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Abstract

Objective—Proprotein convertase subtilisin-like kexin type 9 (PCSK9) is a newly discovered serine
protease that plays a key role in regulating plasma low-density lipoprotein (LDL) cholesterol levels.
Both rare mutations and common variants in the coding regions of PCSK9 affect LDL cholesterol
levels and coronary heart disease risk, as well as response to lipid-lowering therapy.

Methods—We characterized the patterns of variation at the PCSK9 locus in African-Americans
and European-Americans using resequenced data from the SeattleSNPs database
(pga.gs.washington.edu). We performed a test of population differentiation and the long range
haplotype (LRH) test to detect signatures of recent position selection on PCSK9.

Results—A significantly high Fst (a measure of population differentiation) between African-
Americans and European-Americans was noted for SNP rs505151 (Fgt = 0.309). The LRH test was
suggestive of non-neutral evolution of two single nucleotide polymorphisms (SNPs) (rs505151 and
rs562556) in PCSK9 that are associated with elevated LDL cholesterol levels (‘gain-of-function’
mutations), with differential modes of selection in African-Americans and European-Americans. We
observed signals of recent positive selection on the ancestral allele of nonsynonymous SNP rs505151
(E670G, P =0.0227 and P = 0.0001 in theoretical and empirical distribution, respectively) and the
derived allele of nonsynonymous SNP rs562556 (1474V, P = 0.0227 and 0.0001) in African-
Americans, whereas in European-Americans the ancestral allele of SNP rs562556 (P = 0.1320 and
0.0370) appeared to be under positive selection.

Conclusions—Our findings suggest that evolutionary dynamics may underlie the gain-of-function
mutations in PCSK9 that influence inter-individual variation in LDL cholesterol levels.
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Introduction

Proprotein convertase subtilisin-like kexin type 9 (PCSK9, OMIM 607786) is a newly
discovered serine protease that plays a key role in low-density lipoprotein (LDL) cholesterol
homeostasis by mediating LDL receptor (LDL-R) breakdown through a post-transcriptional
mechanism [1-4]. PCSK9 may also regulate apolipoprotein B-containing lipoprotein
production and apoB secretion [5,6], and promote production of nascent very low-density
lipoprotein (VLDL) in the fasting state [7]. Adenoviral-mediated over-expression of human
PCSK9 in mice promotes the accumulation of LDL cholesterol in the plasma but this response
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is absent in LDL receptor-deficient animals [2,4,8]. Recent studies show that PCSK9 binds
directly to the extracellular domain of the LDL receptor [9,10] and increases its degradation
[9]. PCSK9 expression has been detected in tissues other than the liver and intestine, such as
the cerebellum, where LDLR expression is not prominent [11]. PCSK9 may enhance
degradation of other receptor types or proteins during the development of cerebellum and
telencephalon [11] and promote cerebellar cortical neurogenesis, possibly by increased
recruitment of undifferentiated neural progenitor cells into the neuronal lineage [12].

The characterization of ‘gain-of-function’ versus ‘loss-of-function’ alleles of PCSK9 is based
on the phenotype (plasma LDL cholesterol levels), and not on defined biochemical alterations.
Missense mutations that increase PCSK9 activity (i.e., gain-of-function mutations) are
associated with hypercholesterolemia and coronary heart disease (CHD) [6,13-15]; mutations
that inactivate PCSKO9 (i.e., loss-of-function mutations) have the opposite effect, lowering LDL
cholesterol levels and reducing risk of CHD [16,17]. Kotowski et al. [18] described a spectrum
of nonsense/missense mutations in PCSK9 that were associated with low or elevated LDL
levels, in both non-Hispanic black and non-Hispanic white subjects. The frequency spectrum
of mutations, however, varied significantly among non-Hispanic blacks and non-Hispanic
whites. For example, two nonsense loss-of-function mutations (Y142X and C679X) are rare
in whites but present in approximately 2% of blacks [16,17]. However, the missense loss-of-
function R46L mutation is more common in whites (3.2%) than in blacks (0.6%) [16,18,19].
In addition to rare mutations, common genetic variations of PCSK9 [e.g., C(-161)T in intron
1 and 1474V in exon 9] have been linked to plasma LDL cholesterol levels in the Japanese
[20], and the E670G SNP has been associated with LDL cholesterol levels and the severity of
atherosclerosis in participants of the Lipoprotein Coronary Atherosclerosis Study [21].

By virtue of its role as a major inhibitor of LDLR, PCSK9 is a promising therapeutic target
[22-24]. The cholesterol-lowering effect of statins is increased in subjects carrying loss-of-
function mutations in PCSK9 [19], suggesting that lipid-lowering by PCSK9 inhibitors may
be synergistic to that achieved by statins [24-26]. Statins activate a pathway that leads to both
up-regulation (increased transcription of LDLR) and down-regulation (increased transcription
of PCSK9) of LDLR. Four missense mutations in PCSK9 (i.e., R46L, G106R, N157K, and
R237W) have been associated with hypocholesterolemia and possibly increased response to
statin therapy [19]. Kotowski et al. [18] estimated that such loss-of-function nonsense
mutations could lead to a 88% reduction in coronary heart disease (CHD) over a 15-year-period,
suggesting that inhibition of PCSK9 may represent a safe and effective strategy for the control
of hyperlipidemia. Gain-of-function mutations in PCSK9 that lead to decreased clearance of
plasma LDL were associated with higher pretreatment LDL cholesterol levels and attenuated
statin-mediated reduction of LDL cholesterol [21,27]. This newly discovered element of the
lipoprotein regulatory system may influence response to statins [28].

Decreased free cholesterol in the hepatocytes due to a diet low in saturated fat and cholesterol
or as a result of lipid-lowering therapy (i.e., statins), leads to activation of the sterol regulatory
element binding protein (SREBP), a key transcription factor for LDLR. Activation of SREBP
not only increases expression of LDLR mRNA and LDLR protein, but also PCSKO9, the latter
acting as a counter-regulatory mechanism to prevent excessive uptake of cholesterol into cells.
Several evolutionary modes have been noted in LDLR, a gene that is co-regulated with
PCSKO9, indicating that natural selection has shaped the variation in LDLR and regulated its
expression at different time-scales. These include primate-specific positive selection on the
LDLR 5’ enhancer [29] and balancing selection on the 3'-UTR regions [30]. Since PCSK9
triggers the degradation of LDLR and the genes are co-regulated [25], PCSK9 may be involved
in this regulatory network and itself be a target of natural selection.

Pharmacogenet Genomics. Author manuscript; available in PMC 2010 March 22.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ding and Kullo

Page 3

The Y142X and C679X mutations in Africans and the haplotype structure of neighboring
chromosomal regions describe ancient alleles that may have conferred a selective advantage
[17,31]. It has been speculated that inactivation of PCSK9 may have been beneficial, for
example by interfering with the life cycle of the malaria parasite or leading to increased LDLR
activity in the liver thereby reducing the exposure of peripheral tissues to viruses or other
infectious agents that circulate in association with lipoproteins [32]. However, the high
frequency of PCSK9 nonsense mutations in Africans, but not in Europeans, may simply be a
result of genetic drift. In the present study, we performed a molecular population genetics study
of PCSK9 variants in African-Americans and European-Americans to characterize the
common patterns of variation and investigate whether there is a signature of positive selection
in the gene, especially the common variations. Resequenced data for African-Americans and
European-Americans from SeattleSNPs (pga.gs.washington.edu) were obtained. We
performed tests of nucleotide diversity, estimated population differentiation (Fgr statistic), and
performed the long range haplotype (LRH) test to assess for signatures of selection.

Materials and Methods

Genotype data

Resequenced data for PCSK9 — from 24 African-Americans and 23 European Americans —
were downloaded from the SeattleSNPs website (pga.gs.washington.edu) [33] on Oct 16, 2006.
There were 265 PCSK9 genetic variants including 247 diallelic SNPs (229 in African-
Americans and 125 in European-Americans), 17 indels, and one triallelic SNP (Figure 1b). We
also retrieved the genotype data for PCSK9 SNPs/variants from the HapMap database (Phase
I, www.hapmap.org). There were 35 co-segregating SNPs identified in Yoruba in Africa
(YRI), Europeans in CEPH (CEU), and Han Chinese in Beijing / Japanese in Tokyo. The DNA
sequence of a chimpanzee (Pan troglodyte) (genome.ucsc.edu) was used as an outgroup to
define the ancestral alleles.

Data analysis

We used the “genetics’ package implemented in R to perform population genetics analyses,
including description of allele frequencies, and Fisher's exact test for Hardy-Weinberg
equilibrium (HWE). The false discovery rate (FDR) method was used to correct for multiple
testing using the package ‘QVALUE’ in R [34]. A measure of linkage disequilibrium (LD, D
") was estimated for common SNPs (minor allele frequency (MAF) > 0.10 in at least one
population) using the ‘LDheatmap’ package in R. Haplotype reconstruction was performed
using the Bayesian method implemented in the PHASE program [35].

Fst, @ measure of population differentiation, quantifies variance of allele frequency between
and within populations, and is used to detect local adaptation in the human genome [36-38].
We calculated an unbiased estimate of Fgt from pairwise population comparisons. A
randomization method (1000 permutations) was used to test the statistical significance of
Fst in each pairwise population comparison using the “fstat” software [39].

We used the long-range haplotype test to assess for recent positive selection [40,41]. We refer
to the common SNPs as ‘core’ SNPs in the present study. Haplotype homozygosity (HH) was
calculated in a stepwise manner — extended HH (EHH) — to assess how LD breaks down with
increasing distance from a specific core SNP. HH was calculated between a distance x and the
specified core SNP for a chromosome population carrying a single allele of the core SNP
(ancestral and derived allele, respectively). Distance x increases stepwise to the most outlying
SNP. The patterns of haplotype homozygosity were estimated on both sides of each allele for
a specific core SNP. EHH is on a scale of 0 (no homozygosity, all extended haplotypes are
different) to 1 (complete homozygosity, all extended haplotypes are the same). Relative EHH
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(REHH) is the ratio of the EHH on the tested core haplotype (core allele here) compared with
the EHH of the grouped set of core haplotypes at the region not including the core haplotype
tested [40]. The details of calculating HH and variance of HH have been previously described
[41].

Population demographic history can also result in the rejection of the null hypothesis of
neutrality. To test for statistically significant evidence of selection on core SNPs, we used
coalescent theory to obtain the expected distribution of EHH under a calibrated demographic
model for African-American and European-American populations [42]. Using the program
‘cosi’ (www.broad.mit.edu/~sfs/cosi), we simulated a one megabase (MB) region 1,000 times
under the *best-fitting” population parameters for two populations. The “best-fitting” set of
parameters yielded good agreement with all aspects (including allele frequency spectrum,
fraction of alleles that are ancestral, linkage disequilibrium, and Fg7) of the observed data in
the human genome [42]. This model has been previously used to assess adaptive evolution in
TCF7L2 [43] and NAT [44] genes in the context of the LRH test. In addition, we obtained the
empirical distribution of core haplotype frequencies versus REHH by screening the entire
chromosome 1 HapMap data (release #16) in Yoruban (YRI), and European-descent
populations (CEU).

We followed the method of VVoight et al [45] to obtain an integral haplotype score (iHS). First,
we calculated the integral of the decay of EHH away from a specified core allele until EHH
reached 0.05. The integrated EHH (iHH) (summed over both directions away from the core
SNP) is denoted iHHA or iHHp for the ancestral and derived core allele, respectively. Second,
the test statistic of unstandardized iHS was denoted as: In(iHHa/iHHp). If unusually long
haplotypes carry the derived allele, a large negative value of unstandardized iHS would exist;
a large positive value indicates long haplotypes carrying the ancestral allele. Finally, the
unstandardized iHS can be adjusted using the expectation (Ep) and standard deviation (SDp)
of In(iHHA/iHHp) regardless of allele frequency at the core SNP:

In(iHH, /iHH,) -E, |In(iHH, /iHH,))]

._ SD,|In(iHH,/iHH,)| . The Ep and SD_p of In(iHHA/iIHHp) were
estimated from the empirical distribution at SNPs whose derived allele frequency p matches
the frequency at the core SNP from phased data of chromosome 1 in the HapMap database
(Phase I, release 16a). The values of iHS were assigned as ‘not available’ if (1) iHHp or
iHHp = 0, and (2) there was no matched frequency at the core SNP from phased data of
chromosome 1 in the HapMap database.

Data summary and sequence variations

We analyzed sequence variation in PCSK9 based on re-sequenced data from SeattleSNPs
database (shown in Figure 1b) for African-Americans and European-Americans, respectively
(Table 1). Only 8 out of 229 SNPs in African-Americans and 3 out of 126 SNPs in European-
Americans departed significantly from Hardy-Weinberg equilibrium (Fisher's exact test, P <
0.05). However, after correction for multiple testing using false discovery rate, these departures
were not statistically significant. Three measures of nucleotide diversity — 6,,, @, and 64 — were
calculated for the resequenced regions. The average nucleotide diversity () in the whole
genomic sequence (i.e., 15.06 x 10" in African-Americans and 10.31 x 104 in European-
Americans, respectively) was larger than that reported previously [46]. Nucleotide diversity
was higher in coding regions (9.13 x 104) than the 5’ flanking regions (7.44 x 10") in African-
Americans, whereas in European-Americans, nucleotide diversity was greater in 5 flanking
regions (6.98 x 10%) than in coding regions (4.08 x 104).
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The classical tests of evolutionary neutrality test based on nucleotide diversity — Tajima's D
[47] and Fay and Wu's H [48] — were calculated for coding regions, 5' flanking regions, and
the entire gene, respectively. A coalescent simulation based on the neutral model and the
population structure model [49] was used to assess the statistical significance of Tajima's D
and Fay and Wu's H. In African-Americans, the 5’ flanking region of PCSK9 had a negative
Tajima's D and positive Fay and Wu's H (P < 0.05). In European-Americans, the 5’ flanking
region of PCSK9 had a positive Tajima's D and Fay and Wu's H (P < 0.05).

Population differentiation

We calculated Fgt, a measure of population differentiation, to test whether there are significant
differences in allele frequencies between African-Americans and European-Americans for
genetic variants in PCSK9. In the SeattleSNPs data for PCSK9, 18 out of 247 loci showed
significantly high Fst (P < 0.05) between African-Americans and European-Americans
(Figure 2a). A significantly high Fst was noted in one nonsynonymous SNP in the C-terminal
domain (rs505151, E670G) (Fst=0.309). We also used the genotype data for three populations
(i.e., YRI, CEU, and CHB+JPT) from the HapMap project (www.hapmap.org) to calculate
Fst. PCSK9 showed significantly high levels of population differentiation in the HapMap data:
22 out of 35 loci in YRI vs. CEU, 31 out of 35 in YRI vs. CHB+JPT, and 19 out of 35 in CEU
vs. CHB+JPT. The SNP rs505151 also showed a significantly high Fst among Africans and
non-Africans: 0.234 in YRI vs. CEU, and 0.242 in YRI vs. CHB+JPT.

Linkage disequilibrium patterns

Long-range

We estimated a measure of linkage disequilibrium (LD, D") of common SNPs (minor allele
frequency > 0.10 in at least one population: 89 in African-Americans and 69 in European-
Americans) in the PCSK9 region to determine LD patterns in African-Americans and
European-Americans, respectively (Figure 3). In the PCSK9 region, a third of SNP pairs
(1370/3916, 35.0%) in African-Americans and half of the SNP pairs (1159/2346, 49.4%) in
European-Americans showed significant LD. The LD pattern for PCSK9 in European-
Americans indicated 3 continuous haplotype blocks. Within each haplotype block in European-
Americans, there was strong and significant LD: 70.7% in block A (from rs17111503 to
rs572512), 81.2% in block B (from rs572512 to rs7525407), and 90.2% in block C (from
rs7525407 to rs597387). Within each haplotype block, more than half SNP pairs showed nearly
complete LD (e.g., |D’| =1). The pattern of three-haplotype blocks in PCSK9 was less obvious
in African-Americans. For example, in block C (from rs7525407 to rs597387), 62.2% SNP
pairs showed nearly complete LD and 50.3% were significant.

haplotype test for positive selection

In order to identify mutations in the PCSK9 gene potentially targeted by positive selection, we
performed the long-range haplotype (LRH) test. The common SNPs (MAF > 0.05) from
SeattleSNPs data were selected as ‘core’ SNPs, including 89 SNPs in African-Americans, and
69 SNPs in European-Americans. We tested the relative extended haplotype homozygosity
(REHH) in PCSK9, using the theoretical distribution based on the calibrated population model
for African-Americans and Europeans, as well as the empirical distribution of core haplotype
frequencies versus REHH through screening the entire chromosome 1 HapMap data in
Yoruban (YRI) and European-descent populations (CEU). Based on both the theoretical and
empirical distribution of REHH, several SNPs in both coding and regulatory regions deviated
significantly from evolutionary neutrality in specific populations (Figure 4). Tables 2 and 3
show SNPs with a significantly high value of REHH in African-Americans and European-
Americans, respectively. Significantly high REHH was noted in a regulatory region SNP
(rs2479409) and 2 nonsynonymous SNPs [rs562556 (1470V) and rs505151 (E670G)]. The
derived allele (G) of SNP rs2479409 in African-Americans deviated significantly from
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neutrality (P = 0.0856 in simulated distribution, and P = 0.0269 in empirical distribution). In
the coding regions, the ancestral allele (A) of rs505151 (P = 0.0227 and 0.0001), and the derived
allele (A) of rs562556 (P =0.0222 and 0.0061) showed statistical evidence of positive selection
in African-Americans. We also noted that the ancestral allele (G) of rs562556 (P = 0.1320 and
0.0370) in European-Americans deviated significantly from neutrality.

We next plotted the EHH decay versus physical distance for SNPs rs2479409, rs562556 and

rs505151 (Figure 5). The overall EHH of the derived allele of rs2479409 decayed more slowly
than the ancestral allele in African-Americans. It should be noted that slow decay with distance
for the ancestral allele of rs562556 led to a significantly high REHH in European-Americans,
whereas in African-Americans it was the derived allele that had significantly high REHH. The
EHH decay with distance of rs505151 was similar for the ancestral allele and the derived allele.

Calculation of the iHS

The iHS was calculated for SNPs in the PCSK9 locus. If there is positive selection on a specific
allele, the plot of EHH versus physical distance shows that the area under the EHH curve is
much greater for the selected allele than for a neutral allele [45]. To test this, we calculated
iHS for every SNP in African-Americans and European-Americans separately, treating each
SNP in turn as a core SNP (Figure 6). The iHS at each SNP provides a measure of the strength
of evidence for selection acting at or near that SNP and an |iHS| > 2.5 the value corresponds
to the most extreme 1% of iHS values in the empirical distribution [45]. Thirty out of the 89
common SNPs (MAF > 0.10) in African-Americans but none in European-Americans
exceeded a threshold of 2.5 for |iHS| (7 SNPs > 2.5, and 23 SNPs < -2.5). The largest iHS value
was noted for SNP rs728474 (iHS = 5.07), indicating that unusually long haplotypes carry the
ancestral allele of this SNP. The iHS values for SNPs rs2479409, rs562556, and rs505151 were
-0.897, 2.261, and -0.876 in African-Americans, and -0.698 and 2.208 for rs2479409 and
rs562556 in European-Americans.

Discussion

Resolving the underlying allelic architecture and searching for signatures of natural selection
in the human genome has been hailed as an attractive indirect strategy for implementation and
interpretation of genetic analyses of drug response (e.g., statins) and complex disorders (e.qg.,
dyslipidemia) [50,51]. The relatively high frequency (~2%) of ‘loss-of-function’ non-sense
mutations in PCSK9 in Africans, with large effects on plasma cholesterol levels, has fueled
speculation that natural selection may have shaped variation in PCSK9 [17]. Our study of
molecular population genetics of PCSK9 in 24 African-Americans and 23 European-
Americans reveals signatures of positive selection in the gain-of-function mutations of
PCSKO. The results of our study provide insight into the evolutionary history of mutations in
PCSKQ that contribute to inter-individual variation in plasma LDL cholesterol levels in the
general population.

A series of statistical tests for evolutionary neutrality was performed to detect population
adaptations which may have occurred in more recent evolutionary times (i.e., tests based on
nucleotide diversity, population differentiation, and REHH). The information based on
Tajima's D and Fay and Wu's H (P <0.05) in the 5’ flanking regions (Table 1) suggested positive
selection in the ancestral allele (H is significantly positive) [48]. Additionally, a significantly
greater Fst was noted in a nonsynonymous SNP in the carboxyl-terminal domain (rs505151,
E670G, gain-of-function mutation) (Fst = 0.309) (Figure 2), indicating possible positive
selection.

REHH is a comparison of the EHH of one haplotype against the EHH of other haplotypes in
the same sample [40]. A high REHH (>1.0) indicates that a haplotype displays increased
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homozygosity at greater distances compared with other haplotypes. We determined the
statistical significance of the REHH value for the PCSK9 core SNPs in two ways — by 1,000
coalescent simulations under a calibrated population model and by empirical distribution from
HapMap database. Three common potentially functional SNPs (i.e., rs505151, rs2479409, and
rs562556) showed an unusually extended homozygosity (Tables 2 and 3,Figure 4), indicating
positive selection may have operated on either the ancestral or derived alleles in different
populations. We used the empirical distribution of YRI from HapMap database for EHH, but
itshould be noted that there is an estimated 20~25% European admixture in African-Americans
[52]. Since population admixture may mask the signature of selection [53], further work is
needed to confirm the signature of positive selection in a sample from an African population.

The E670G cSNP (rs505151) is located in the cysteine-rich C-terminal domain and appears to
be involved in regulation of autoprocessing, since deletion of this domain leads to accumulation
of processed PCSK9 [54]. A common haplotype containing the E670G variant was associated
with plasma LDL cholesterol levels and severity of coronary atherosclerosis in African-
Americans and Whites [21]. Evans and Beil [55], in a European population, also noted that the
E670G polymorphism is associated with polygenic hypercholesterolemia in men (but not in
women). The LRH test indicated that positive selection simultaneously shaped the ancestral
allele of SNPs rs505151 (A) and the derived allele of rs562556 (A) in African-Americans.
However, in European-Americans, the ancestral allele of rs562556 (G) appeared to be under
positive selection. The positive selection on ancestral and derived allele in different populations
suggested that molecular function may have adapted to varying environments.

The iHS measures how unusual the haplotypes around a given SNP (i.e., core SNP) are relative
to the genome as a whole [45]. In African-Americans, the direction of iHS values for SNPs
rs562556 (iHS = 2.261) and rs505151 (iHS = -0.876) were consistent with the results obtained
from LRH test. However, the iHS for SNP rs562556 in European-Americans was also positive
without a suitable interpretation. The positive iHS value suggested the area of EHH curve under
the ancestral allele is greater than that under the derived allele. In the context of the core SNP
used in LRH test and iHS, different strategies were used to count the haplotype homozygosity
at a given distance. In the LRH test, we simply looked at carefully matched genetic distances
(marker homozygosity used as a proxy for genetic distance) [40]. However, in iHS, the integral
of the decay of EHH away from a specified core allele until EHH reaches 0.05 was calculated
for ancestral and derived allele [45]. It remains unclear which test is statistically more powerful
to detect positive selection in an empirical study.

Several recent studies used the HapMap [45,56], Perlegen [56,57], or whole-genome
association data sets (i.e., Affymetrix 100 K) [58] to detect the signature of natural selection
in the whole genome. No signature of recent positive selection was noted in PCSK9 in these
whole-genome studies. This may be because the coverage of PCSK9 in these genotyping data
is lower, in contrast to the re-sequenced genomic data used in the present study.

The forces driving positive selection on these two gain-of-function mutations remain unclear.
In addition to the liver and small intestine, PCSK? is transiently expressed during embryonic
development in the telencephalon and cerebellum [11,12]. It has been suggested that PCSK9
has a role in the differentiation of cortical neurons and neural development [12,59], and had
measurable proapoptotic effects in cerebellar granule neurons [59]. The close association
between differentiation and apoptosis during neurogenesis may confer increased sensitivity to
cellular alterations, particularly those affecting the cell cycle and metabolism [60]. Knockout
of PCSK9 results in a lethal phenotype in zebrafish [11] but not in the mouse [26].The role of
PCSKQ in apoptosis of neuronal cell and neurogenesis suggests a novel biological function of
PCSKQ in affecting developmental processes. Whether the effects of PCSK9 on neuronal cell
differentiation and apoptosis confer a selective advantage remains speculative. It isalso unclear
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whether gain-of-function mutations in PCSK9 confer novel biochemical and biological
functions.

Several evolutionary studies have shown evidence of positive selection on gain-of-function
mutations. A striking example is positive selection on gain-of-function mutations in P53 [61,
62], that appear to lead to distinct novel function in different tumors [61]. Further studies
indicated that positive selection for gain-of-function in tumor suppressor genes is an important
aspect of tumorigenesis [63]. Another example is a mutation in FGFR2 (fibroblast growth
factor receptor 2), which confer a selective advantage on spermatogonial cells but leads to
Apert syndrome (i.e., a characteristic combination of craniosynostosis and syndactyly) [64].

Cohen et al. [17] speculated that the high frequency of nonsense mutations (i.e., loss-of-
function mutations) of PCSK9 in Africans confers a selective advantage. They speculated that
PCSKO9 inactivation may interfere with the life cycle of the malaria parasite [32], leading to
selective pressure that maintains nonsense mutations in Africans. In the present study, the
C679X mutation was a singleton in African-Americans and we did not find a signature of
positive selection.

In conclusion, based on the long-range haplotype test, a signature of recent positive selection
was noted on the two gain-of-function mutations of PCSK9: SNPs rs562556 (1474V) and
rs505151 (E670G), which showed differential selective modes among African-Americans and
European-Americans. The ancestral allele of SNP rs562556 and the derived allele of SNP
rs505151 were under positive selection in African-Americans, whereas the derived allele of
SNP rs562556 appeared to be under positive selection in European-Americans. A significant
population differentiation was also noted for the allele frequency of SNP rs505151 between
African-Americans and European-Americans. Our findings suggest that evolutionary
dynamics may underlie the gain-of-function mutations in PCSK9 and variation in LDL
cholesterol metabolism, and thereby influence susceptibility to coronary heart disease, as well
as response to statin therapy.
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Figure 1.

(@) Structure of PCSK9. There are 12 exons; coding regions and untranslated regions are
represented by ‘black’ and ‘gray’ boxes, respectively. (b) Distribution of variants found in the
SeattleSNPs database. There are 265 variants including SNPs and in/dels. Reference SNP
numbers show the 8 non-synonymous SNPs, and one insertion-frame codon is labeled “?’.
Known nonsynonymous sequence variations in PCSK9 identified by Kotowski et al. [18]. 14ins
Leu was identified by Yue et al. [65]. (c) There are five domains in the PCSK9 protein [3,12,
54]: 1) a signal peptide (SP) (1~30 aa), 2) a prodomain (31 ~ 147 aa), 3) a catalytic domain
(148 ~ 425 aa), 4) a putative P domain (426 ~ 525 aa), and 5) a C-terminal (526 ~ 692 aa).
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Figure 2.
Distribution of Fgt along PCSK9. Fst was calculated using SeattleSNPs data. AA, African-
Americans; EA, European-Americans
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Figure 3.

LD patterns (D) of common SNPs (minor allele frequency > 0.10 at least in one population)
along PCSK9 in African-Americans and European-Americans. Common non-synonymous
SNPs (rs562556 and rs505151) and regulatory SNPs (rs17111503, rs2479408, and rs2479409)
are shown. SNPs rs572512, rs7525407, and rs597387 were used to delineate the boundary of
the 3 haplotype blocks in European-Americans.
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Figure 4.

Relative extended haplotype homozygosity (REHH) tests for common SNPs in PCSK9 (REHH
versus allele frequency) based on both empirical distribution and theoretical distribution in
African-Americans and European-Americans. The points of REHH against allele frequency
were calculated from phased data of chromosome 7 in HapMap database, as well as simulated
data, using the ‘sweep’ program (see Methods section, data points not shown in the current
figure). The 50, 75t 95t and 99t percentile lines of the distribution of empirical data or
simulation data were obtained by binning the data by allele frequency into 20 bins of equal
size with intervals of 5% (from bottom to upper): gray, empirical data; red, simulated data. The
triangles and circles indicate the REHH against frequency of the ancestral and derived alleles,
respectively. SNPs rs2479409, rs562556 and rs505151 are shown in green, blue, and green,
respectively.
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Figure 5.

Extended haplotype homozygosity (EHH) versus physical distance for 3 core SNPs (two
nonsynonymous and one regulatory) in PCSK9: SNP rs2479409 is in the regulatory region,
and SNPs rs562556 (1474V) and rs505151 (E670G) are in the coding regions. In each plot,
black represents African-Americans; red, European-Americans. The solid and broken lines
indicate the ancestral and derived allele, respectively. SNP rs505151 is not a common SNP in
European-Americans.
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The pattern of integral haplotype score (iHS) along the PCSK9 genomic sequence. The

horizontal lines represent iHS = 2.5 and -2.5, respectively.
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The relative extended haplotype homozygosity (REHH) test for common SNPs (MAF > 0.10) in African-
Americans based on resequencing data from SeattleSNPs

P value

SNPs (allele) Frequency REHH

simulation empirical
Ancestral allele
rs728474 (G) 0.109 82.000 0.0057 0.0000
rs499718 (C) 0.391 9.882 0.0158 0.0011
rs505151 (A) 0.609 4.452 0.0277 0.0001
rs12067569 (T) 0.696 2.018 0.0715 0.0072
rs11206517 (T) 0.717 1.625 0.0731 0.0044
rs6656066 (G) 0.804 0.919 0.0443 0.0162
rs533375 (G) 0.804 1.135 0.0184 0.0038
rs585131 (T) 0.804 1.081 0.0222 0.0061
rs540796 (G) 0.804 1.081 0.0222 0.0061
Derived allele
rs28362278 (T) 0.109 82.000 0.0057 0.0000
NA (A) 0.130 44571 0.0303 0.0001
1528362288 (C) 0.109 82.000 0.0057 0.0000
rs11206513 (T) 0.261 22.667 0.0071 0.0007
rs7530425 (T) 0.261 12.750 0.0326 0.0060
rs2479409 (G) 0.239 10.818 0.0856 0.0269
rs10888897 (C) 0.261 10.200 0.0558 0.0126
rs499883 (G) 0.609 3.238 0.0452 0.0020
rs2483205 (T) 0.674 1.919 0.0786 0.0097
rs534347 (T) 0.804 1.135 0.0184 0.0037
rs562556 (A) 0.804 1.081 0.0222 0.0061
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The relative extended haplotype homozygosity (REHH) test for common SNPs (MAF > 0.10) in European-
Americans based on resequencing data from SeattleSNPs

P value

SNPs (allele) Frequency REHH

simulation empirical
Ancestral allele
rs534347 (C) 0.125 13.393 0.1385 0.0463
rs562556 (G) 0.125 14.350 0.1320 0.0370
rs631220 (A) 0.125 14.350 0.1320 0.0370
rs7552841 (C) 0.649 2.827 0.0407 0.0148
Derived allele
rs533375 (A) 0.125 13.393 0.1385 0.0463
rs634272 (T) 0.208 14.350 0.0942 0.0316
rs557435 (A) 0.125 13.240 0.1385 0.0490
rs585131 (C) 0.125 14.350 0.1320 0.0370
rs540796 (A) 0.125 14.350 0.1320 0.0370
rs643257 (C) 0.125 14.350 0.1320 0.0370
rs639750 (G) 0.292 11.769 0.0358 0.0106
rs613855 (G) 0.479 3.388 0.1292 0.0472
rs624612 (G) 0.417 5.826 0.0187 0.0131
rs625619 (A) 0.604 2474 0.0492 0.0265
rs521662 (C) 0.313 7.543 0.0705 0.0194
rs499883 (G) 0.354 5.128 0.1290 0.0356
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