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Aims Two single-nucleotide polymorphisms (SNPs), rs1746048 and rs501120, from genome wide association studies of
coronary artery disease (CAD) map to chromosome 10q11 �80 kb downstream of chemokine CXCL12. Therefore,
we examined the relationship between these two SNPs and plasma CXCL12 levels.

Methods
and Results

We tested the association of two SNPs with plasma CXCL12 levels in a two-stage study (n ¼ 2939): first in PennCath
(n ¼ 1182), a Caucasian, angiographic CAD case–control study, and second in PennCAC (n ¼ 1757), a community-
based study of CAD risk factors. Plasma CXCL12 levels increased with age and did not vary by gender. There was
no linkage disequilibrium between these two SNPs and SNPs within CXCL12 gene. However, CAD risk alleles
at rs1746048 (C allele, P ¼ 0.034; CC 2.33+ 0.49, CT 2.27+0.46, and TT 2.21+0.52 ng/mL) and rs501120
(T allele, P ¼ 0.041; TT 2.34+ 0.49, CT 2.28+0.46, and CC 2.23+0.53 ng/mL) were associated with higher
plasma levels of CXCL12 in age and gender adjusted models. In Stage 2, we confirmed this association (rs501120,
T allele, P ¼ 0.007), and meta-analysis strengthened this finding (n ¼ 2939, P ¼ 6.0 × 1024). Finally, in exploratory
analysis, the rs1746048 risk allele tended to have higher transcript levels of CXCL12 in human natural killer cells
and the liver.

Conclusion Coronary artery disease risk alleles downstream of CXCL12 are associated with plasma protein levels of CXCL12 and
appear to be related to CXCL12 transcript levels in two human cell lines. This implicates CXCL12 as potentially causal
and supports CXCL12 as a potential therapeutic target for CAD.

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
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Introduction
Genome-wide association studies (GWAS) have revealed many
novel loci associated with coronary artery disease (CAD) and
myocardial infarction (MI).1 –3 Two highly replicated single-
nucleotide polymorphisms (SNPs) [rs1746048, odds ratio (OR)
for MI 1.17, P-value3 8.1 × 1029 and rs501120, OR 1.33,
P-value1 7.4 × 1028] map to chromosome (chr) 10q11 �80 kb
downstream of chemokine (C-X-C motif) ligand 12 (CXCL12), an
inflammatory chemokine expressed in cells of relevance to CAD

and MI.4 –6 Several replicated GWAS discoveries, like the locus
in the CXCL12 region, are in genomic regions distant from the
likely causal gene. Although such loci may in fact lie in novel
genes (e.g. non-coding RNAs)7 or be in genetic correlation, i.e.
linkage disequilibrium (LD), with distant causal genes,8 there is
growing evidence that some may contain regulatory sites for
disease-related genes up to 1 Mb away either 3′ or 5′.9 –11 The
chr10q11 CAD/MI GWAS locus lies �80 kb away from the
CXCL12 gene; therefore, it is not clear whether the GWAS
finding specifically relates to CXCL12.
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CXCL12 is a biologically plausible gene as it plays a role in
recruiting leucocytes in response to vascular injuries12,13 and has
been implicated in atherosclerosis in rodent models. There are
six known CXCL12 coding splice variants, of which only two
isoforms, a (also called isoform-1) and b (also called isoform-2),
predominate in the adult human, with the majority in most adult
tissues being isoform a.14 CXCL12 is highly expressed in human
atherosclerotic plaque4 within endothelial cells and smooth
muscle cells.5,15 The receptor for CXCL12, chemokine (C-X-C
motif) receptor 4 (CXCR4), is found on macrophages and vascular
smooth muscle cells,5 and the a isoform is secreted by platelets
and is a potent platelet agonist.4 CXCL12 was recently shown to
have enhanced expression on platelets, and platelet-bound
CXCL12 correlated with the degree of systemic platelet acti-
vation.16 Furthermore, a small human study found plasma
CXCL12 levels to be modulated in human CAD.17 A recent
report showed that there was an association of rs1746048 with
increased carotid intimal–medial thickness.18 These data suggest
a relationship between CXCL12 and human atherosclerotic cardio-
vascular disease; however, whether CXCL12 actions are athero-
protective or atherogenic in humans remain uncertain.

Thus, this study examined the hypothesis that common variation
at both of these SNPs at the chr10q11 locus (rs1746048 and
rs501120) is associated with plasma CXCL12 levels. Further, we
tested the association of one of these SNPs (rs1746048) with
CXCL12 mRNA levels and isoform expression in human tissue.
Finally, we posited that the direction of association between
CAD/MI risk alleles and plasma CXCL12 and tissue transcript
levels may provide insight into the biological relationship of
CXCL12 with atherosclerosis.

Methods

Clinical study design
PennCath study design, recruitment process, and selection criteria
have been reported previously.19,20 Briefly, PennCath is a cross-
sectional study of biochemical and genetic CAD risk factors in a con-
secutive cohort of patients undergoing cardiac catheterization at the
University of Pennsylvania in an Institutional Review Board-approved
protocol.19,20 All subjects gave written informed consent and the
study complies with the Declaration of Helsinki. Enrolment criteria
included any clinical indication for cardiac catheterization. Coronary
angiograms were scored immediately by the interventional cardiologist
performing the procedure.

Stage 1 of this study focused on a subset of European Ancestry
PennCath participants who had genotyping and measurement of
CXCL12 levels (n ¼ 1182). Participants were categorized for CAD
and MI as follows: controls (n ¼ 390) .50 in men and .55 in
women, with no angiographic CAD; and CAD cases (n ¼ 792) with
angiographic CAD (≥1 vessel, ≥50% stenosis) divided into
‘CAD-MI’ cases with history or presentation with MI (chest pain and
EKG changes with elevated cardiac enzymes; n ¼ 406) ,65 at the
time of first event and ‘CAD-non-MI’ cases with no MI (n ¼ 386).19

Replication in Stage 2 was carried out in Caucasian participants in
PennCAC, a community-based study of risk factors for subclinical
atherosclerosis, in whom plasma CXCL12 levels were measured and
rs501120 genotyping performed (n ¼ 1757). Details of the PennCAC

study population appear in Supplementary material online and as
published previously.21

Genotyping and single-nucleotide
polymorphism selection
Genotyping was performed on Affymetrix 6.0 chip and Illumina
ITMAT-Broad-CARE (IBC) candidate gene array22 at the Center for
Applied Genomics (CAG) at Children’s Hospital of Philadelphia. The
Affymetrix 6.0 genotyping, quality control and analysis have been
described.3 The IBC array assays �49 200 SNPs in �2150 candidate
genes22 as well as SNPs from contemporary GWAS results and
included 38 CXCL12 SNPs designed for cosmopolitan tag-SNP cover-
age at minor allele frequencies .0.05 with an r2 of at least 0.5 in
HapMap populations.22

Our primary analysis focused on the association between plasma
CXCL12 levels and two SNPs (rs1746048 and rs501120) �80 kb
downstream of CXCL12 (Figure 1A). There are no other genes for
800 kb downstream (nearest gene ZNF-1) and 1 Mb upstream. These
two SNPs were reported previously in the WTCCC and MI-GEN
GWAS of CAD/MI, respectively,1,3 and are in almost perfect LD
(Figure 1B). Linkage disequilibrium is a measure of correlation
between two SNPs which may be transmitted between generations
in a large block of DNA called a haplotype. Therefore, to understand
whether the SNPs in the GWAS region were related to the CXCL12
gene, we first examined their LD with all the SNPs from 2 kb 3′ –5′ of
the CXCL12 gene (38 SNPs; see Supplementary material online, Table
S1) from the IBC array and Affymetrix 6.0 array genotyped and
imputed SNPs. As a descriptive analysis, we examined the correlation
of plasma CXCL12 levels with established risk factors for CAD. Repli-
cation genotyping of rs501120 was performed on the IBC Version 2
candidate gene array.22 This array contained rs501120 and similar to
PennCath, PennCAC had a genotype call rate exceeding 99%.
Details of genotyping, quality control, and genotyped and imputed
analytic methods appear in Supplementary material online.

Measurement of plasma CXCL12 levels
and other biochemical parameters
CXCL12 levels were measured in previously unthawed plasma samples,
stored at 2808C, using a commercial, indirect sandwich ELISA (Quanti-
kine Immunoassay; R + D Systems, Minneapolis, MN, USA).17 Blood
samples were spun within an hour at 10 000 g for 15 min at 48C upon
collection and then were frozen at 2808C until the CXCL12 ELISA
was performed. Immediately after thaw prior to running the assays, all
samples had a second spin for 2 min at 48C at 10 000 g to remove
debris before assay. Pooled plasma samples were included on all assay
plates. The intra- and inter-assay coefficients of variation were 3.1 and
9.1%, respectively. The specificity of this assay using Western blotting
and recombinant proteins confirms that the predominant isoform,
isoform-a, but not isoform-b, is detected by this ELISA (personal com-
munication with R&D, Christopher Larson). In both studies, total and
high-density lipoprotein (HDL) cholesterol, triglycerides (TG),
glucose, and creatinine levels were measured enzymatically on a Cobas
Fara II (Roche Diagnostic Systems Inc., NJ, USA). Low-density lipopro-
tein (LDL) cholesterol was calculated by the Friedewald formula
except when TG levels were .400 mg/dL.

Whole-transcript expression analysis
of CXCL12 in human tissues
We also explored the association between rs1746048 and expression
levels of CXCL12. First, we reviewed the literature for patterns of
CXCL12 tissue and cell-specific expression of known isoforms.12
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We examined the most appropriate expression data (exon arrays for
coverage of specific CXCL12 isoforms) in liver RNA samples
(n ¼ 35) (source of secreted protein systemically) and in natural

killer (NK) cells (n ¼ 7) (found in atherosclerotic lesions)23 from an
ongoing study using Affymetrix Human Exon 1.0 ST Array.24 These
tissues express only the CXCL12 a and b isoforms.14 These

Figure 1 The genomic region analysed surrounding the CXCL12 region. (A) Linkage disequilibrium in PennCath in the CXCL12 region, with
arrows demarcating the region from around CXCL12 to the genome-wide association studies region. The asterisk denotes the haplotype block
which contains rs1746048 and rs501120. (B) A magnified view of the haplotype block containing rs1746048 and rs501120 from the HapMap
CEU population. The asterisk corresponds to the same position as the PennCath linkage disequilibrium plot, and the green arrowhead denotes
rs1746048.
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samples also were genotyped on the Illumina HumanHap550v3 Array
which contains rs1746048. The Affymetrix Human Exon Array 1.0
chips were normalized using the methods RMA-sketch, quantile nor-
malization, and median polish as implemented by the
apt-probeset-summarize command line program from Affymetrix.
Expression values expressed as log-transformed were then analysed
for association between rs1746048 genotype and expression of the
probesets in CXCL12.

Statistical analysis
The primary goal of the study was to examine the relationship between
the two published GWAS CAD/MI SNPs at 10q11 and plasma CXCL12
levels, which were approximately normal in distribution in both Penn-
Cath and PennCAC (see Supplementary material online, Figure S1).
The directionality of association with CXCL12 levels was unknown a
priori so a two-sided P-value of ≤0.05 was considered statistically signifi-
cant. Because these SNPs were in almost perfect LD (r2 of 1.0 in HapMap
and 0.98 in PennCath), we did not correct for multiple testing.25 Given
a fixed sample size of 1182, we had ≥80% power (calculated using
http://pngu.mgh.harvard.edu/~purcell/gpc/),26 at a significance level of
0.05, to detect variation of 2.0% or greater in plasma CXCL12 levels in
our Stage 1 discovery sample.

Linear regression models of SNP associations with CXCL12 levels
were built sequentially by first including just SNPs, then adding
gender, age at first CAD, and CAD status, and finally also including
multiple CAD risk factors including tobacco, hypertension, hyperlipi-
daemia, and diabetes. Secondary analyses, performed to complement
the main analysis, examined the association of plasma CXCL12 with
established CAD risk factors using linear regression. Continuous par-
ameters were compared between groups by t-test for normally distrib-
uted values. Genotypes were coded as 0, 1, and 2, counting the
number of risk alleles, and linear regression was performed in PLINK
software27 applying an additive genetic model (trend test), adjusting
for covariates as outlined in results tables. For linear regression, the
b-coefficient is reported. There was no evidence for population stra-
tification28 using a genomic control measure (l ¼ 1.009 in PennCath
and 1.0008 in PennCAC), and details of this calculation appear in
Supplementary material online. Haplotype structure and LD blocks
were examined in PennCath using Haploview.29 The degree of LD
between the two GWAS SNPs and other SNPs in the CXCL12
locus (+�2 kb of the gene to the margins of the recombinant
hotspots) was estimated in SNAP30 and Haploview.29 Statistical ana-
lyses of genotyped SNPs and plasma CXCL12 levels were performed
using STATA 10 (College Station, TX, USA) and PLINK v1.06.27

Meta-analysis was conducted using a weighted Z-score method using
software package METAL (http://www.sph.umich.edu/csg/abecasis/
Metal), which accounts for the direction of association relative to a con-
sistent reference allele. In this method, P-values for each study are first
converted to a Z-score. Then, a weighted sum of Z-scores is calculated
where each statistic is weighted by the square root of the effective
sample size for each study. The resulting sum is divided by the square
root of the total effective sample size to obtain an overall Z-statistic,
which evaluates the association across different studies. A heterogeneity
test applied a one-degree of freedom x2 test to determine whether
observed effect sizes were homogeneous across meta-analysed samples.

For expression data, we explored the association of rs1746048 with
groups’ mean normalized expression levels (after log transformation)
across all probesets specific for either CXCL12-a or CXCL12-b
(see Supplementary material online, Figure S2) using ANOVA. In
addition, the association of rs1746048 alleles with individual probesets
was assessed using Kruskal–Wallis tests, with correction for multiple
testing for all probesets (n ¼ 18).

Results

Sample characteristics in PennCath
and in PennCAC
The characteristics of Stage 1 PennCath CAD cases (n ¼ 792) as
well as controls (n ¼ 390) are shown in Table 1. By design, controls
were older than cases and as expected had lower levels of CAD
risk factors. The CAD cases were younger (P,0.001) than
non-MI cases and differed in their risk factor profile and degrees
of angiographic coronary stenosis as expected (Table 1). Table 2
shows demographic characteristics of the Stage 2 replication
sample, PennCAC. The sample was a similar age and distribution
of CAD risk factors; however, there were more diabetics in the
community sample as expected based on the design.

Association of CXCL12 levels with
demographic and cardiovascular risk
factors in PennCath
In PennCath, CXCL12 levels increased with age after adjusting for
gender, CAD case–control status, and even other factors, but
they did not vary by gender. Otherwise, there were no notable
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Table 1 Characteristics of PennCath study sample

Coronary artery
disease (n 5 792)

Controls
(n 5 390)

P-valuea

Age (years)b 54 (46–59) 61 (55–70) ,0.001

Gender (%male) 68.3% 46.8% ,0.001

Myocardial
infarction (%)

51.3% 0 ,0.001

Type 2 diabetes 23.7% 11.7% ,0.001

Hypertension 61.2% 49.7% 0.02

Tobacco use 46.2% 35.3% ,0.001

Family history 50.6% 27.8% ,0.001

BMI 29+6 30+6 0.08

Total cholesterol
(mg/dL)

176+39 178+44 0.06

LDL cholesterol
(mg/dL)

105+33 107+37 0.04

HDL cholesterol
(mg/dL)

44+12 45+14 ,0.001

Triglycerides
(mg/dL)b

133 (88–191) 96 (68–139) ,0.001

Creatinine
(mg/dL)

1.03+0.4 1.01+0.3 0.44

Angiographic % stenosis

LM 9 (0–11) 0 (0–0) 0.8

LAD 80 (38–100) 0 (0–10) 0.4

LCX 60 (9–97) 0 (0–11) 0.8

RCA 80 (11–100) 0 (0–10) 0.7

CXCL12 levels
(ng/mL)

2.33+0.5 2.34+0.5 0.36

aData are displayed as mean+ SD or frequency (%) unless otherwise noted.
bMedian (IQR).
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associations with any other demographic or CAD risk factors (see
Supplementary material online, Table S2). We did not find associ-
ation between plasma CXCL12 levels and the presence of CAD in
PennCath, but we note that this sample was underpowered to
detect modest associations. CXCL12 plasma level association with
CAD risk factors was broadly similar in PennCAC (data not shown).

The coronary artery disease/myocardial
infarction genome-wide association
studies single-nucleotide polymorphisms
are not in linkage disequilibrium
with single-nucleotide polymorphisms
in the CXCL12 gene
Data from HapMap suggest limited LD between published SNPs in
the CAD GWAS region and SNPs in the CXCL12 gene. We exam-
ined the LD structure in PennCath (Figure 1A and B) between SNPs
in the haplotype block of the GWAS CAD region (positions
44 070 368–44 106 370) including rs1746048 and rs501120, and
SNPs within and+2 kb 3′ –5′ of the CXCL12 gene (38 SNPs;
see Supplementary material online, Table S1). The CXCL12
region spanned from positions 44 183 440 to 44 202 567
between the two recombinant hotspots that flank the gene
(Figure 2). There was no LD (r2 , 0.1) between SNPs in the
CXCL12 region and either rs1746048 or rs501120 in the GWAS
region.

Published genome-wide association
studies coronary artery disease risk alleles
are associated with higher plasma
CXCL12 levels
Table 3 shows the crude relationship between the number of
alleles at rs1746048 and rs501120 and plasma CXCL12 levels in
PennCath and for rs501120 in PennCAC. The second column
shows the published risk allele, OR, and P-value for CAD/MI in
WTCCC and MI-GEN.1,3 Notably, CAD risk alleles at both

SNPs (C allele at rs1746048 and T allele at rs501120) in PennCath
and rs501120T in PennCAC were related to higher plasma levels
of CXCL12. At both SNPs, there appeared to be a genotype
dose–response (Table 3).

Table 4 shows the association between rs1746048 and rs501120
and plasma CXCL12 levels in adjusted models. In PennCath, both
published GWAS CAD SNPs (rs1746048, b-coefficient 0.060, P ¼
0.034; rs501120, b-coefficient 0.055, P ¼ 0.041) were associated
with plasma levels of CXCL12 even after cardiovascular risk
factor adjustment. In PennCAC, we replicated the association of
rs501120 with plasma CXCL12 levels (rs501120, b-coefficient
0.065, P ¼ 0.007) (Table 4). There was no difference with gender
(interaction P ¼ 0.68 and 0.66 for rs1746048 and rs501120,
respectively). Finally, we performed a weighted Z-score statistic
meta-analysis across PennCath and PennCAC with an effective
sample size of n ¼ 2939 and demonstrated a stronger combined
association (Z ¼ 3.43, P ¼ 6.0 × 1024; Table 4). Across studies,
Cochran’s Q-statistic was 0.005 (P ¼ 0.94), indicating a lack of het-
erogeneity across the two studies. Overall, these data suggest that
CAD/MI risk alleles at the chr10q11 (�80 kb downstream of the
gene) are associated with higher plasma CXCL12 levels.

The genome-wide association studies
coronary artery disease risk allele at
rs1746048 is associated with higher
CXCL12 transcript levels
Tables 5 and 6 and Supplementary material online, Figure S2,
suggest that in NK cells and the liver, the rs1746048C risk allele
tends to have higher CXCL12 transcript levels. Notably, these
tissues express CXCL12 isoforms a and b, but not other splice
variants.14 The rs1746048C allele was associated with higher
mean expression levels across probesets specific for CXCL12-a,
but not b, marginally in NK cells (P ¼ 0.09) and in the liver (P ¼
0.003) (Table 5; see Supplementary material online, Figure S3A).
When we examined individual probes within CXCL12, after correc-
tion for number of probes tested (P , 0.05 after Bonferroni cor-
rection for 18 probesets), rs1746048C was associated with
higher levels of CXCL12-a probeset 3286617 in NK cells [CC
normalized expression 3.7 (SD 0.41), CT 1.9 (0.44), TT 1.5 (0);
P ¼ 0.002] and CXCL12-a probeset 3286619 in the liver [CC
5.36 (0.77), CT 3.71 (0.63), TT 3.11 (0); P ¼ 0.001] (Table 6; see
Supplementary material online, Figure S2). Overall, these two
human expression experiments provide preliminary evidence that
the rs1746048C CAD/MI risk allele may be associated with
higher CXCL12 transcript levels.

Discussion
Recent GWAS and replication studies1 –3 have implicated a locus
on chr10q11, marked by rs1746048 and rs501120, in CAD and
MI. This region on chr10q11 at 44.2 Mb is �80 kb downstream
of the closest gene, CXCL12, an inflammatory chemokine which
is a plausible biological candidate for the GWAS signal. We demon-
strate that the CAD/MI risk alleles at this GWAS locus are associ-
ated with higher plasma CXCL12 levels in two independent
samples and also appear to relate to higher CXCL12 mRNA in
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Table 2 Characteristics of PennCAC study sample

Caucasian samplea (n 5 1757)

Age (years)b 54 (47–61)

Gender (%male) 65.8%

Type 2 diabetes 44.7%

Hypertension 45.6%

Tobacco use 10.9%

BMI 30.5+5.8

Total cholesterol (mg/dL) 192+41

LDL cholesterol (mg/dL) 113+34.5

HDL cholesterol (mg/dL) 48.7+14.5

Triglycerides (mg/dL)b 124 (88–178)

Creatinine (mg/dL) 0.99+1.0

aData are displayed as mean+ SD or frequency (%) unless otherwise noted.
bMedian (IQR).
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human NK cells and the liver. This implicates CXCL12 as being the
causal gene for the replicated GWAS signal at 10q11 and also
suggests that CXCL12 may be pro-atherogenic because the CAD/
MI risk alleles appear to be related to higher CXCL12 transcript
and plasma levels. As SNPs at the GWAS locus are not in LD
with SNPs within or around the CXCL12 gene itself, this down-
stream region may contain distant regulatory elements that affect
plasma protein levels likely through transcriptional regulation.

The chr10q11 locus where the CAD/MI signal resides down-
stream of CXCL12 was discovered and replicated in case–
control studies of �25 000 participants.2,3 PennCath GWAS
CAD data were used for replication in one of these studies.3 In
PennCath, the direction and strength of rs1746048 and rs501120

association with CAD/MI was consistent with other studies, but
did not reach significance in PennCath alone consistent with lack
of power in this small GWAS sample. We emphasize that analysis
of chr10q11 SNPs with CAD/MI in PennCath was not a focus of
the current paper, given that this relationship has already been
shown in three large-scale studies1– 3, including one that contains
the PennCath CAD data.3

Many novel GWAS findings that are replicated lack functional or
mechanistic data linking a gene in the region to disease pheno-
type.31 In fact, of the novel loci for CAD and MI, about half do
not reside within a gene, and a fifth of them occur in gene
deserts. Therefore, it is of utmost importance to follow up
newly discovered loci to confirm the suspected gene and

Figure 2 Two published coronary artery disease single-nucleotide polymorphisms and surrounding regions, including two recombinant hot-
spots around CXCL12. Each single-nucleotide polymorphism is shown with linkage disequilibrium (r2) and recombination rates at these loci using
HapMap CEU data; vertical dashed lines demarcate a linkage disequilibrium block in which r2 . 0.8.
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understand the biological consequences of common variation at
these loci.32 Our approach uses one strategy in applying a mea-
sureable phenotype in blood, the protein product of the suspected
gene, as well as tissue transcript levels, to test whether GWAS
variation modulates this intermediate phenotype.33

Other than CXCL12 there are no known genes 3′ downstream
for almost 800 kb and 5′ upstream for 1 Mb of the chr10q11
CAD GWAS region. Several genetic and molecular explanations
are possible including a GWAS signal that identifies a novel prox-
imate gene or long distance LD with remote causal genes.8 There
is also growing evidence that some of these GWAS loci may
contain regulatory sites for genes up to 1 Mb away.9– 11,34– 36

Our analysis of LD structure in this region using PennCath Affyme-
trix 6.0 genotyped and imputed data and IBC SNP data shows that
there is no meaningful LD between SNPs in the GWAS locus and

SNPs in or around CXCL12 itself. This argues against LD between
the GWAS locus and CXCL12 as the explanation for the CAD/MI
signal.

In the absence of apparent LD, our finding that the GWAS SNPs
rs1746048 and rs501120 are associated with plasma CXCL12 levels
suggests that regulatory sites in the GWAS region may modulate
CXCL12 expression. In fact, the CAD risk allele at rs1746048 may
be associated with higher CXCL12 mRNA levels in human tissues.
The rs1746048 and rs501120 SNPs are within 22 kb of each other,
are in strong LD (r2 ¼ 0.98 in PennCath and 1.0 in HapMap) within
the same haplotype block. Thus, there may be functional variation
with biological effect which remains to be discovered through
sequencing within this haplotype block. Indeed, this GWAS block
on chr10q11 has several regions which are highly conserved across
species. Notably, a search of publicly available databases
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Table 3 Plasma levels of CXCL12 vary by single-nucleotide polymorphisms from genome-wide association studies of
coronary artery disease/myocardial infarction in PennCath and PennCAC

SNP (study, RAF) Published risk allele, OR
for CAD/MI (P-value)

Plasma CXCL12 levels by
number of risk alleles in
PennCath

Plasma CXCL12 levels by
number of risk alleles in
PennCAC

rs501120 (WTCCC, 0.87; PennCath, 0.87;
PennCAC, 0.86)

T, 1.33 (1028)a TTÏ (n ¼ 874) 2.34+0.49 TT‖ (n ¼ 993) 2.52+0.57
TCÏ (n ¼ 271) 2.28+0.46 TC‖ (n ¼ 345) 2.49+0.54
CCÏ (n ¼ 28) 2.23+0.53 CC‖ (n ¼ 35) 2.41+0.46

rs1746048b (MIGEN, 0.86; PennCath, 0.87;
PennCAC, 0.86)

C, 1.17 (1029)c CC} (n ¼ 874) 2.33+0.49 N/A
CT} (n ¼ 276) 2.27+0.46 N/A
TT} (n ¼ 27) 2.21+0.52 N/A

RAF, risk allele frequency.
aData derived from Wellcome Trust Case Control Consortium and German MI Study.1,2

bBased on quantitative trait means for rs1632484, which has r2 ¼ 0.98 in PennCath and r2 ¼ 1.0 in HapMap with rs1746048. The allelic dosage effects are based upon rs1632484
because it was directly genotyped in PennCath, whereas rs501120 was imputed.
cData derived from Myocardial Infarction Genetics Consortium Study.3
ÏP for trend ¼ 0.038.
‖P for trend ¼ 0.005.
}P for trend ¼ 0.036.
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Table 4 Associations of single-nucleotide polymorphisms from published genome-wide association studies of coronary
artery disease/myocardial infarction with plasma CXCL12 levels in PennCath and PennCAC

SNP Published risk allele,
OR for CAD/MI
(P-value)

Linear
regression
models

PennCath covariate
effecta for plasma
CXCL12 (P-value)

PennCAC covariate
effecta for plasma
CXCL12 (P-value)

Meta-analysis
Z-score (P-value)b

rs501120 T, 1.33 (1028)c Model 1d 0.059 (0.038) 0.067 (0.007) —
Model 2e 0.055 (0.041) 0.065 (0.007) 3.43 (6.0 × 1024)
Model 3f 0.057 (0.048) 0.063 (0.008) —

rs1746048 C, 1.17 (1029)g Model 1d 0.061 (0.036) N/A N/A
Model 2e 0.060 (0.034) N/A N/A
Model 3f 0.059 (0.044) N/A N/A

ab and P-value are for additive test based on the risk allele, C for rs1746048 and T for rs501120.
bOn the basis of the sample size of n ¼ 2939, summary statistics derived from model adjusted for age and gender in both PennCath and PennCAC.
cData derived from Wellcome Trust Case Control Consortium and German MI Study.1,2

dModel 1: unadjusted association.
eModel 2: adjusted for age, gender, and CAD status in PennCath and adjusted for age and gender in PennCAC.
fModel 3: further adjusted for type 2 diabetes, hypertension, and tobacco use.
gData derived from Myocardial Infarction Genetics Consortium Study.3
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(TRANSFAC 7.0, www.generegulation.org, http://genome.ucsc.edu/,
and PROMO, http://alggen.lsi.upc.es/) for putative transcription
factor (TF)-binding sites within the GWAS haplotype block ident-
ified several predicted TF-binding sites including HEY1
(chr10:44074342–44075197), NFKB (chr10:44075584–4407632),
and FOSL2 (chr10:44094447–44094712). Although, the GWAS
SNPs do not lie directly in these predicted TF-binding sites, a
number of SNPs in LD with these CAD-associated SNPs fall within
potential binding sites. It is possible that haplotypic variation
marked by common variation at rs1746048 and rs501120 may
affect regional affinity for binding of various TF. Furthermore,
rs501120 is within a predicted histone methylation region which
might alter transcriptional activity in the region. Direct evidence,
however, that variation in the CAD/MI GWAS region regulates TF
binding or CXCL12 expression remains to be empirically tested.

CXCL12 is unusual among chemokines in playing a role in devel-
opmental signalling and haematopoiesis as well as stem cell mobil-
ization and angiogenesis.15,37– 39 CXCL12 is a plausible candidate
for human atherosclerosis, in that its protein product is directly
involved in trafficking of leucocytes that are involved in the devel-
opment and complications of atherosclerosis. It is also expressed in
cells directly relevant to atherogenesis,40 including endothelial
cells, smooth muscle cells,5 leucocytes, and platelets.4,16 Animal
and human studies provide conflicting findings, however, with
both beneficial and detrimental effects described for CXCL12
depending on vascular phenotype and acuity. For example, in
mice with established atherosclerosis, blockade of CCR4, the
CXCL12 receptor, accelerated atherosclerosis with expansion of
plaque neutrophils and macrophages, suggesting an anti-
atherogenic function for CXCL12.6 In contrast, in a chronic
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Table 6 The genome-wide association studies coronary artery disease risk allele at rs1746048 is associated with higher
CXCL12 transcript levels in human tissue: strongest individual probe associations

SNP Published risk
allele, OR for
CAD/MI
(P-value)

Affymetrix
Human Exon 1.0
ST array
probeset ID
(type of probe)

Affymetrix
Human Exon
1.0 ST array
exon cluster
IDa

Expression
data setb

Genotype
(n)

Normalized
expression
value (SD)

P-value* P-value**

rs1746048 C, 1.17 (1029)c 3286617 (core, a) 605625 NK CC (3) 3.72 (0.41) 9.5 × 1025 0.002
CT (3) 1.9 (0.44)
TT (1) 1.5 (0)

3296619 (core, a) 605625 Liver CC (25) 5.36 (0.77) 4.8 × 1025 0.001
CT (11) 3.71 (0.63)
TT (1) 3.11 (0)

aThe exon cluster ID 605625 marks an exon in CXCL12 isoform-a (splice variant 1), but not isoform b.
bThese data are derived from seven individuals with NK cell expression on Affymetrix Human ST Exon 1.0 Array and genotyped on the Illumina 550kV3 chip. The liver data are
derived from 35 individuals with liver tissue expression on Affymetrix Human ST Exon 1.0 Array and genotyped on the Illumina 550kV3 chip. These tissues express CXCL12
isoforms a and b, but not other splice variants.14

cData derived from Myocardial Infarction Genetics Consortium Study.3

*P-value derived from non-parametric testing of normalized transcript expression using genotypes 0, 1, and 2 for number of copies of risk alleles.
**P-value after Bonferroni correction (18 probesets tested).
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Table 5 The genome-wide association studies coronary artery disease risk allele at rs1746048 is associated with higher
CXCL12 transcript levels in human tissue: group means for probes marking isoforms a and b

SNP Published risk
allele, OR for
CAD/MI
(P-value)

Expression
data seta

Genotype
(n)

Normalizedb

expression value
(SD), a-isoform
probes*

P-value,
a-isoform*

Normalizedc

expression value
(SD), b-isoform
probes*

P-value,
b-isoform*

rs1746048 C, 1.17 (1029)d NK CC (3) 3.44 (0.59) 0.09 3.12 (0.53) 0.76
CT (3) 2.83 (0.56) 3.32 (0.45)
TT (1) 2.76 (0) 2.83 (0)

Liver CC (25) 3.82 (0.27) 0.003 4.82 (0) 0.17
CT (11) 3.69 (0.24) 5.0 (0.29)
TT (1) 3.41 (0) 4.89 (0.31)

aThese data are derived from seven individuals with NK cell expression on Affymetrix Human ST Exon 1.0 Array and genotyped on the Illumina 550kV3 chip. The liver data are
derived from 35 individuals with liver tissue expression on Affymetrix Human ST Exon 1.0 Array and genotyped on the Illumina 550kV3 chip. These tissues express CXCL12
isoforms a and b, but not other splice variants.14

bFour Affymetrix probe IDs are specific to CXCL12-a isoform: 3286616, 3286617, 3286618, and 3286619.
cFive Affymetrix probe IDs are specific to CXCL12-b isoform: 3286605, 3286606, 3286607, 3286608, and 3286609.
dData derived from Myocardial Infarction Genetics Consortium Study.3

*P-value derived from ANOVA testing of normalized transcript expression of isoform group probe means using genotypes 0, 1, and 2 for number of copies of risk alleles.
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model of atherosclerosis, apolipoprotein (apoE)2/2 mice were
shown to have smaller plaque areas and smooth muscle cell
(SMC) content after repopulation with CXCR42/2 bone
marrow or transfer of a lentivirus encoding an CXCL12-a antag-
onist,13 suggesting that CXCL12-a might be pro-atherogenic.
Yet, CXCL12 may serve a protective function during the time of
acute vascular injury.13,41 Xiao et al.42 examined the relationship
of both CXCL12 genotype variation (rs2297630 in intron 3, no
LD to rs501120 or rs1746048) and plasma levels of CXCL12/
SDF1-a with EPC number and function. They found an association
of rs2297630 with EPCs and vascular responses consistent with
their hypothesis that CXCL12 regulates EPC in acute vascular inju-
ries. CXCL12 knockout is lethal38 in mice and conditional deletion
studies in atherosclerosis have not been reported, thus definitive
data in rodent models of atherosclerosis and vascular injury are
lacking.

In a single-centre, small human study, plasma levels of CXCL12
were lower in patients with CAD compared with healthy controls
also suggesting an anti-atherogenic role.17 In contrast, a G/A variant
in the 3′ UTR of CXCL12 (rs1801157, no LD to GWAS SNPs) was
associated with lower plasma CXCL12 levels and lower carotid
atherosclerosis in a longitudinal cohort of HIV-1-infected
patients.43 A more recent study demonstrated that the GWAS
rs501120T risk allele was related to higher carotid intimal–medial
thickness, but lower plasma CXCL12 levels, in contrast to our find-
ings.18 However, the sample size in this study was smaller (n ¼
738) than ours and the inverse association with plasma CXCL12
levels was not replicated.

Our findings provide support for CXCL12 as an atherogenic
gene in humans. The published CAD/MI ORs for rs1746048 and
rs501120 suggest �13% increased odds of CAD for the risk
alleles.1 –3 We found that these same alleles were associated
with �8% increase in plasma CXCL12 levels and an apparent
increase in CXCL12 transcript levels in human tissues. We
cannot exclude that CXCL12 induction might be an indirect phys-
iological response to counter atherogenic stimuli regulated by the
chr10q11 CAD GWAS SNPs. Although biologically relevant trans-
actions of the 10q11 locus across the genome cannot be excluded,
we doubt significant cis-effects on genes other than CXCL12;
CXCL12 is the closest gene to the GWAS signal and, in available
exon expression data sets (www.duke.edu, SNPexpress), the
strongest chr10 mRNA transcript association for the GWAS
SNPs are with probesets in CXCL12. In fact, consistent with our
findings, the Duke data set suggests that the rs1746048C
CAD-related allele may be related to increased expression of
CXCL12 mRNA in peripheral blood mononuclear cells (b ¼ 30.1,
P ¼ 0.0016). Although additional expression data sets are available
in the public domain (e.g. http://eqtl.uchicago.edu/cgi-bin/gbrowse/
eqtl/), none have adequate coverage of CXCL12 exons and iso-
forms of relevance.

Our findings should be interpreted cautiously in terms of direc-
tionality and causality. Our primary study was cross-sectional in
nature, confounded by hospital-based recruitment and relatively
small (Stage 1, n ¼ 1182; Stage 2, n ¼ 1757); however, it is the
largest effort to date examining chr10q11 variation and plasma
CXCL12 levels. We focused primarily on two SNPs in high LD
and acknowledge that we did not correct for multiple testing,

although this is arguably not needed when r2 (0.98 for these two
SNPs) is high.25 We acknowledge that our sample processing for
plasma was not ideal for platelet depletion and that residual plate-
lets in storage might have influenced findings. Platelet contami-
nation, however, is likely to be very modest44 and should be
random (non-differential), thus tending to bias our results
towards the null rather than contribute to false-positive findings.
Finally, although we have replicated the plasma CXCL12 associ-
ation and provided preliminary evidence for association with
increased CXCL12 mRNA levels, much work needs to be done
to understand the specific mechanisms of actions of the GWAS
locus and to define directionality of effect for gain of function
and loss of function at the GWAS locus and CXCL12 in CAD
and MI.

Supplementary material
Supplementary material is available at European Heart Journal
online.
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