals rep-
resent an empirical control for demographic effects. For Northern Italian (0.50 [17]), German (0.51 [14]), British 

(0.52 [12]), and Swedish (0.54 [29]) populations. We a random sample of 50 loci in the SeattleSNPs database, 
we calculated the P values for Hudson’s haplotype test; therefore added neutral marker data from a British popu-

lation to test whether the 5T frequency in northern Eu- because recombination varies among the loci, we incor-
porated locus-specific recombination rates into the sim-rope is higher than that expected under neutrality. The 

MMP3 5T/6T site exhibits FSTs significantly higher than at ulations. The P value for MMP3 is lower than that found 
for 48 of the 50 loci. Thus, the striking patterns at MMP3 neutral sites in pairwise comparisons between England 

and Cameroon (FST  0.365, p  0.001) and between do not appear to be genome-wide effects of demo-
graphic history but are instead locus-specific phenom-England and India (FST  0.215, p  0.015). These ele-

vated FSTs are improbable if the 5T allele is neutral or ena. It is important to note that the SeattleSNPs loci, 
unlike the loci included in our analysis of FST, are not deleterious in northern Europe; instead, they suggest a 

role for positive selection raising the local frequency of candidate neutral loci. The distribution of their P values 
is therefore a conservative control for demography, be-the derived 5T allele. 
cause the tails of the distribution are likely to contain 
genes whose departures from expectation are due to 

Haplotypic Signature of Positive Selection selection. The SeattleSNPs loci are candidate genes for 
In order to test the positive selection hypothesis, we inflammation disorders, and most of the genes have 
looked at the pattern of haplotypic variation within popu- been implicated by linkage or association in variation 
lations. We analyzed haplotypes of the MMP3 locus in disease susceptibility, which makes them probable 
sampled from healthy unrelated European- and African- targets of selection. Indeed, a systematic literature sur-
Americans in the SeattleSNPs database [30] (23 and 24 vey reveals independent evidence for positive selection 
individuals, respectively). The haplotypes span 11,903 on at least eight of the 50 genes, including those with 
bp, encompassing the full genomic extent of the MMP3 the lowest and third-lowest P values, IL4 and IL13 [28, 
transcript and 2.3 kb of flanking sequence from each 35]. All of the evidence taken together, therefore, points 
end. The SeattleSNPs data were generated by complete to natural selection acting to increase the frequency of 
sequencing of the 11.9 kb region from each sample. the 5T mutation within Europe. 

Positive selection among Europeans would result in 
a rapid increase in frequency of the 5T allele, with a 
concomitant decrease in linked variation [31]. The Euro- Allele Age 

The number of mutations arising on the 5T haplotype in pean-American sample exhibits such a pattern, with sig-
nificant deviations from neutral equilibrium indicating a Europe provides us with a means of estimating the age 

of the most recent common ancestor (MRCA) of the deficit of haplotypes (Depaulis and Veuille’s K  13, p  
0.006, and Fu’s Fs  2.57, p  0.008 [32, 33]) and a European-American 5T haplotypes [36]. The average 

branch length from the inferred MRCA of the sampled reduction in haplotype heterozygosity (Depaulis and 
Veuille’s H  0.76, p  0.00001). The pattern is due 5T haplotypes is 2.98  105 substitutions per site. From 

our primate MMP3 data, we estimate the local mutation largely to an excess of a single common 5T haplotype: 
22 of the 46 sampled haplotypes are identical, despite rate (excluding the hypermutable region) to be 1.26  

109 per site per year, yielding an MRCA age of 23,700 the presence of 35 polymorphisms in the whole sample. 
Hudson’s haplotype test [34] uses coalescent simula- years, roughly coincident with the last glacial maximum 

in Europe. The 95% confidence interval [37] encom-tions to give the probability of seeing 22 identical haplo-
types when 35 mutations are present in a genealogy of passes ages from 10,800 to 36,600 years. 

From the distributions of mutations on the European-46 samples; this test was highly significant (p  0.0095), 
supporting the model of local adaptation through a par- American 5T genealogy, and from the global occurrence 

of the mutation, we infer that the 5T mutation predated a tial or ongoing selective sweep among Europeans. In 
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change in selective regime that increased its frequency. [7]. In the study population, heterozygotes had the most 
elastic arteries. The relationship holds in both men and Under such a model, some of the mutations on 5T haplo-

types predate the inferred selection, and the ages given women and remains significant after controlling for 
known covariates. Although the phenotypic variance above are thus overestimates of the age of the selection 

event. Indeed, if we assume that only the singleton muta- within each genotypic class is large, as for any complex 
trait, point estimates of the population mean arterial tions arose after the selection event, then the age is 

estimated to be 8,600 years (2,200–17,200), which places stiffness as a function of MMP3 allele frequency can 
illustrate the predicted effect of the inferred selection it in the context of the neolithic agricultural revolution. 
event (Figure 3A). The European-derived study popula-
tion is characterized by arteries that are on average Discussion 
more elastic than would be expected in the absence of 
positive selection, other things being equal. Role of Mutation in Generating 

Direct estimates of the effects of the polymorphism Phenotypic Variation 
on disease risks suggest that they may also have been Although elevated mutation rates are known to underlie 
dramatically shifted by selection. Association studies a number of rare pathological conditions [38], the role 
have found that the derived 5T allele retards the progres-of locally elevated mutation in generating common varia-
sion of coronary artery disease while increasing the risk tion is less appreciated. A large fraction of functional 
of myocardial infarction. To illustrate the potential mag-cis-regulatory polymorphism in humans is due to micro-
nitude of the public health consequences of the inferred satellite and minisatellite variation [39]. Here, we have 
selection, we estimated the fraction of coronary heart found that phenotypically penetrant single nucleotide 
disease events—defined as sudden coronary death, polymorphisms may also be due to elevated spontane-
myocardial infarction, or coronary artery surgery—pre-ous mutation rates relating to cryptic microsatellite-like 
vented by the selected increase in 5T frequency. We DNA structure. Because the mutable MMP3 promoter 
used the genotypic relative risks estimated in the single region interacts with several protein complexes in hu-
most comprehensive study to date, a prospective study mans, its rapid evolution may imply correspondingly 
of middle-aged British men entailing almost 24,000 per-rapid evolution of DNA-protein interactions and thus 
son-years of follow-up [16]. On balance, the derived transcriptional phenotypes. The prevalence of hypermu-
allele is protective against coronary heart disease events table sites in the genetic basis of phenotypic diversity 
in this population, although among smokers there is a is an important and underexplored parameter in under-
strong interaction effect that increases myocardial in-standing the forces that generate and maintain variation 
farction risk among 5T homozygotes; this genotype by in populations and the genetic basis for evolutionary 
environment interaction has itself been replicated [20]. parallelisms [40, 41]. 
Based on the genotype-specific relative risks, we esti-The rapid evolution of the polymorphic region also 
mate that these middle-aged British men would have counsels against over-reliance on evolutionary conser-
suffered 43% more coronary heart disease events had vation as a guide to the discovery of functional cis-
the positive selection event not occurred (Figure 3B). If regulatory DNA, despite the power of that approach [42, 
the relative risks were applicable to the general British 43]. While conserved noncoding sequence is likely to 
population, one consequence of the partial selective represent functionally important regulatory DNA, the 
sweep would be a reduction by more than 50,000 in highly conserved fraction of regulatory DNA may not 
the annual mortality from coronary heart disease in the coincide with the fraction of regulatory DNA exploited 
UK [44]. by positive natural selection. Indeed, as selection acts 

What is the selective agent acting to increase the on the heritable phenotypic variation generated by mu-
frequency of the 5T allele in Europe? Most likely, the tation, regions of elevated mutation rate may represent 
arterial phenotypes we have considered are pleiotropic a disproportionate component of the genetic basis of 
side effects of selection on some other consequence, selectable variation. The cis-regulatory variants underly-
currently unidentified, of upregulated MMP3 expression ing common variation may be those least likely to be 
[45]. MMP3 has many functions, including the degrada-evolutionarily conserved. 
tion of collagens, fibronectin, laminins, and elastin, and 
the activation of other MMPs, which play critical roles 

Phenotypic Consequences of Positive Selection in cell migration, proliferation, apoptosis, wound heal-
In much of the world, the phenotypic variation attribut- ing, and morphogenesis. Models to account for selec-
able to the 5T/6T polymorphism appears to have been tion on the 5T allele must appeal to characteristics of 
shaped largely by demographic factors such as genetic the selective regime unique to Europe during and subse-
drift. In Europe, however, the evidence suggests that quent to the last Ice Age. Although coronary heart dis-
positive selection played a role in increasing the fre- ease is considered a recent phenomenon, dependent 
quency of the 5T allele. The shift in 5T frequencies on contemporary diets and behaviors, it is possible that 
shaped the physiological and morphological character- the diet of Ice Age Europeans, rich in the atherogenic 
istics of European arteries in ways that can be directly fats of large mammals, could have contributed to early 
estimated from data on associations between the MMP3 onset coronary heart disease and hence a selective ad-
promoter genotype and phenotypes in healthy individu- vantage for the high expression 5T allele. Investigations 
als [7–10]. For example, age-associated large artery into the relationship between 5T allele frequencies and 
stiffening was strongly correlated with MMP3 promoter such environmental variables as diet may help identify 

the causes of selection. genotype in a study of 203 healthy European-Australians 
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Figure 3. Consequences of Selection 

(A) Population mean age-associated large ar-
tery stiffness [7] as a function of 5T allele 
frequency. The blue and yellow zones encom-
passes the known frequencies in European 
and non-European populations, respectively. 
The blue line indicates the British allele fre-
quency (0.52), and the yellow line indicates 
the average non-European frequency (0.125), 
a proxy for the expected frequency in the 
absence of selection. 
(B) Fraction of coronary heart disease events 
among middle-aged British men attributable 
to the selection event, as a function of the 
unknown preselection 5T frequency. Nega-
tive numbers indicate that the selective shift 
decreased the incidence of events. The post-
selection 5T frequency in England is repre-
sented by the blue lines, with attributable risk 
plotted separately for smokers (upper curve) 
and nonsmokers (lower curve). For example, 
the y-coordinate of intersection of the lower 
curve and the yellow line represents the frac-
tion of coronary heart disease events due to 
the sweep among middle-aged male English 
nonsmokers, given a preselection 5T fre-
quency of 0.125. The blue zone represents 
the range of curves for different European 5T 
frequencies. 

five orangutans (Pongo pygmaeus), 37 baboons (seven savannah Conclusion 
baboons, Papio cynocephalus, from a wild population in Amboseli Our results imply that a mutation that eliminates a tran-
National Park, Kenya, and 30 guinea baboons, P. papio, from the scription factor binding site and leads to an increase in 
inbred, captive population at the Brookfield Zoo), one pigtailed ma-

gene expression has been favored by natural selection. caque (Macaca nemestrina), one rhesus monkey (Macaca mulatta), 
These results cast light on three long-standing debates one common woolly monkey (Lagothrix lagotricha), and one red-

chested mustached tamarin (Saguinus labiatus). Excluding the that converge in the study of human evolutionary func-
guinea baboons, the sampled animals are unrelated. Some Pan tional genetics: the debate in the field of molecular evo-
samples were gifts of A. Stone. Amboseli baboon samples were lution over the relative roles of neutral and advantageous 
gifts of Jeanne Altmann and Susan Alberts. Brookfield baboon sam-mutations in contributing to polymorphism and diver-
ples were provided by the Chicago Zoological Society. The other 

gence, that in medical genetics over the roles of advan- samples were purchased from the Coriell Institute (PR00002, 
tageous, neutral, and deleterious mutations in contribut- PR000253, PR00251, NG06209, NG12256, NG06939, NG05253, 

NG05251, NA04272, NA03448, NA03450, NS03621, NS03657, ing to variation in disease risks, and the debate in both 
NS03659, NG08452, NG07109, NG05356, and NG05308). PCR prod-fields over the relative importance of protein-coding ver-
ucts were sequenced directly. In cases of ambiguous phasing, PCR sus cis-regulatory variation [43]. This study is one of an 
products were cloned and multiple clones sequenced. Mouse and increasing number of studies to find positive selection 
rat sequences were retrieved from the Rat Net and Mouse Net tracks 

on cis-regulatory mutations shaping phenotypic varia- of the UCSC Genome Browser (http://www.genome.ucsc.edu). 
tion and disease risk in humans [28, 46–50], contrary We also PCR amplified, cloned, and sequenced a 1.8 kb region of 

the MMP3 promoter using primers 5-GGCTCCACTGTTTCTTCCTG, to the notion that important mutations will tend to be 
5-CCTGAACAAGGTTCATGCTG. In this manner, we collected nine deleterious mutations affecting protein structure. As evi-
baboon haplotypes, (six from Amboseli, three from Brookfield), two dence for positive selection corroborates inferences 
orangutan, two gorilla, two bonobo, and two chimpanzee. We se-about the functional importance of nucleotide variants, 
quenced multiple identical clones of each haplotype as a check on 

we anticipate that in the future evolutionary analyses PCR artifact. The sequenced region includes the 5UTR and 35 
will form an essential complement to genetic association bases of coding sequence. 
studies [27, 51]. 

Human Genotyping and FST Analysis 
We obtained DNA from 45 unrelated individuals in each of seven Experimental Procedures 
populations: Southern Italy, Cameroon, Ethiopia, China (Singa-
porean Chinese), India (Uttar Pradesh), Papua New Guinea (Madang Primate Sequences 

We PCR amplified and sequenced a 360 bp fragment of the MMP3 Coastal), and England (York). Human DNA samples were collected 
in the Goldstein lab with informed consent or were anonymized promoter, using primers 5-GGCTCCACTGTTTCTTCCTG and 5-

AAGATGCCCACACAGGTGAT, from both chromosomes of eleven legacy collections provided to the Goldstein laboratory by collabora-
tors from other academic research universities. Due to conditions chimpanzees (Pan troglodytes, subspecies verus, vellerosus, schwein-

furthii), four bonobos (Pan paniscus), one gorilla (Gorilla gorilla), on the use of the York sample, we did not type MMP3 in that popula-

http://www.genome.ucsc.edu
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