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 Experimental, genetic, and epidemiologic data have 
demonstrated the association between plasma levels of 
LDL and HDL cholesterol and coronary artery disease 
(CAD) incidence worldwide ( 1–3 ). High serum concen-
trations of cholesterol lead to accelerated atherosclerosis, 
resulting from cholesterol deposition in arterial walls, 
thereby increasing the risk of CAD. A meta-analysis on 
150,000 individuals, including 3,000 with CAD-related 
deaths, showed that both LDL and HDL cholesterol levels 
are independently associated with CAD risk ( 4 ). 

 Although smoking, diet, and physical activity all have a 
role in determining individual lipid profi les, it has been es-
timated that roughly 50% of the inter-individual variability 
in lipid and lipoprotein levels is genetically determined ( 5, 
6 ), and it is clear that LDL cholesterol, HDL cholesterol, 
and triglyceride concentrations are strongly infl uenced by 
the genetic constitution of each individual. Furthermore, 
genetic variants that increase LDL cholesterol concentra-
tions have also been associated with increased susceptibility 
to CAD ( 7 ). Thus, the available evidence demonstrates not 
only that genetic variants account for a substantial fraction 
of individual variation in lipid concentrations but also that 
lipid concentrations are associated with the risk of CAD. 

       Abstract   The R46L variant in the proprotein-convertase 
subtilisin-kexin type 9 (PCSK9) gene was associated with re-
duced levels of LDL and total cholesterol and with a lower 
risk of coronary artery disease. We investigated the associa-
tion of R46L with myocardial infarction (MI) in 1,880 Ital-
ian patients with premature MI and 1,880 controls. A trend 
toward a protective effect of the L46 allele was observed 
[odds ratio (OR) = 0.75, 95% confi dence interval (CI) = 
0.49–1.13;  P  = 0.17], although the association with MI was 
not signifi cant. This is probably due to the combined effect 
of the low frequency of R46L among Italians and of the 
young age of the analyzed cohort for whom the impact of 
coronary atherosclerosis is less important. This hypothesis 
was indirectly confi rmed by the signifi cant association found 
after including 1,056 additional older controls (OR = 0.67, 
95% CI = 0.46-0.97;  P  = 0.036). LDL cholesterol was signifi -
cantly lower in L46 carriers (116.2 ± 34.7 mg/dl) than in 
noncarriers (137.4 ± 47.3 mg/dl;  P  = 0.00022); a similar re-
duction was observed for total cholesterol (191.7 ± 37.7 vs. 
211.7 ± 49 mg/dl;  P  = 0.00019). Analysis of 23 additional 
polymorphisms in the PCSK9 region identifi ed another sin-
gle nucleotide polymorphism (SNP) (rs11206510) associ-
ated with cholesterol levels.   We confi rmed that the L46 
allele not only decreases LDL cholesterol but also protects 
against MI. Moreover, we replicated the association of total 
and LDL cholesterol with the SNP rs11206510.  —Guella, I., 
R. Asselta, D. Ardissino, P. A. Merlini, F. Peyvandi, S. Kathiresan, 
P. M. Mannucci, M. Tubaro, and S. Duga.  Effects of PCSK9 
genetic variants on plasma LDL cholesterol levels and risk 
of premature myocardial infarction in the Italian popula-
tion.  J. Lipid Res . 2010.  51:  3342–3349.   
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 This study has been conducted as an extension of the previ-
ously selected Atherosclerosis, Thrombosis, and Vascular Biology 
Italian Study Group (ATVB)-cohort ( 20 ) collected between Janu-
ary 1997 and January 2007 by a network of 125 Italian coronary 
units. The 1,880 Caucasian patients were individuals with early-
onset MI (fi rst event before the age of 45) who underwent coro-
nary arteriography at the time of hospitalization. Acute MI was 
defi ned as resting chest pain lasting more than 30 min, associ-
ated with persistent electrocardiographic changes, and con-
fi rmed by an increased total creatine kinase or its myocardial-type 
fraction by more than twice the upper normal limits. The 1,880 
controls were healthy subjects unrelated to the cases but individ-
ually matched with them in terms of age, sex, and geographical 
origin, who were enrolled from the staff of the participating hos-
pitals; they declared to have no personal or family history of 
thromboembolic disease. 

 All participants fi lled out a standardized questionnaire con-
cerning traditional cardiovascular risk factors. The collected data 
included:  i ) age (mean age 39.6 ± 4.9);  ii ) sex (88.8% men, 11.2% 
women);  iii ) smoking status defi ned as current, former, or never 
smoker on the basis of self-reports (44.9, 42.6, and 12.5%, respec-
tively, for patients; 30.4, 18, and 51.6% for controls);  iv ) hyper-
cholesterolemia defi ned either as fasting serum cholesterol level 
>5.2 mmol/L or as the taking of anti-hypercholesterolemic med-
ications (61.5% of patients and 45.5% of controls showed hyper-
cholesterolemia);  v ) diabetes defi ned by a fasting serum glucose 
level of 125 mg/dl or higher, a nonfasting glucose level of 200 
mg/dl, or by the use of hypoglycemic agents (7.6% of patients 
and 0.7% of controls were diabetic);  vi ) hypertension defi ned by 
a systolic blood pressure of 140 mm Hg or higher, a diastolic 
blood pressure of 90 mm Hg or higher, or by taking antihyper-
tensive medications (27.6% cases and 9.1% of controls suffered 
from hypertension); and  vii ) body mass index (BMI) (mean 
BMI 26.77 ± 4.2 and 25.01 ± 3.3 for patients and controls, 
respectively). 

 A supplementary control Caucasian population, composed of 
1,056 unrelated individuals enrolled from the staff of the partici-
pating hospitals and required to have no history of atherothrom-
bosis, was also collected. This control population had a mean age 
15 years higher than the ATVB cohort (53.9 ± 11.5) and a similar 
gender distribution (males: 80.7%). 

 Genotyping of rs11591147 (the PCSK9 variant R46L) by 
real-time PCR 

 The R46L variant was genotyped using an in-house developed 
Taqman assay. Oligonucleotide primers and probes were de-
signed with the Beacon Designer software (Premier Biosoft Inter-
national, Palo Alto, CA) and purchased from Sigma-Genosys 
(Haverhill, Suffolk, UK). Their sequences can be provided on 
request. 

 PCRs were performed on 10 ng of genomic DNA in a 12.5 µL 
fi nal volume containing 6.25 µL 2× Premix Ex Taq (Takara Bio-
medicals, Shiga, Japan), 480 nM primers, 240 nM wild-type probe 
(6-Fam-labeled), 240 nM mutant probe (Hex-labeled). After 
DNA denaturation at 95°C for 10 s, 45 cycles of a two-step PCR 
protocol were carried out in an iQ5 thermal cycler (Bio-Rad, 
Hercules, CA) as follows: denaturation at 95°C for 5 s and anneal-
ing/extension at 57°C for 30 s. Fluorescence was measured dur-
ing the PCR annealing/extension step. Allele discrimination was 
performed using the iQ5 Cycler software (Bio-Rad). 

 Genotyping SNPs covering the PCSK9 gene by the 
GeneChip Mapping 6.0 Array 

 A GWAS was performed on the ATVB cohort in the frame of 
the MIGen project ( 19 ) using the GeneChip Mapping 6.0 Array 
from Affymetrix (Santa Clara, CA). For methodological details, 

 Several genetic defects responsible for rare Mendelian 
forms of severe hypercholesterolemia or hypocholester-
olemia have been identifi ed; among them, in 2003, pro-pro-
tein convertase subtilisin-kexin type 9 (PCSK9) emerged as 
the third gene involved in autosomal dominant hypercholes-
terolemia ( 8 ). PCSK9, also called neural apoptosis-regulated 
convertase 1, is the ninth member of the mammalian propro-
tein convertase family ( 9 ), which is involved in activation, in-
activation, and regulation of cellular localization of secretory 
proteins ( 10, 11 ). In particular, PCSK9 plays a critical role in 
cholesterol metabolism by controlling LDL receptor (LDLR) 
protein levels and, hence, the levels of LDL particles that cir-
culate in blood. PCSK9 mutations causing autosomal domi-
nant hypercholesterolemia are very rare and account for a 
much smaller percentage of dominant hypercholesterolemia 
than do mutations in LDLR and apolipoprotein B ( 8, 12 ). 

 After the fi rst report of gain-of-function mutations leading 
to autosomal dominant hypercholesterolemia, loss-of-func-
tion mutations associated with lower cholesterol levels were 
described ( 13 ), and a spectrum of sequence variations in 
PCSK9 with variable frequencies and effect sizes were shown 
to contribute to interindividual differences in LDL choles-
terol levels in the general population ( 14 ). Concerning 
PCSK9 loss-of-function mutations, a large 15-year prospective 
study showed that two nonsense mutations (Y142X and 
C679X), present in 2.6% of African-Americans, are associated 
with a 28% reduction in mean LDL cholesterol levels and an 
88% reduction in the risk of CAD. In the same study, Cauca-
sians with the R46L variation (found with a frequency of 
3.2%) had a 47% reduction in CAD despite having a mean 
reduction in LDL cholesterol levels of only 15% ( 15 ). Up to 
now, the reduction in CAD associated with the PCSK9-R46L 
mutation was replicated only in two case-control studies: 
McPherson and Kavaslar ( 16)  reported a lower frequency of 
the L46 allele in patients with premature CAD (2.4%) com-
pared with healthy elderly individuals (4.5%); more recently, 
Kathiresan et al. ( 17 ) performed a large-scale study providing 
strong replication evidence that heterozygosity for the R46L 
variation protects against myocardial infarction (MI). More-
over, during the fi nal drafting of this paper, a very large study 
performed by Benn et al. ( 18 ) on 45,699 individuals from 3 
independent Danish studies found a signifi cant association 
of the L46 allele with a 58% reduction in risk of MI only in 
the largest cohort. 

 In this work, we aimed to determine the relative fre-
quency of the PCSK9-R46L allele and its association with 
premature MI and plasma lipid levels in the Italian popu-
lation. Moreover, taking advantage of the genome-wide as-
sociation study (GWAS) performed on our cohort of MI 
patients and controls ( 19 ), we investigated the effects of 
common variants in PCSK9 on cholesterol levels. 

 METHODS 

 Study populations 
 The Institutional Review Boards of the participating hospitals 

approved the study; all participants gave their written informed 
consent and every attempt was made to ensure anonymity. 
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 RESULTS 

 Association analysis of the R46L variant with MI and lipid 
levels 

 The study sample consisted of 1,670 men and 210 
women with early-onset MI and an equal number of age- 
and sex-matched controls; all traditional risk factors (see 
Methods for details on their distributions) were strongly 
associated with MI. In particular, diabetes and hyperten-
sion were the risk factors with the strongest effect [OR = 
11.4 (95% CI = 5.9–21.8) and 3.8 (95% CI = 3.1–4.6), re-
spectively]; smoking (grouping together former and never 
smokers vs. current smokers), BMI, and hypercholester-
olemia were also signifi cantly associated ( P  < 0.001), but 
with a lower effect size. 

 The functional missense variant R46L within the PCSK9 
gene was genotyped in the entire ATVB cohort to investi-
gate its association with premature MI in the Italian popu-
lation. The genotyping success rate exceeded 98% and the 
accuracy was >99% according to random duplicated geno-
typing of 5% of samples. No signifi cant deviation from 
Hardy-Weinberg equilibrium was observed either in cases 
or in controls (or in both). 

 Frequency of the L46 allele was higher in controls than 
in cases (1.42% vs. 1.04%) and a clear trend toward a pro-
tective effect of this allele was observed, even though the 
association with lower MI risk did not reach statistical sig-
nifi cance (OR = 0.75; 95% CI = 0.49–1.13;  P  = 0.17) (  Table 
1  ). After adjustment for covariates, the association re-
mained not signifi cant (OR = 0.78; 95% CI = 0.49–1.25; 
 P  = 0.31) ( Table 1 ). 

 The observed lack of association might be due to the 
combined effect of the young age of the analyzed cohort 
(in whom the impact of coronary atherosclerosis is known 
to be less important) and of the lower frequency of the 
L46 allele observed in the Italian population compared 
with that reported in other Caucasian populations (i.e., 
2–4.5%) ( 15–17 ). To confi rm this hypothesis, a supple-
mentary control population was analyzed; it included 
1,056 controls with a mean age 15 years higher than the 
ATVB cohort and with the same male/female ratio. The 
R46L variant was genotyped in this additional cohort, 
which was used as such or together with the ATVB control 
group in association analyses with MI; in both cases, the 
minor allele was signifi cantly associated with a reduced 

see Kathiresan et al. ( 19 ). For the present study, 23 single nucle-
otide polymorphisms (SNPs) distributed along a genomic region 
comprising the whole PCSK9 gene and its fl anking regions (19 
kb upstream and 11 kb downstream) were analyzed for associa-
tion with MI, LDL, and total cholesterol levels. A call rate >97%, 
a minor allele frequency >1%, and values of  P  > 0.001 for test of 
deviation from Hardy-Weinberg equilibrium were used as qual-
ity-control criteria. 

 Statistical analysis 
 All procedures were performed using either the R program or 

the software package PLINK v. 1.04 ( 21 ). 
 The association of traditional risk factors with MI was assessed 

by testing for difference between cases and controls by means of 
a chi-square test for categorical data (diabetes, hypertension, hy-
percholesterolemia, smoking) or by using the Student’s  t -test for 
continuous data (i.e., BMI, which was analyzed as a quantitative 
variable after having controlled that its departure from linearity 
was not statistically signifi cant). 

 For each SNP, a standard case-control analysis using allelic 
chi-square test (1 d.f.) was used to provide asymptotic  P  values, 
odds ratios (ORs), and 95% confi dence intervals (CIs) for minor 
alleles. The association test was performed (when possible) 
conditional on the matching by using the Cochran-Mantel-
Haenszel statistic. Adjustment for classical cardiovascular risk 
factors was performed by adding those covariates in a multiple 
logistic-regression model. Power estimates indicated that if 
each analyzed polymorphism (allele frequency of 2%) were 
to directly confer a 1.5-fold increase in the relative risk of MI, 
the case and control groups used in this research would be of 
suffi cient size to have 82% power to detect a signifi cant as-
sociation at the 0.05 level in the “initial” paired case-control 
population sample. 

 Furthermore, total and LDL cholesterol values, available for 
3,453 (1,710 cases + 1,743 controls) and 2,495 (1,353 cases + 
1,142 controls) subjects, respectively, were adjusted for gender, 
age, age 2 , and MI status. The multivariable-adjusted residual lipid 
concentrations served as phenotype values for all subsequent 
genotype-phenotype analyses. 

 Values of  P  < 0.05 were considered to indicate statistical 
signifi cance. 

 The linkage disequilibrium (LD) structure of the PCSK9 locus 
was assessed with the software package Haploview version 4.1 
( 22 ). LD blocks were defi ned according to the criteria of Gabriel 
et al. ( 23 ). Haplotype-based association analysis was hence per-
formed considering only those SNPs mapping within the same 
LD block using the PLINK software. 

 The study was conducted according to the STrengthening the 
REporting of Genetic Association Studies (STREGA) guidelines 
( 24 ). 

 TABLE 1. Association of the PCSK9 missense variant R46L with early-onset MI 

Study N. Cases N. Controls

Minor Allele Frequency (%)

OR (95% CI)  P Cases Controls

ATVB cases vs. ATVB ctrl 1,872 1,865 1.04 1.42 0.75 (0.49-1.13) 0.170

Adjusted Values: 0.78 (0.49-1.25) 0.310

ATVB cases vs. Suppl-ctrl 1,872 996 1.04 1.81  0.57 (0.36-0.90)  0.019 
ATVB cases vs. ATVB 

ctrl+Suppl-ctrl
1,872 2,861 1.04 1.55  0.67 (0.46-0.97)  0.036 

ATVB ctrl = controls collected in the frame of the ATVB study ( 20 ) on premature MI (mean age 39.6 ± 4.9); 
Suppl-ctrl = supplementary control group (mean age 53.9 ± 11.5). Signifi cant results are in bold; adjustment took 
into account hypertension, smoking, diabetes, hypercholesterolemia, and BMI.
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  Fig.   1.  Distribution of plasma LDL and total cholesterol levels in the ATVB population according to the presence or absence of the L46 
allele. A: Distribution of plasma LDL cholesterol levels among 2,426 subjects who did not carry the L46 allele (top) is compared with the 
distribution of levels among the 69 individuals heterozygous for the L46 allele (bottom). B: Distribution of plasma total cholesterol levels 
among 3,368 subjects who did not carry the L46 allele (top) is compared with the distribution of levels among the 85 individuals heterozy-
gous for the L46 allele (bottom).   

dividuals and subjects carrying the L46 allele at the 
heterozygous state (no homozygotes were detected). Age, 
sex distribution, BMI, and prevalence of diabetes, hyper-
tension, and smoking habits were not signifi cantly differ-
ent between individuals carrying the L46 allele and those 
without it (  Table 2  ). 

 LDL cholesterol levels were signifi cantly lower in L46 
carriers (mean: 116.2 ± 34.7 mg/dl) than in noncarriers 
(mean: 137.4 ± 47.3 mg/dl) (difference = 21.2;  P  = 2.2×10  � 4 ; 
95% CI = 9.9–32.4); a similar shift toward lower levels in 
total cholesterol was also observed (191.7 ± 37.7 in carriers 
vs. 211.7 ± 49.0 mg/dl in noncarriers; difference = 20;  P  = 
1.91×10  � 4 ; 95% CI = 9.5-30.5) (  Fig. 1  ). 

 Association analysis of SNP variants in the PCSK9 locus 
with MI and lipid levels 

 In order to search for additional variants/haplotypes 
in the PCSK9 locus that might be associated with prema-
ture MI and/or with LDL and total cholesterol levels, 
we carried out a fi ne mapping of the region. To this 
purpose, genotyping data on 23 SNPs covering the 

risk of MI (OR = 0.57, 95% CI = 0.36–0.90,  P  = 0.019, using as 
control group only the supplementary control cohort; 
OR = 0.67, 95% CI = 0.46–0.97,  P  = 0.036, using as control 
groups ATVB + supplementary cohort) ( Table 1 ). 

 We also compared the distribution of plasma LDL and 
total cholesterol levels between homozygous wild-type in-

 TABLE 2. Cardiovascular risk factors among carriers and 
noncarriers of the L46 allele 

Characteristics Noncarriers (n = 3,645) Carriers (n = 92)  P 

Age (years)  a  36.64 ± 4.9 38.89 ± 5.2 0.15  b  
Male sex (%) 88.8 87.0 0.83  b  
Diabetes (%) 3.1 2.2 1.00  c  
Hypertension (%) 18.2 17.6 1.00  c  
BMI (kg/m 2 ) 25.88 ± 3.9 26.06 ± 3.6 0.65  b  
Smoking (%)  d  38.1 38.5 1.00  c  

Data are shown either as mean ± standard deviation or as %.
  a   Age at onset for cases.
  b   Continuous data were tested using two-tailed Student’s  t -test.
  c   Categorical data were tested using a chi-square test.
  d   Non and former smokers were aggregated in the single category 

of non smokers.
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 DISCUSSION 

 Several PCSK9 loss-of-function mutations associated 
with low LDL cholesterol plasma levels have been de-
scribed, but only few studies have investigated the associa-
tion between variations in this gene and the risk of CAD. 
Besides the seminal paper by Cohen et al. ( 15 ), to date 
only three studies have positively replicated the associa-
tion between PCSK9 and cardiovascular risk ( 16, 17, 25 ). 
Moreover, a very recent work by Benn et al. ( 18 ) showed a 
signifi cant association between the L46 allele and a reduc-
tion in risk of both ischemic heart disease and MI. 

 The primary aim of this work was to replicate the asso-
ciation between the R46L variation and the risk of prema-
ture MI in the Italian population. The distribution of 
plasma LDL and total cholesterol levels between wild-type 
and R46L heterozygous subjects showed a signifi cant as-
sociation of the L46 allele with lower concentration of 
both LDL and total cholesterol. Strikingly, the reduction 
in LDL and total cholesterol was identical to that reported 
in the literature ( 15 ): 15.4% and 9.5%, respectively, con-
fi rming the robustness of this association. 

 Despite the confi rmed importance of R46L in determin-
ing cholesterol levels, in this study, the association between 
this variation and premature MI did not reach statistical 
signifi cance. Possible explanations could be: insuffi cient 
sample size, given the low frequency of the R46L variation 
in the Italian population, and the mean age of the ana-
lyzed cohort. In fact, the effect of plasma LDL cholesterol 
levels might be more diffi cult to detect in young people, 
who have been exposed to low/high LDL cholesterol lev-
els for a shorter period of time ( 26 ). This hypothesis was 
corroborated by the signifi cant association ( P  = 0.036) ob-
served by comparing the same patient cohort with a sup-

PCSK9 gene were extracted from the GWAS performed 
on the ATVB cohort in the frame of the MIGen project 
( 19 ). 

 None of the 23 analyzed SNPs was nominally associated 
with premature MI (  Table 3  ). Nonetheless, haplotype 
analysis revealed that the R46L variation is located on a 
unique haplotype (block 2) spanning about 16 kb (  Fig. 2  ), 
which was slightly associated with premature MI ( P  = 0.055, 
ATVB cases vs. ATVB controls). 

 The association between each of the 23 SNPs with re-
siduals of either LDL or total cholesterol showed that the 
minor allele of the rs11206510 SNP is signifi cantly associ-
ated with lower concentration of both LDL (OR = 0.82, 
95% CI = 0.73-0.93,  P  = 1.89 × 10  � 3 ) and total cholesterol 
(OR = 0.80, 95% CI = 0.72–0.89,  P  = 8.12 × 10  � 5 ) ( Table 3 ). 
Each copy of the minor C allele (frequency: 19.77% in the 
entire cohort) decreased LDL cholesterol concentration 
by  � 3.5 mg/dl (mean plasma levels: TT 138.4 ± 45.8 mg/
dl, TC 133.2 ± 47.6 mg/dl, CC 128.7 ± 38.3 mg/dl), a sim-
ilar reduction was also observed for total cholesterol (mean 
plasma levels: TT 213.7 ± 48.3 mg/dl, TC 207.0 ± 49.1 mg/
dl, CC 199.8 ± 40.3 mg/dl). 

 To assess whether this result represented an indepen-
dent association signal or simply refl ected LD with the 
R46L variant, we calculated LD between the two associated 
SNPs. Pairwise LD analysis showed only a low degree of LD 
between the two SNPs (r 2  = 0.02, D ′ =0.66) ( Fig. 2 ). Because 
the two SNPs were not completely independent, we also 
tested the association between rs11206510 and LDL and 
total cholesterol, adding the allelic dosage of R46L as a 
covariate. In both cases, the association remained statisti-
cally signifi cant (OR = 0.85, 95% CI = 0.75–0.96,  P  = 0.01, 
and OR = 0.82, 95% CI = 0.73–0.92,  P  = 4.9 × 10  � 4  for LDL 
and total cholesterol, respectively). 

 TABLE 3. Association of SNPs located in the PCSK9 locus with early-onset MI, and LDL and total cholesterol levels 

SNP
Position on 
chr 1 (bp)

Minor 
Allele

Minor Allele 
Frequency (%) MI LDL Cholesterol Total Cholesterol

Cases Controls  P OR (95% CI)  P OR (95% CI)  P OR (95% CI)

rs2479394 55,258,652 G 31.1 30.4 0.518 1.04 (0.93–1.16) 0.222 1.07 (0.96–1.19) 0.862 1.01 (0.92–1.11)
rs2479393 55,260,957 A 30.0 28.9 0.362 1.05 (0.94–1.18) 0.154 1.08 (0.97–1.2) 0.721 1.02 (0.92–1.12)
rs2479417 55,268,332 T 38.0 36.7 0.227 1.07 (0.96–1.19) 0.345 1.05 (0.95–1.16) 0.488 1.03 (0.94–1.13)
rs2495497 55,268,583 T 13.6 12.8 0.646 1.04 (0.89–1.20) 0.332 1.07 (0.93–1.24) 0.325 1.07 (0.94–1.21)
 rs11206510 55,268,627 C 18.9 20.6 0.144 0.91 (0.80–1.03)  1.89E-03  0.82 (0.73–0.93)  8.12E-05  0.80 (0.72–0.89) 
rs2094470 55,269,890 C 6.5 5.9 0.182 1.15 (0.93–1.42) 0.680 0.96 (0.79–1.17) 0.603 1.05 (0.87–1.26)
rs7523242 55,271,537 T 22.4 21.0 0.384 1.06 (0.93–1.19) 0.305 1.06 (0.94–1.20) 0.256 1.06 (0.96–1.19)
rs2495488 55,272,794 T 5.6 5.5 0.653 1.05 (0.84–1.31) 0.908 0.99 (0.80–1.22) 0.694 1.04 (0.86–1.26)
rs2182833 55,273,017 G 22.8 21.7 0.457 1.05 (0.93–1.18) 0.465 1.04 (0.93–1.18) 0.310 1.06 (0.95–1.18)
rs10788994 55,273,564 T 22.8 21.5 0.401 1.05 (0.93–1.19) 0.334 1.06 (0.94–1.19) 0.225 1.07 (0.96–1.19)
rs2149041 55,274,725 G 22.3 21.0 0.406 1.06 (0.93–1.20) 0.205 1.08 (0.96–1.22) 0.192 1.08 (0.96–1.20)
 rs2479409 55,277,238 G 34.2 33.3 0.442 1.04 (0.94–1.16) 0.133 1.08 (0.98–1.20)  0.025  1.11 (1.01–1.22) 
rs10888897 55,277,985 T 42.0 43.5 0.256 0.94 (0.85–1.04) 0.974 1.00 (0.91–1.11) 0.954 1.00 (0.92–1.10)
rs2479412 55,285,649 G 4.8 4.7 0.903 0.99 (0.78–1.25) 0.404 1.10 (0.88–1.37) 0.155 1.16 (0.94–1.43)
rs2495477 55,286,661 G 39.4 42.2 0.105 0.92 (0.83–1.02) 0.446 0.96 (0.87–1.07) 0.121 0.93 (0.85–1.02)
rs2479413 55,291,055 T 31.8 33.8 0.180 0.93 (0.83–1.03) 0.759 0.98 (0.88–1.09) 0.366 0.96 (0.87–1.05)
rs7552841 55,291,270 T 40.2 39.9 0.792 0.99 (0.89–1.09) 0.971 1.00 (0.90–1.11) 0.456 1.04 (0.94–1.13)
rs693668 55,291,340 G 35.6 37.8 0.273 0.94 (0.85–1.05) 0.404 0.96 (0.86–1.06) 0.203 0.94 (0.86–1.03)
rs568052 55,293,697 G 29.2 30.0 0.569 0.97 (0.86–1.08) 0.377 0.95 (0.85–1.06) 0.174 0.93 (0.84–1.03)
rs631220 55,297,430 A 15.8 16.9 0.397 0.94 (0.82–1.08) 0.399 0.94 (0.82–1.08) 0.158 0.91 (0.81–1.04)
rs505151 55,300,067 G 3.8 3.2 0.390 1.13 (0.85–1.50) 0.166 1.20 (0.93–1.55) 0.098 1.22 (0.96–1.54)
rs13312 55,301,775 G 17.7 19.1 0.403 0.95 (0.83–1.08) 0.721 0.98 (0.86–1.11) 0.350 0.95 (0.84–1.06)
rs593398 55,305,330 C 3.6 3.4 0.676 1.06 (0.81–1.39) 0.182 1.20 (0.92–1.58) 0.474 1.09 (0.86–1.40)

 P -values are presented as noncorrected for multiple testing. Signifi cant results are indicated in bold.
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  Fig.   2.  Linkage disequilibrium structure of the PCSK9 locus. The gene structure of PCSK9 is drawn to scale; the gene size is indicated by 
the ruler at the top of the fi gure. Pairwise LD values [D’/logarithm of odds (LOD)], estimated for the genotyped SNPs, are represented by 
boxes: dark gray indicates strong LD, light gray intermediate, whereas white denotes no LD. D’ values are shown within the boxes; empty 
cells are in complete LD. The R46L variant (rs11591147) and the rs11206510 polymorphism located in the promoter region are under-
lined. The haplotype in block 2 slightly associated with MI is also indicated.   

ysis performed on the six MIGen populations (including 
the ATVB cohort) showed a highly signifi cant association 
of rs11206510 with MI ( 19 ). This SNP shows only a low 
degree of LD with the R46L functional variation, and its 
association with LDL and total cholesterol remains statisti-
cally signifi cant even after correction for the allelic dosage 
of R46L. It is therefore conceivable that an additional func-
tional variant in the promoter region (either rs11206510 
itself or in LD with it) might infl uence the expression level 
of the gene and hence the LDL cholesterol levels. In sup-
port of a possible direct effect of the T>C transition located 
9,472 nucleotides upstream of the PCSK9 ATG start codon, 
an in-silico analysis with the Patch 1.0 software querying 
the TRANSFAC 6.0 database, showed that the C allele 
causes the disappearance of a putative glucocorticoid 
responsive element (GAAAG T ), which might be involved 
in the regulation of PCSK9 expression. 

 Besides rs11206510, the rs505151 SNP is the only PCSK9 
variation previously associated with LDL cholesterol and 

plementary control sample extended to reach a total of 
2,861 individuals (newly added individuals having a mean 
age of 54 years, 15 years higher than the initially analyzed 
control population). Our results are consistent with previ-
ous fi ndings suggesting that the protective effect of LDL-
lowering variants in PCSK9 may increase with aging ( 27, 
28 ). The availability of the genotyping data obtained from 
the GWAS performed on our cohort in the frame of the 
MIGen project gave us the opportunity to explore the 
PCSK9 locus in greater details. The 23 selected SNPs, cov-
ering a  � 56 kb region spanning from  � 19 kb upstream to 
 � 11 kb downstream of the PCSK9 gene ( Fig. 2 ), were 
tested for association with LDL and total cholesterol and 
with premature MI. The rs11206510 SNP, located  � 9 kb 
upstream of the PCSK9 gene, was strongly related to LDL 
and total cholesterol (reduction of  � 3.5 mg/dl per allele 
for both traits). This variation was previously found to be 
genome-wide signifi cantly associated with LDL cholesterol 
in two large meta-analyses ( 25, 29 ). Moreover, a meta-anal-
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CAD included in the Affymetrix 6.0 array. The minor al-
lele of this nonsynonymous coding SNP, causing the 
E670G amino acid change, was associated with increased 
LDL cholesterol levels and with coronary atherosclerosis 
in the Lipoprotein Coronary Atherosclerosis Study popu-
lation from Houston ( 30 ). This association was not con-
fi rmed by subsequent investigations ( 14, 31 ); however, a 
very recent work by Norata et al. ( 32 ) reported a positive 
association between the E670G polymorphism and an in-
creased progression of intima media thickness of the com-
mon carotid artery in the Italian population. In our cohort, 
we did not observe any association of rs505151 either with 
MI or with LDL or total cholesterol levels. 

 The 23 analyzed SNPs were also used to construct the 
LD structure of the PCSK9 region, which showed high 
concordance with HapMap data. The L46 allele lies within 
a single haplotype, spanning  � 16 kb and comprising 10 
SNPs. Only two of the 85 subjects carrying the R46L varia-
tion had a single difference in this haplotype. These data, 
together with the uneven distribution of the R46L varia-
tion in different ethnic groups, suggest that the mutation 
probably arose in a single common founder. The haplo-
type encompassing the R46L variation was slightly associ-
ated with premature MI ( P  = 0.055), whereas the association 
with the single R46L mutation did not reach statistical sig-
nifi cance even though a clear trend toward a protective 
effect of the L46 allele was observed. This difference is 
mainly due to the greater power provided by haplotype-
based association analysis ( 33 ). 

 In conclusion, our study confi rms the association of the 
L46 allele of PCSK9 with decreased LDL and total choles-
terol levels and highlights the importance of the length of 
exposure to higher cholesterol concentrations to reveal 
the protective effect of the PCSK9 L46 variant on MI.  
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