THROMBOSIS AND HEMOSTASIS

'.) Check for updates

Polymorphisms at LDLR locus may be associated with coronary artery disease
through modulation of coagulation factor VIII activity and independently from

lipid profile

Nicola Martinelli," Domenico Girelli,' Barbara Lunghi,? Mirko Pinotti,?> Giovanna Marchetti,> Giovanni Malerba,3

Pier Franco Pignatti,® Roberto Corrocher, Oliviero Olivieri," and Francesco Bernardi?

'Department of Medicine, University of Verona, Verona, Italy; 2Department of Biochemistry and Molecular Biology, University of Ferrara, Ferrara, Italy; and
3Department of Sciences of Life and Reproduction, University of Verona, Verona, ltaly

High levels of coagulation factor VIl (FVIII)
have been associated with cardiovascular
disease. Low-density lipoprotein receptor
(LDLR) has been recently demonstrated to
contribute to FVIIl clearance from plasma.
The aim of this study was to evaluate 3 single
nucleotide polymorphisms in SMARCA4-
LDLR gene locus (rs1122608, rs2228671,
and rs688) and FVIII coagulant activity
(FVIlI:c) in subjects with (n = 692) or without
(n = 291) angiographically confirmed coro-

els were an independent risk factor for CAD.
The rs688 and rs2228671 genotypes were
predictors of FVIil:c with T alleles associ-
ated with higher FVIil:c levels. The
rs2228671T allele was associated also with
reduced total and LDL-cholesterol levels.
With respect to the risk of CAD, no associa-
tion was found for rs2228671. Consistently
with higher FVIll:c levels, the rs688T allele
was associated with CAD, whereas, consis-
tently with a favorable lipid profile, the
rs1122608T allele was associated with a

decreased CAD prevalence. After adjust-
ment for classic cardiovascular risk factors,
including plasma lipids, rs688 remained as-
sociated with CAD (OR for T carriers: 1.67
with 95% confidence interval, 1.10-2.54).
Haplotype analysis confirmed such results.
Our data suggest that polymorphisms at
LDLRlocus modulate FVIil:c levels and may
be associated with CAD risk independently
from plasma lipids. (Blood. 2010;116(25):
5688-5697)

nary artery disease (CAD). High FVIll:c lev-

Introduction

Coagulation factor VIII (FVIII) plays a fundamental role in the
amplification and propagation of the coagulation cascade, enabling
the thrombin burst during hemostasis. High levels of FVIII are well
known to be an important risk factor for venous thrombosis!= and
have been associated also with an increased risk of arterial
thrombosis and coronary artery disease (CAD).*% As a consistent
counterpart, hemophilia patients with low levels of FVIII present a
lower mortality resulting from ischemic heart disease than the
general population.”

Although the heritability of FVIII plasma levels is high (near
40%—-60%),'%!! variations of FVIII gene explain only a minor
proportion of this broad variance.'?'* Up to now, single nucleotide
polymorphisms (SNPs) at only 2 other genes, the ABO blood-group
locus and the low density lipoprotein receptor-related protein 1
(LRP1), have been demonstrated to contribute to the modulation of
FVIII plasma levels.!%!516 The ABO blood-group determinants
have been proposed to affect, through different glycosylation
patterns, the processing and/or the clearance of von Willebrand
factor (VWF), which in turn binds and stabilizes FVIIL.'"-!® The
multifunctional endocytic receptor LRP1 mediates cellular uptake
and subsequent degradation of FVIIL 2! and SNPs at this locus
have been associated with FVIII activity (FVIIIL:c) and the risk of
venous thromboembolism.!>!¢ Recently, also the low-density li-
poprotein receptor (LDLR) has been proposed to contribute to the
regulation of FVIII plasma levels. Indeed, FVIII has been demon-
strated to be a ligand of LDLR, and in mice models LDLR

cooperates with LRP1 in regulating plasma levels of FVIII in vivo,
suggesting a previously unrecognized link between LDLR and
hemostasis.??

Few molecules have been recognized to play a pivotal role in
atherosclerotic disease, such as LDLR. The cornerstone work of the
Nobel prize winners Goldstein and Brown has clearly demon-
strated the importance of LDLR in cholesterol homeostasis and,
consequently, in the processes that led to atherosclerotic cardiovas-
cular disease.? This is further emphasized by the LDLR mutations
leading to familial hypercholesterolemia, a well-known cause of
accelerated atherosclerosis.”* Moreover, recent genome-wide asso-
ciation studies have highlighted that common variations at the
LDLR locus are strongly associated with proatherogenic lipid
profile and with CAD.?-26

Among the several common genetic variants described at LDLR
locus, the rs2228671 C/T appears to have the strongest association
with LDL-cholesterol levels across multiple European populations,
with the T allele being associated with decreased LDL-cholesterol
levels and, consistently, to a decreased risk of CAD.?” The rs688
C/T in exon 12 has been recently shown to alter splicing efficiency,
with the T allele being associated with increased total and
LDL-cholesterol levels in premenopausal women.?® Finally, the
rs1122608 G/T at the 19p13 locus within SMARC4A intron 30 and
adjacent to LDLR gene has been reproducibly associated with high
LDL-cholesterol levels (G allele) and with an increased risk of
myocardial infarction (MI) by genome-wide association studies.>
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Figure 1. Linkage disequilibrium structure of the
genomic region surrounding SNPs rs1122608,

Chr 19

rs2228671, and rs688. Displayed are the HapMap data 11161537
()3 of the SMARCA4-LDLR locus. Part of SNPs, SMARCA4

included in high linkage disequilibrium blocks, have been
omitted.
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Remarkably, these 3 SNPs have been shown not to be in significant
linkage disequilibrium (Figure 1), being thus highly informative
for SMARCA4-LDLR gene locus.

The aim of this study was to evaluate the possible associations
of these SNPs with FVIII:c levels, as well as with CAD. With such
an aim in mind, we selected a subgroup of subjects within the frame
of the angiographically controlled Verona Heart Study.>-30

Methods

Study population

This study was performed within the framework of the Verona Heart Study,
a regional survey aimed to search for new risk factors for CAD in subjects
with angiographic documentation of their coronary vessels. Details about
enrollment criteria have been described elsewhere.?30 In brief, adult
patients of both sexes who were recruited consecutively from those referred
to the Institutes of Internal Medicine and to the Institute of Cardiovascular
Surgery of the University of Verona in Italy between May 1996 and June
2000 and undergoing a coronary angiography examination (n = 1122). A
total of 983 subjects, who were not taking anticoagulant drugs and for
whom 13688 polymorphisms and FVIII:c data were available, were
included in the present study. FVIII:c was measured at time of enrollment
(details about study design are summarized in Figure 2). A total of
291 subjects had completely normal coronary arteries, being submitted to
coronary angiography for reasons other than CAD, mainly valvular heart
disease (CAD-free group), and served as controls. These subjects were also
required to have neither history nor clinical or instrumental evidence of
atherosclerosis in vascular districts beyond the coronary bed, and none was
on antiplatelet drugs. A total of 692 subjects had angiographically proven
CAD (the majority of them being candidates for coronary artery bypass
grafting) with at least one of major epicardial coronary arteries (left anterior
descending, circumflex, and right) affected with more than or equal to
1 significant stenosis (= 50% lumen reduction). Most CAD patients were
taking antiplatelet drugs (95.2%). According to the hypothesis to be tested,
subjects with nonadvanced CAD (ie, coronary stenosis < 50%) were not
included in the study. The angiograms were assessed by cardiologists who
were unaware that the patients were to be included in the study.

All participants came from the same geographic area (Northern Italy),
with a similar socioeconomic background. At the time of blood sampling, a
complete clinical history was collected, including the assessment of
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cardiovascular risk factors, such as obesity, smoking, hypertension, and
diabetes, as well as data about drug therapies (eg, lipid-lowering therapies).
The study was approved by the Ethic Committee of our institution (Azienda
Ospedaliera, Verona). An informed consent was obtained from all the
participants after a full explanation of the study in accordance with the
Declaration of Helsinki.

Biochemical analysis and coagulation factor activity assays

Samples of venous blood were drawn from each subject, after an overnight
fast, at time of enrollment before coronary angiography. Serum lipids, as
well as other CAD risk factors, including high-sensitivity C-reactive protein
(hs-CRP), were determined as previously described.®® The 4-variables
version of the Modification of Diet in Renal Disease equation was used to
estimate the glomerular filtration rate (GFR) from serum creatinine levels.
Plasma factor II activity (FII:c), factor V activity (FV:c), and FVIIL:c were
measured on a Behring Coagulation Timer (Dade-Behring) by modification
of the one-stage clotting method with the use of relative deficient plasma
(Dade Behring). Coagulation time by Behring Coagulation Timer was
calibrated with standard human plasma (Dade-Behring). The intra-assay
and inter-assay coefficients of variations were less than 5%. Results of
factors activities were expressed in terms of international units per decaliter.

SNPs and genotyping

Three SNPs tagging the SMARCA4-LDLR gene locus were selected (ie,
1s688, 152228671, and rs1122608). The 3 selected SNPs tag most variability
of the SMARCA4-LDLR region from the HapMap project (Figure 1).
Genomic DNA was prepared from whole blood samples by phenol-
chloroform extraction. For rs688 and rs2228671 polymorphisms, genotyp-
ing was performed as follows: briefly, the rs688 polymorphism (LDLR
1773C/T) was detected by polymerase chain reaction (PCR) using the
following primers: forward 5'-CGCCTCTACTGGGTTGACT-3" and re-
verse 5'-CATCTTGGCTTGAGTGATCT-3'. The PCR fragment (200 bp)
was digested with the Hincll restriction enzyme (T allele, 15 and 185 bp; C
allele, 15, 36, and 149 bp). The rs2228671 polymorphism (LDLR 81C/T)
was detected by PCR using the following primers: forward, 5'-
CTCTCAGTGGGCGACAGACG-3'; and reverse, 5'-CAACATGGC-
GAGACCCTGTC-3". The PCR fragment (194 bp) was digested with the
BstUI restriction enzyme (C allele, 20 and 174 bp; T allele, 194 bp). As
regards rs1122608 polymorphism (SMARCA4 5330G/T), genotyping was
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LDLR locus and LRP1 promoter polymorphism on coagulation factor VIII activity (FVIIL:c).

VHS subjects enrolled in the period
between May 1996 and June 2000
(FVII activity measured at time of

BLOOD, 16 DECEMBER 2010 - VOLUME 116, NUMBER 25

Figure 2. Verona Heart Study (VHS) design for the

analysis of the effects of polymorphisms at LDLR

locus and LRP1 promoter polymorphism on FVIil:c.

enrolment)
n=1,122
Inclusion criteria: Exclusion criteria:
- DNA samples available —  Je—— - any anticoagulant therapy at time of
enrolment
Y
VHS subjects selected for the
analysis about effects of rs688
genotype at LDLR locus on
FVIlLc
n=983
CONTROLS CASES
CORONARY ANGIOGRAPHY
A \4
Coronary artery disease - free Coronary artery disease
(CAD-free) (CAD)
n=291 n=692

without lipid-lowering therapy
n=249

without lipid-lowering therapy

n=444

with data about rs2228671 genotype
n=282

with data about rs2228671 genotype

n=676

and without lipid-lowering therapy
n=241

and without lipid-lowering therapy

n=432

with data about rs1122608 genotype
n=266

with data about rs1122608 genotype

n=650

and without lipid-lowering therapy
n=230

and without lipid-lowering therapy

n=416

with data about LRP1 -25C/G genotype
n=280

with data about LRP1 -25C/G genotype

n=683

and without lipid-lowering therapy
n=239

attempted using the iPLEX MassARRAY platform (Mass Array, Seque-
nom). PCR primers were designed by Sequenom Mass-Array-Assay-
Design program, as previously described.?®

Considering that the original studies in mice supported a cooperation of
LDLR with LRP1 in modulating plasma levels of FVIIL,?? we explored the
possibility of an interaction between genetic variants within the 2 genes.
Thus, our study population was genotyped also for the LRPI-25C/G
promoter polymorphism, which has been previously associated with
different levels of FVIIL:c.!> This SNP analysis was performed using an
Assay-by-Design (Applied Biosystems) on a Chromo 4 (Bio-Rad).

Statistics

Calculations were performed with SPSS, Version 17.0 statistical package
(SPSS). Distributions of continuous variables in groups were expressed as
mean plus or minus SD. Skewed variables, such as hs-CRP, were
logarithmically transformed, and geometric means with 95% confidence
interval (95% CI) were reported. Quantitative data were assessed using the
Student ¢ test or by analysis of variance. Correlations between quantitative

and without lipid-lowering therapy

n=437

variables were assessed using Pearson correlation test. Data about lipid
variables were assessed both in the whole study population and also after
excluding subjects taking lipid-lowering therapies. Qualitative data were
analyzed with the x2 test and with x2 for linear trend analysis when
indicated. A value of P less than .05 was considered statistically significant.
Within each group examined, the frequencies of the SMARCA4, LDLR, and
LRPI genotypes associated with each of the polymorphisms were com-
pared by the x? test, with the values predicted on the basis of the
Hardy-Weinberg equilibrium. Pairwise linkage disequilibrium was exam-
ined as described by Devlin and Risch.?!

To assess the possible genetic predictors of FVIII:c levels, LDLR
polymorphisms were included in a linear regression model adjusted for the
main, known determinants of FVIII:c (ie, gender, age, blood group, and
inflammation status) as well as for CAD status and renal function. Potential
interactions among genotypes in determining FVIIL:c levels were investi-
gated by F test in general linear models.

To assess associations with CAD, odds ratios (ORs) with 95% CI were
estimated by logistic regression models adjusted for classic risk factors
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Table 1. Characteristics of the study population, with or without CAD

LDLR POLYMORPHISMS, FVIIIACTIVITY, and CAD RISK 5691

Characteristic CAD-free (n = 291) CAD (n = 692) P
Age,y 57.8 = 12,5 60.9 = 9.5 <.001*
Male sex, % 68.6 80.3 < .001t
Body mass index, kg/m2 255 = 85 26.6 = 3.4 < .001*
Hypertension, % 36.1 63.5 < .001t
Smoking, % 43.1 67.9 <.001%
Diabetes, % 6.9 17.0 < .001%1
Estimated GFR, mL/mint 75 = 20 73 =17 .060*
Lipid-lowering therapies, % 14.4 35.8 <.001t
Total cholesterol, mM 5.51 + 1.06 5.75 + 1.14 .003*
LDL-cholesterol, mM 3.55 = 0.92 3.86 + 0.99 <.001*
HDL-cholesterol, mM 1.41 = 0.40 1.21 £ 0.31 <.001*
Total cholesterol/HDL-cholesterol ratio 417 =1.29 5.06 = 1.60 < .001*
Triglycerides, mM 1.51 = 0.69 1.97 = 1.17 < .001*
hs-CRP, mg/L 1.98 (1.67-2.22) 3.33 (3.04-3.65) <.001*
FVIII, U/dL 149 + 47 172 + 55 <.001*
rs688, %

CcC 37.5 30.1

CT 42.3 48.4 071t

TT 20.2 215

Carrier T (vs CC) 62.5 69.9 .023t
rs2228671, %§

cc 78.0 79.4

CT 20.9 19.3 797t

TT 141 1.3

Carrier T (vs CC) 22.0 20.6 6221
rs1122608, %)|

GG 47.4 58.5

GT 43.2 36.3 .003t

TT 9.4 5.2

Carrier T (vs GG) 52.6 41.5 .0021

*By ttest.
1By x2 test.

1GFR is estimated by the abbreviated Modification of Diet in Renal Disease equation.

§Data about rs2228671 genotype were available for 958 subjects.
|Data about rs1122608 genotype were available for 916 subjects.

(sex, age, body mass index, smoking, hypertension, diabetes, LDL- and
high-density lipoprotein [HDL]-cholesterol, triglycerides, estimated GFR,
and hs-CRP). Statistical power was calculated by Altman nomogram.

Haplotype frequencies were estimated using R software with haplo.stats
package (R Foundation for Statistical Computing, Vienna, Austria; http:/
www.R-project.org). Haplotypes present in less than 10 persons were
excluded from the analyses. The relationships between haplotypes and
laboratory and clinical outcomes were examined using a generalized linear
model regression of a trait on haplotype effects, allowing for ambiguous
haplotypes (haplo.glm function).3? Statistical significance of associations
was ascertained by randomly permuting the disease status of the sample
persons in 1000 replicates by Monte Carlo method.

Results
FVIli:c levels and risk of CAD

The general characteristics of the study population, divided into
CAD-free and CAD groups, are summarized in Table 1. As
expected, the classic risk factors for atherosclerosis were more
frequent in subjects with CAD than in those without CAD.

CAD patients had higher FVIIIL:c levels than CAD-free subjects
(172 £ 55 vs 149 *= 47 1U/dL; P < .001). According to the tertile
distribution of FVIII:c in the whole population, the proportion of
CAD patients increased progressively from the lowest to the
highest tertile (59.9%, 69.2%, and 81.9%, respectively; P < .001
by x? for trend analysis). Considering subjects with FVIIL:c in the

lowest tertile as the reference group, a progressive greater risk of
CAD was observed across the other tertiles also after adjustment
for all the traditional cardiovascular risk factors (ie, sex, age, body
mass index, smoking, hypertension, diabetes, LDL- and HDL-
cholesterol, triglycerides, estimated GFR, and hs-CRP; Figure 3).

Noteworthy, no significant correlation was found between
FVIII:c levels and any plasma lipid concentration (data not shown).
On the other hand, FVIII:c levels were higher in females than in
males (181 = 55 vs 161 = 52 IU/dL; P < .001) and in no-O blood
group carriers than in O blood group carriers (175 = 53 vs
149 = 51 IU/dL; P < .001). Finally, FVIII:c was directly corre-
lated with age (Pearson coefficient = .239; P < .001) and hs-CRP
(Pearson coefficient = .210; P < .001), and inversely with esti-
mated GFR (Pearson coefficient = —0.193; P < .001).

Genotype/fenotype correlations for SNPs at LDLR/SMARCA4
loci

The genotype distribution for each SNP was consistent with
Hardy-Weinberg equilibrium both in cases and in controls (Table
1). Moreover, the 3 SNPs tested were not in linkage disequilibrium
in HapMap data (Figure 1),3* and a similar linkage disequilibrium
pattern was also observed in our study population (supplemental
Table 1, available on the Blood Web site; see the Supplemental
Materials link at the top of the online article).

rs688-LDLR exon 12. The carriers of the rs688 T allele had
higher FVIII:c levels than CC-homozygotes (Table 2). In a
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FVIIl tertiles (IU/dL)

* : by multiple logistic regression analysis adjusted for age, sex, BMI, smoke, hypertension,
diabetes, estimated GFR, hs-CRP, HDL and LDL cholesterol, triglycerides.

Figure 3. Risk of CAD according to FVIIl:c tertile distribution (the lowest tertile
was considered the reference group).

regression model adjusted for the main determinants of FVIIl:c
variability, the carriership of T allele remained a significant
predictor of FVIII:c (B-coefficient = 7.49; P = .037; Table 3). On
the other hand, no significant association was found with lipid
variables, both in the whole study population and in subjects
without lipid-lowering therapies (Table 4). Consistent with the high
FVIIIL:c levels, the carriers of rs688 T allele were more represented
among CAD patients (Table 1), with an increased OR for CAD
(1.39 with 95% ClI, 1.05-1.86 by univariate analysis). Remarkably,
the carriership of T allele remained an independent risk of CAD
also after adjustment for all the traditional cardiovascular risk
factors, including lipid profile (OR = 1.48 with 95% CI, 1.01-2.16,
by multiple logistic regression analysis adjusted for sex, age, body
mass index, smoking, hypertension, diabetes, LDL- and HDL-
cholesterol, triglycerides, estimated GFR, and hs-CRP).
rs2228671-LDLR exon 2. The carriers of the rs2228671
T allele presented also higher FVIII:c levels (Table 2), and in a
regression model adjusted for the main determinants of FVIIL:c

Table 2. FVIli:c levels according to rs688, rs2228671, and rs1122608
genotypes

FVIII, IU/dL P

rs688, %

CC (n = 317) 160 + 51

CT (n = 458) 168 + 53 .104*

TT (n = 208) 167 + 57

Carrier T (vs CC) 168 + 54 .0361
rs2228671, %t

CC (n = 757) 164 + 53

CT (n = 189) 173 + 56 .091*

TT (n=12) 174 + 50

Carrier T (vs CC) 173 + 55 .028t
rs1122608, %§

GG (n = 506) 165 + 55

GT (n = 351) 167 + 54 .582*

TT (n = 59) 160 + 47

Carrier T (vs GG) 166 = 53 7221

*By analysis of variance.

1By ttest.

tData about rs2228671 genotype were available for 958 subjects.
§Data about rs1122608 genotype were available for 916 subjects.
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Table 3. Linear regression model for predictors of FVIIl:c variability

B-coefficient SD P
rs688 T carriership 7.49 3.59 .037
rs2228671 T carriership 7.43 4.12 .048
Female sex 19.22 4.06 < .001
Age, years 0.85 0.17 < .001
CAD diagnosis 19.60 3.79 < .001
No-O blood group 25.56 3.42 < .001
Estimated GFR, mL/min -0.27 0.10 .007
hs-CRP, mg/L 0.70 0.18 <.001

R2 = 0.195.

variability, the carriership of T allele remained a significant
predictor of FVIII activity (B3-coefficient = 7.43; P = .048; Table
3). On the other hand, carriership of the T allele was associated
with a more favorable lipid profile, particularly evident in subjects
without lipid-lowering therapies, characterized by lower plasma
concentrations of total and LDL-cholesterol, and a lower total to
HDL-cholesterol ratio (Table 4). Carriers of the rs2228671 T allele
did not present a different risk of CAD (Table 1).

rs1122608-SMARCA4 intron 30. The rs1122608 genotype
was not associated with FVIII:c levels (Table 2), whereas the
carriers of the rs1122608 T allele were characterized by a favorable
lipid profile, particularly evident in subjects without lipid-lowering
therapies, with lower triglyceride plasma concentrations and lower
total to HDL-cholesterol ratio (Table 4). Consistent with the
favorable lipid profile, the carriers of rs1122608 T allele were less
represented among CAD patients (Table 1), with a reduced OR for
CAD (0.64 with 95% CI, 0.48-0.85 by univariate analysis).

As regards the association with CAD, the LDLR and SMARCA4
SNPs were included in a multiple logistic regression model
adjusted for all the traditional cardiovascular risk factors, including
lipid profile. Only the carriership of rs688 T allele remained an
independent risk of CAD (OR = 1.67 with 95% CI, 1.10-2.54),
whereas the rs1122608 genotype lost its statistically significant
association (OR = 0.82 with 95% CI, 0.54-1.25).

Analysis of single nucleotide polymorphisms in the LDLR
locus (rs688, rs2228671) for Fll:c and FV:c levels

To evaluate whether the genotype effect of rs688 and rs2228671
was specific for FVIII or more broad on other coagulation factors,
also Fll:c and FV:c levels were assessed. Remarkably, no associa-
tion was found between the aforementioned polymorphisms and
levels of Fll:c or FV:c (supplemental Table 2).

Analysis of LRP1-25C/G polymorphism

The LRPI-25C/G polymorphism was not associated with either
CAD (Table 5) or FVIIIL:c levels or lipid parameters (Table 5 in the
whole study population and supplemental Table 3 in subjects
without lipid-lowering therapy). The homozygotes for the G allele
showed a trend toward low concentrations of total and LDL-
cholesterol and high levels of FVIIL:c (Table 5). However, the low
number of the GG-homozygotes (n = 16) does not allow to draw
any firm conclusion. Remarkably, both LDLR SNPs (rs688 and
rs2228671) remained significant predictors of FVIIIl:c variability
after the inclusion of LRP-25 C/G polymorphism in a sex- and age-
adjusted regression model (for rs688 carriership: 3-coefficient = 7.81;
P = .029; for 152228671 carriership: (-coefficient = 9.38; P = .027).
Moreover, no significant interaction was found among LRPI and
LDLR polymorphisms (LRP1-25C/G vs LDLR rs688: F = 1.662,
P = .198; LRP1-25C/G vs LDLR rs2228671: F = 1.249, P = .287).
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Table 4. Lipid levels according to rs688, rs2228671, and rs1122608 genotypes in the whole study population (n = 983) and in subjects

without lipid-lowering therapies (n = 693)

Total LDL HDL Total
cholesterol, cholesterol, cholesterol, cholesterol/ Triglycerides,
mM P mM P mM P HDL ratio P mM P
Whole study population (n = 983)

rs688, %

CC (n = 317) 5.60 = 1.06 3.71 £ 0.97 1.27 = 0.34 473 = 1.51 1.78 = 0.85

CT (n = 548) 574 +113 .169* 3.79 = 0.96 511* 1.29 = 0.36 .216* 4.78 =+ 1.63 .555* 1.83 £ 1.11 444

TT (n = 208) 5.68 = 1.17 3.79 = 1.03 1.23 + 0.33 4.89 * 1.51 1.90 + 1.24

Carrrier T (vs CC) 572 £1.14 1041 3.79 = 0.98 24671 1.27 £ 0.35 935t 4.82 +1.59 4701 1.85 = 1.15 3291
rs2228671, %t

CC (n = 757) 571 =1.12 3.79 = 0.98 1.26 = 0.35 4.85 = 1.59 1.86 = 1.12

CT (n = 189) 5.54 = 1.09 A72* 3.64 = 0.93 179* 1.31 £ 0.35 .240* 4.52 + 1.46 .043* 1.71 £ 0.84 .210*

TT (n=12) 577 £ 112 3.88 = 0.98 1.25 + 0.41 5.01 = 1.65 2.04 =113

Carrrier T (vs CC) 5.56 = 1.09 .081t 3.65 + 0.93 0911 1.31 = 0.35 110t 4.55 + 1.48 .022t 1.73 + 0.86 149t
rs1122608, %§

GG (n = 506) 5.63 = 1.12 3.72 £ 0.97 1.25 + 0.34 482 +1.44 1.87 £ 1.02

GT (n = 351) 5.70 = 1.08 .080* 3.78 = 0.96 .150* 1.30 = 0.36 .105* 4.69 = 1.47 279* 1.79 +1.15 .406*

TT (n = 59) 5.36 = 0.87 3.51 £ 0.68 1.29 = 0.35 4.54 = 1.66 1.70 = 0.95

Carrrier T (vs GG) 5.65 = 1.06 7661 3.74 = 0.93 .83671 1.30 = 0.36 .035t 4.67 = 1.50 1251 1.78 £ 1.12 2301

Subjects without lipid-lowering therapies (n = 693)

rs688, %

CC (n = 222) 5.66 = 1.06 3.79 = 0.98 1.28 = 0.36 474 = 1.48 1.71 £0.79

CT (n = 325) 5.74 = 1.05 .539* 3.79 = 0.88 .684* 1.30 = 0.38 .673* 4.78 = 1.68 .701* 1.80 + 1.00 .487*

TT (n = 146) 578 £ 1.17 3.87 = 1.05 1.26 = 0.35 4.88 = 1.48 1.82 = 0.98

Carrrier T (vs CC) 5.75 £ 1.09 2891 3.81 = 0.94 792t 1.29 + 0.37 .909t 4.81 = 1.61 5781 1.80 = 1.00 2391
rs2228671, %|

CC (n = 528) 5.78 = 1.08 3.86 = 0.96 1.28 = 0.37 4.86 = 1.60 1.80 = 0.96

CT (n = 134) 5.55 + 1.07 .065* 3.64 = 0.94 .055* 1.33 £ 0.37 .387* 4.47 =147 .046* 1.62 £ 0.76 .073*

TT (n=11) 5.95 + 0.98 4.06 * 0.86 1.29 + 0.41 5.08 = 1.72 2.07 =117

Carrrier T (vs CC) 5.58 + 1.06 .0451 3.67 = 0.94 041t 1.33 = 0.37 1821 4.52 =1.49 .029t 1.65 + 0.80 .095t
rs1122608, %9

GG (n = 349) 5.72 = 1.09 3.80 + 0.96 1.26 = 0.36 4.86 = 1.47 1.85 + 1.02

GT (n = 253) 5.72 +1.07 .074* 3.79 = 0.96 167* 1.32 £ 0.37 .185* 4.62 £ 1.37 .059* 1.68 = 0.79 .049*

TT (n = 44) 5.34 £ 0.90 3.50 = 0.72 1.30 = 0.35 443 = 1.40 1.63 £ 0.75

Carrrier T (vs GG) 5.66 += 1.05 453t 3.74 = 0.93 4551 1.32 £ 0.37 .073t 4.59 = 1.37 .025t 1.67 = 0.79 015t

*By analysis of variance.

1By ttest.

}Data about rs2228671 genotype were available for 958 subjects.
§Data about rs1122608 genotype were available for 916 subjects.

|Data about rs2228671 genotype were available for 673 subjects without lipid-lowering therapies.
{Data about rs1122608 genotype were available for 646 subjects without lipid-lowering therapies.

Haplotype analysis

We then performed a haplotype analysis considering the 3
SMARCA4-LDLR SNPs (rs1122608, rs2228671, and rs688). The
2 most frequent haplotypes in the whole population were G-C-C
and G-C-T (Table 6). In sex- and age-adjusted generalized model
regressions of traits, the haplotypes were significantly associated
with both FVIII:c levels and lipid plasma concentrations (ie, total
and LDL-cholesterol) and total to HDL-cholesterol ratio. Consis-
tent with such results, haplotypes were also associated with a
different prevalence of CAD (Table 6). In particular, the G-C-T
haplotype, characterized by the high FVIII:c-associated rs688
T allele, was more frequent in CAD than in CAD-free subjects
(36.6% vs 31.6%, respectively), whereas the T-C-C haplotype,
characterized by the favorable lipid profile-associated rs1122608
T allele, was less frequent in CAD than in CAD-free subjects
(14.1% vs 18.5%, respectively). Subjects with G-C-T haplotype
carried a greater risk of CAD than subjects with T-C-C haplotype
(OR = 1.59 with 95% CI, 1.17-2.18; P =.003 in a sex- and
age-adjusted model and P = .021 after 1000 permutations by
Monte Carlo method; Table 6).

Discussion

In this study, we demonstrate, for the first time, that SNPs at the
LDLR locus may contribute to the variability of FVIII:c. Moreover,
these SNPs were differently associated with CAD, consistent with
FVIII:c levels and independent from lipid profile. Thus, the LDLR
locus may have pleiotropic influences on either plasma lipid or
coagulation factor concentrations, which in turn may modulate the
risk of CAD.

To put our results into perspective, we propose the following
considerations.

FVIil:c and CAD risk

FVIII is well known to play a pivotal role in the coagulation
cascade. Elevated FVIII levels are established important risk factor
for venous thrombosis'-33* and have been associated also with
an increased risk of CAD and MI by previous epidemiologic
studies.*633-37 Concordantly, in our angiographically studied popu-
lation, high levels of FVIII:c were associated with a progressive
increase of CAD risk, regardless of all traditional risk factors,
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Table 5. Distribution in CAD-free and CAD groups, FVIli:c levels, and lipid levels according to LRP1 —25C/G polymorphism (data available for 963 subjects)

Total
cholesterol/HDL

HDL
cholesterol,

LDL
cholesterol,

Total
cholesterol,

AD

c
(n = 683),

CAD-free

Triglycerides,

FVIii:c,

(n = 280),

mM

ratio

mM

mM

mM

P

1U/dL

P

%

LRP1 —25C/G

1.85 +1.13

4.80 = 1.52
4.80 = 1.81

1.28 = 0.36
1.25 = 0.33
1.25 = 0.33
1.25 = 0.33
1.27 = 0.35

3.79 = 0.99
3.70 = 0.95
3.16 = 0.52
3.66 = 0.93
3.77 = 0.98

571 £1.13
5.60 = 1.06
5.05 * 0.61
5.55 = 1.04

5.69 + 1.12

165 + 53
163 + 52
185 + 65
165 + 53
165 + 53

79.1

1

83.2

CC (n = 773)

555t

1.76 = 0.80
1.67 = 0.53
1.75 = 0.78
1.83 = 1.08

4951

.038t .049t 577t

295t

.180*

8.9
2.0

20.9
98.0

16.1

CG (n = 174)
GG (n

4.28 = 1.11

0.7
16.8

= 16)

.299%
.566%

.756%
.235%

4.75 £ 1.76
4.80 = 1.58

.294%
797%

.079% A21%
.025%

.024%

.981%

142

Carrrier G (vs CC)
Carrrier C (vs GG)

.130%

141

99.3

*By x2 test.

1By analysis of variance.

1By ttest.
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including those known to be correlated with FVIIl:c, such as
hs-CRP, and GFR. The mechanisms linking FVIII with atheroscle-
rosis need still to be completely elucidated. Nevertheless, it is of
interest to note that immunohistochemical studies on human
atherectomy specimens have revealed the presence of FVIII near
macrophages and smooth muscle cells, suggesting that FVIII may
enhance the thrombogenicity of atherosclerotic plaques.’®

rs688 and FVIll-mediated modulation of CAD risk

The rs688 is a synonymous SNP located within LDLR exon 12 and
has been originally discovered in 1988.% This genetic variant is
quite common among white populations, being the frequency of
T allele carriers near 65%. Previous studies have related rs688 with
lipid profile,2$40 but to the best of our knowledge, no association
with cardiovascular disease has been described. Zhu et al proposed
a functional role for this SNP through neutralization of an exon
splicing enhancer,?® and independently from the splicing factor
SFRS13A.4! In this way, the T allele has been associated with an
increased proportion of LDLR isoforms lacking the transmembrane
domain. The “truncated” (soluble) LDLR has been proposed to act
by binding LDL and inhibiting its uptake by the normal, transmem-
brane LDLRs. According to this hypothesis, the T allele was
associated with increased total and LDL-cholesterol in premeno-
pausal females of the Framingham Offspring Study, but not in
males or postmenopausal females, suggesting a possible sex- and
age-specific effect.?® In our study, we did not detect any significant
association between rs688 and lipid profile. Our study population
was represented mainly by males, and almost all the females were
postmenopausal. Thus, our results are substantially in agreement
with those by Zhu et al.?® On the other hand, we found that rs688
was an independent predictor of FVIII:c; and consistent with the
high FVIII:c levels, the T allele was associated with an increased
risk of CAD. Moreover, the association of rs688 with CAD risk
remained unchanged after adjustment for plasma lipids by logistic
regression but was no longer statistically significant after inclusion
of FVIIIL:c levels. Our results strongly support the hypothesis of an
alternative pathway linking LDLR to the cardiovascular risk
regardless of the lipid profile (ie, through modulation of FVIIIL:c
levels; supplemental Figure 1A). In a previous work, Bovenschen
et al?? suggested, for the first time, this potential link showing that
FVIII is a ligand for LDLR, which in turn cooperates with LRP in
regulating FVIII plasma levels in mice models. Indeed, the
adenovirus-mediated overexpression of human LDLR in mice
accelerated FVIII clearance, further supporting the role of LDLR in
FVIII metabolism. On the other hand, the same authors also
demonstrated the selective interaction of LDLR with FVIII but not
with VWEF, the FVIII carrier protein.?? This observation is particu-
larly relevant to our study, in view of the lack of available data on
VWEF levels (“Study limitations and strengths™). The specificity of
the LDLR-FVIII is further indirectly supported by the lack of any
association between LDLR SNPs and other coagulation factor
activities, such as FII:c and FV:c.

rs1122608 and plasma lipid-mediated modulation of CAD risk

The rs1122608 polymorphism is adjacent to the LDLR gene (within
SMARCA4 intron 30) and is also common, being the frequency of
the minor allele (T) near 30% in the white populations. The role
of this SNP has been recently highlighted by recent genome-
wide association studies showing an association of this SNP
with ML.26 The functional meaning of this marker of the 19p13
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Table 6. Distribution of SMARC4-LDLR haplotypes (on the basis of rs1122608, rs2228671, and rs688 polymorphisms) in the whole population and in
subjects with or without CAD and associations with FVIll:c, total and LDL cholesterol levels, and total to HDL cholesterol ratio

Haplotype frequency, %

Total LDL Total

Whole CAD-free CAD FVIII, cholesterol, cholesterol, cholesterol/
rs1122608 rs2228671 rs688 population subjects patients P* 1U/dL P mM P mM P* HDL ratio P*
G C C 35.9 36.0 35.8 .002 162+74 025 583+175 .001 379+159 .017 4.89*=1.62 .039
G C T§ 35.2 31.6 36.61 166 + 56 5.77 =1.38 3.74 £ 1.27 4.92 +2.07
Tt C C 15.5 18.5 141t 161 + 47 5.67 = 1.18 3.69 * 1.02 4.66 = 1.28
Tt T1§ T§ 4.8 6.7 4.2 166 + 45 5.76 = 1.10 3.78 = 1.03 4.56 = 1.37
IR T1§ C 3.0 3.5 2.8 176 = 50 5.31 =1.07 3.39 * 1.05 4.76 = 1.47

Haplotypes present in < 10 subjects were excluded from the analysis. Data about total and LDL-cholesterol were analyzed in the subgroup of patients without

lipid-lowering therapies (n = 693).

*P for haplotype effect in a sex- and age-adjusted generalized linear model regression of trait.
tSubjects with G-C-T haplotype carried a greater risk of CAD than subjects with T-C-C haplotype (OR = 1.59; 95% Cl, 1.17-2.18; P = .003 in a sex- and age-adjusted

model and P = .021 after 1000 permutations by the Monte Carlo method).
tAlleles associated with a favorable lipid profile.
§Alleles associated with high FVIIl:c levels at SNP analysis.

locus remains unknown, but it could be in linkage disequilib-
rium with pathogenic SNP within the adjacent LDLR, being
associated with LDL-cholesterol levels.”> Our results support
this view because the carriers of T allele presented a favorable
lipid profile and a reduced risk of CAD, whereas the adjustment
for plasma lipids by logistic regression abolished the significant
association between rs1122608 and CAD. Again, this suggests
that the link between rs1122608 and CAD is through changes in
plasma lipids (supplemental Figure 1B) and that, unlike the
rs688, there is no additional pathway contributing to the risk
profile.

rs2228671 and the balance of FVIII and lipid phenotypes on
CAD risk

The rs2228671 polymorphism is located within LDLR exon 2 in
the third position of a triplet coding for cysteine. Similar to the
other LDLR intragenic SNP rs688, it does not result in an amino
acid change. Up to now, there is no evidence of a putative intrinsic
functional role.?” The rs2228671 is common, with the minor
T allele representing approximately 10% in the white populations,
and has been associated with lipid profile in genome-wide associa-
tion studies, particularly with LDL concentration.”> A study in
European populations performed by Wellcome Trust Case Control
(WTCC) and the Cardiogenics Consortia has related the minor T
allele with a decrease in both LDL-cholesterol level and CAD risk.
The present study confirms the association of this SNP with
LDL-cholesterol, but not with CAD. On the other hand, rs2228671
was an independent predictor of FVIll:c, thus representing an
appealing example of a genetic variant associated with 2 different
biochemical phenotypes. Intriguingly, the rs2228671-related ef-
fects on the lipid and coagulation phenotypes were theoretically
contrasting as regards to the susceptibility to CAD. Indeed, the
minor T allele was associated with both high FVIII:c and low
LDL-cholesterol; thus, we were tempted to speculate that the
proatherogenic action of high FVIII:c could be counterbalanced by
the atheroprotective role of low LDL-cholesterol. According to the
putative net sum of effects on the final phenotype, the risk of CAD
was unchanged in our population (supplemental Figure 1C).

Haplotype analysis: SMARCA4-LDLR haplotypes as
determinant of plasma lipids, FVIll:c, and CAD risk

The 3 SNPs at LDRL locus were not in linkage disequilibrium,
allowing us to perform an informative haplotype analysis of this
locus. Consistent with the SNPs analyses, the SMARCA4-LDLR

haplotypes were associated with both plasma lipids, FVIII:c levels,
and CAD. In this sense, the difference in risk of CAD between the
haplotypes G-C-T and T-C-C (rs1122608-rs2228671-rs688) is
paradigmatic. The G-C-T, including the rs688 T allele, showed
consistently high FVIII:c levels and was more represented in CAD
patients. The T-C-C, including the rs1122608 T allele, showed
consistently low LDL-cholesterol levels and was more represented
in CAD-free subjects. The low frequencies of the other haplotypes
(T-T-T and T-T-C), characterized by alleles with potentially either
harmful or favorable effects, do not allow to draw any further
conclusion.

LRP1-25C/G polymorphism did not significantly interact with
LDLR SNPs in determining FVIil:c

Because previous work on LDLR knockout mice suggested a
cooperation between LDLR and LRP1 in modulating FVIIlL:c
levels,”? we also genotyped our study population for the known
—25C/G polymorphism in the LRPI promoter.!> However, this
SNP was not significantly associated with either FVIIIL:c levels or
CAD and did not show any significant interactions with LDLR
polymorphisms. After inclusion of the —25C/G LRPI polymor-
phism in the regression model, both rs688 and rs2228671 remained
significant predictors of FVIII:c variability, further supporting an
independent association of these LDLR polymorphisms with FVIIL:c
in humans.

Study limitations and strengths

Our study has some limitations that need to be taken in account.
These are mainly related to the case-control design, as well as the
relatively low and unbalanced sample size. Nevertheless, it was
sufficiently powered for both FVIIl:c and genotype analysis
(> 85% by Altman nomogram). Similarly, the angiographic defini-
tion of cases and controls represents a strength of our work,
preventing from enrolling in control group subjects with asymptom-
atic, but still significant CAD.

With respect to the association between FVIII:c and CAD, the
lack of available data on VWF represents a potential limitation.
VWEF carries and stabilizes FVIII in the circulation and plays an
important role in hemostasis by facilitating platelet activation and
thrombus formation. Therefore, it has been argued that FVIII
involvement in arterial thrombosis may reflect the interaction with
VWE.3* On the other hand, epidemiologic studies have shown that
the risk of venous thrombosis in persons with elevated FVIIL:C
levels is independent of VWF levels,'#? and the Atherosclerosis
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Risk and Communities investigators recently reported an almost
identical association of FVIII:c and VWF with CAD events during
long-term follow-up (average, 12.4 years).** Because the molecular
interaction between LDLR appears limited to FVIII and not to
VWE2 it is plausible that the lack of VWF data did not weaken the
cornerstone concept of our hypothesis (ie, a FVIII-related pathway
linking LDLR and CAD beyond lipoprotein metabolism). More-
over, it is noteworthy that our analysis about FVIII:c determinants
has been adjusted also for ABO blood group, which in turn has
been proposed to affect FVIII:c levels by differential glycosylation
and thus metabolism/catabolism of VWE.!7-18

Finally, it should be emphasized that none of the 3 SNPs at the
19p3 locus, including the rs688,% has been definitively proven to
be functional per se; thus, further studies are needed to identify the
true functional variants. Thus, biologic studies investigating the
potential physiologic function of LDLR in FVIII catabolism in
humans as well as exploring whether LDLR SNPs actually affect
FVIII binding/uptake are particularly warranted. On the other hand,
convincing proofs have been recently provided about interaction of
FVIII with receptors of LDLR family,*4 suggesting that a prolonga-
tion of FVIII lifetime may indeed result from mutations of residues
critical for the interaction of FVIII with both LRP and LDLR #

In conclusion, in this study 3 SNPs at the 19p3 locus (SMARCA4-
LDLR) were associated with both plasma lipid concentrations and
FVIIIL:c levels and, consistent with these intermediate phenotypes,
with CAD risk. In particular, the results on rs688 suggest that an
LDLR polymorphism may be associated with cardiovascular dis-
ease beyond the lipoprotein metabolism pathway, probably through
a FVIll-related mechanism. To the best of our knowledge, our
results are the first supporting the hypothesis of a role of LDLR in
regulating FVIII plasma levels in humans, accordingly with the
original data by Bovenschen et al in vitro and in mice models.??

Our results also provide light in the still obscure field of the
genetic determinants of FVIII and further emphasize the potential
importance of FVIII-related pathways in atherosclerotic disease.

The functional dynamism and the potential adaptability to new
biochemical properties are increasingly recognized as a pivotal
capacity of several molecules acting in biologic pathways,*’” and
receptors are particularly suitable to multiple binding functions.
Our results suggest that the biochemical properties and abilities of
LDLR are not limited to lipoprotein metabolism but may be
extended to hemostatic balance. Remarkably, patients with familial
hypercholesterolemia have been shown to present a net procoagu-
lant pattern also independent of plasma LDL-cholesterol level*
and could be an adequate population model addressing the role of
an extremely low expression of LDLR in modulating FVIII:c levels
in further studies. Moreover, by proposing new functional capaci-
ties of LDLR activity, our results may offer new interpretation for
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therapeutic implications. Interestingly, a recent clinical trial has
shown that the lipid-lowering therapy with rosuvastatin was
associated with a decreased risk of venous thrombosis.*’ This effect
was not completely explained by the well-known actions of statins
(eg, lipid-lowering and anti-inflammatory). On the other hand,
considering that statins are known to increase the expression of
LDLR, the possible ensuing increased clearance of FVIIl:c may
represent an adjunctive mechanism for decreasing the thrombotic
risk. However, it should be noted that no clear statement of
causality can be drawn from data reflecting a risk association, as
well as that our results ask for validation in other population
studies, particularly with prospective design. Further studies are
needed in this direction addressing the intriguing prospect of
alternative pathways linking LDLR and cardiovascular risk beyond
lipoprotein metabolism.
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