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Blood soluble E-selectin (sE-selectin) levels have been related to various conditions such as type 2 diabetes.
We performed a genome-wide association study among women of European ancestry from the Nurses’
Health Study, and identified genome-wide significant associations between a cluster of markers at the
ABO locus (9g34) and plasma sE-selectin concentration. The strongest association was with rs651007,
which explained ~9.71% of the variation in sE-selectin concentrations. SNP rs651007 was also nominally
associated with soluble intracellular cell adhesion molecule-1 (sICAM-1) (P = 0.026) and TNF-R2 levels
(P = 0.018), independent of sE-selectin. In addition, the genetic-inferred ABO blood group genotypes were
associated with sE-selectin concentrations (P = 3.55 x 10~%"). Moreover, we found that the genetic-inferred
blood group B was associated with a decreased risk (OR = 0.44, 0.27-0.70) of type 2 diabetes compared
with blood group O, adjusting for sE-selectin, sICAM-1, TNF-R2 and other covariates. Our findings indicate
that the genetic variants at ABO locus affect plasma sE-selectin levels and diabetes risk. The genetic associ-
ations with diabetes risk were independent of sE-selectin levels.

INTRODUCTION

E-selectin is specifically synthesized by endothelial cells and
plays an important role in mediating leukocyte-endothelial
adhesion. A circulating form of E-selectin (soluble E-selectin
or sE-selectin) may be released by enzymatic cleavage or
result from shedding of damaged or activated endothelial
cells. Plasma concentration of sE-selectin correlates with its
expression on the surface of endothelial cells (1), and there-
fore, is a marker of endothelial dysfunction (2).

Elevated sE-selectin levels have been related to a plethora
of metabolic disorders including type 2 diabetes (3-6),

coronary heart disease (CHD) (7,8), hypertension (9) and
Graves’ disease (10). A recent genome-wide association
study (GWAS) found that genetic variants at 4BO locus
significantly accounted for up to 19% of the variance in
E-selectin levels in patients with type 1 diabetes and in non-
diabetic subjects. The genetic-inferred ABO blood groups
were also associated with sE-selectin levels (11).

The aim of the present study is to conduct a GWAS to identify
common genetic variants associated with serum sE-selectin
concentration. We particularly examined the associations
between sE-selectin-associated genetic variants and the risk of
type 2 diabetes.
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Figure 1. (A) Plot of the —log;( P-values for the analysis for sE-selectin level GWA trend tests. The analysis was adjusted for age, BMI and diabetes status. Each
point represents a SNP from the 704 409 SNPs remaining after quality control filters. Different bands are used to differentiate SNPs on consecutive autosomal
and X chromosomes; (B) association signals at chromosome 9, across a region centering on 480 gene. The vertical axis representing the —log;, P-values from
the linear trend test. SNP rs651007 is shown in red, labeled with discovery stage P-values. Estimated recombination rates from HapMap are plotted to reflect the

local LD structure. Genes were extracted from the HapMap Genome Browser.

RESULTS

We performed a GWA analysis in 1005 women (including 501
diabetic patients) from the Nurses’ Health Study (NHS) in
whom sE-selectin was measured. The characteristics of the
participants are presented in Supplementary Material,
Table S1. The participants were 43—69 years of age at the
time of blood collection. The mean (SD) of sE-selectin con-
centration in the study sample was 58.2 (31.5) ng/ml. We fit
a linear regression model for genotype trend effects
(1 degree of freedom), adjusting for age, body mass index
(BMI), fasting status and diabetes status. The quantile—quan-
tile plot (Supplementary Material, Fig. S1) of the association
test P-values suggest there was no systemic bias due to geno-
typing errors or population stratification (genomic inflation
factor, A = 0.999).

Figure 1A shows the plot of the —log;, P-values for the
trend test in linear regression models. Seven SNPs passed
the genome-wide significance threshold (5 x 10~%). All of
these SNPs cluster within a ~30 kb region on chromosome
9q34 (Fig. 1B and Table 1), which harbors the ABO gene
encoding proteins related to the ABO blood group system.
The correlations between these SNPs are presented in Sup-
plementary Material, Table S2. The most strongly associated
SNP at the ABO locus was 1s651007 (P = 1.17 x 10~*%),
which explained ~9.71% of the residual variance in
sE-selectin levels. To evaluate the stability of the associ-
ations, we performed sensitivity analyses in diabetic and
non-diabetic women separately. The results were highly
consistent in the sub-sample sets, although P-values were
somewhat attenuated due to decreased statistical power (Sup-
plementary Material, Table S3). We tested the interactions
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Table 1. Genome-wide significant SNPs in ABO blood group region (9q34) for sE-selectin concentrations (ng/ml)

SNP Position Function Alleles MAF HWE Discovery (n = 1005) Replication (n = 518) Combined
Minor Major Beta® P-value Beta® P-value P-value

rs651007 135143696 Upstream T C 0.22 0.37 —17.23 1.17E—44 —15.78 430E—41 2.37E—82
rs612169 135133263 Intronic G A 0.34 0.79 —12.58 2.28E-31 —11.76 2.81E—29 1.02E—57
15657152 135129086 Intronic A C 0.38 0.76 —11.97 2.93E—28 —10.39 7.92E—23 7.83E—49
rs558240 135146954 Intergenic A G 0.39 0.16 —7.49 1.O2E—15 —8.40 2.33E—17 2.04E—-30
rs8176681 135129575 Intronic C T 0.42 0.18 7.65 3.24E-14 5.03 8.90E—08 1.65E—20
rs8176668 135133880 Intronic T A 0.4 0.16 7.89 531E—14 - - -

17857390 135118367 Downstream A G 0.4 0.39 7.68 1.14E—13 4.44 3.38E—-06 2.33E—-18

“Per-minor allele change in mean sE-selectin concentrations.

Table 2. sE-selectin concentrations (ng/ml) by ABO blood group genotypes

ABO genotypes Frequency (%) Means SD
Al/Al 3.98 40.2* 8.5
Al/A2 2.09 42.7* 11.7
Al/B 1.69 54* 13.0
Al1/0 27.09 44.7* 33
A2/A2 0.3 48.3 30.9
A2/B 1.39 57.6 143
A2/0 8.37 65.2 5.8
B/B 0.5 45.8* 24.0
B/O 10.56 59.6* 52
0/0 44.02 67.4 2.5

P = 3.55E—47 for testing the difference across ABO genotypes.
*P < 0.05 when compared with O/O genotype.

with diabetes status and did not find significant interactions
(P > 0.05).

We conducted an in silico replication for the SNPs reaching
the genome-wide significance in an independent GWA scan of
a second set of 518 women from the NHS (Supplementary
Material, Table S1 and Table 1). All the tested SNPs
showed directionally consistent associations with sE-selectin
levels, adjusting for age, BMI, fasting status and CHD
status. In the combined analysis, the strongest association
(rs651007) with sE-selectin concentration had a P-value of
2.37 x 107 %

The ABO histo-blood group antigen is the most important
blood group system in transfusion medicine. In our genotyping
set, we identified perfect surrogate SNPs tagging 4BO alleles:
rs8176704 for the A2 allele, rs612169 for the O allele and
rs8176672 for the B allele. There was significant difference
in sE-selectin level among the genetic-inferred ABO geno-
types (Table 2; P =3.55 x 10~%), similar to a previous
report (11). Individuals with one or more Al alleles had sig-
nificantly lower sE-selectin levels than individuals with O/O
genotype, which was associated with the highest sE-selectin
concentration. B/O and B/B genotypes were also associated
with lower sE-selectin than O/O genotype. Genetic-inferred
ABO blood groups were -consistent with self-reported
ABO blood groups in the NHS (concordance = 0.8). Table 3
presents the associations between genetic-inferred and
self-reported ABO blood groups and sE-selectin levels.
The genetic-inferred blood groups A (P=5.27 x 107°7), B
(P=10.003), and AB (P =0.0002) were associated with

Table 3. Association of genetic-inferred and self-reported blood ABO groups
with levels of sE-selectin, SSICAM-1 and TNF-R2

Blood Genetic-inferred Self-reported
groups Means SD  P-value Means SD  P-value
sE-selectin o 662 22 - 659 24 -
(ng/ml) A 50.1 23 S527E-37 51 2.6 243E-21
B 576 45 0.003 59 45 0.18
AB 533 84 0.0002 51.1 6.0 1.00E—06
SICAM-1 0] 2618 79 - 2562 8.0 -
(ng/ml) A 282.6 82 0.006 281 8.8 0.03
B 2743 153 0.18 2729 144 042
AB 289.5 28.6 0.04 290.6 193 0.02
TNF-R2 0] 2560 78 - 2569 82 -
(pg/ml) A 2732 80  0.04 2613 90  0.26
B 2577 153 0.64 2617 149 0.71
AB 2657 284 0.85 2754 200 0.88

Analyses are adjusted for age, BMI, fasting status, diabetes and biomarkers
(sICAM-1 and TNF-R2 for sE-selectin; and sE-selectin for SICAM-1 and
TNF-R2).

sE-selectin, soluble E-selectin; sSICAM-1, soluble intracellular cell adhesion
molecule-1; TNF-R2, tumor necrosis factor-alpha receptor 2; SD, standard
deviation.

significantly lower sE-selectin concentrations than blood
group O. Similar associations were observed in the self-
reported ABO blood groups in the same samples.

ABO histo-blood group antigens are known to vary in fre-
quency among Caucasian sub-populations (12). However,
further adjustment for the top three eigenvectors determined
by the principal component analysis did not alter the associ-
ations. SNP rs651007 is strongly correlated with the 4BO
Al allele (#*=0.76). The statistical significance for the
association between sE-selectin levels and rs651007 was
dramatically reduced after adjusting for ABO genotypes
(P =0.005).

SNPs at the ABO locus were previously associated with
soluble intracellular cell adhesion molecule-1 (sICAM-1)
(12) and tumor necrosis factor alpha (TNF-alpha) concen-
trations (13). In the GWA samples, we measured sICAM-1
and tumor necrosis factor-alpha receptor 2 (TNF-R2), which
reflects TNF system activation (14). The correlations (+*) of
SICAM-1 and TNF-R2 with sE-selectin were 0.6 and 0.3,
respectively. Adjustment for sSICAM-1 and TNF-R2 did not
appreciably change the associations of rs651007 (Fig. 2)
and ABO blood groups with sE-selectin level (Table 3).
After adjustment of sE-selectin and other covariates, SNP


http://hmg.oxfordjournals.org/cgi/content/full/ddq057/DC1
http://hmg.oxfordjournals.org/cgi/content/full/ddq057/DC1

P=3.09x10-4

sE-selectin, ng/mL >
o 3 8 ¥ 5 8 8 3

B =
310
EI e P=0.026
B 290
[ =4
- mu_
%
E 2704
(&) 260
w 250 4
240
C 3000 -
2900 4
- |
E 2] P=0.018
2 om0
~ ]
& 2600
z
£ 2500 4
2400 A
2300

CC CT

rs651007

Figure 2. The levels of (A) sE-selectin, (B) SICAM-1 and (C) TNF-R2 by the
genotypes of SNP rs651007. The P-values are from the trend test in linear
regression model. The analyses were adjusted for age, BMI, fasting status, dia-
betes status and biomarkers (SICAM-1 and TNF-R2 for sE-selectin analysis;
and sE-selectin for SICAM-1 and TNF-R2 analyses). Error bars denote stan-
dard deviation.

T

rs651007 was nominally associated with higher sICAM-1
(P =0.026) and TNF-R2 levels (P = 0.018) (Fig. 2); and the
genetic-inferred blood group A was also significantly associ-
ated with higher sICAM-1 (P = 0.006) and TNF-R2 levels
(P = 0.04) than blood group O (Table 3).

Because sE-selectin levels have been associated with the
risk of type 2 diabetes (3,4), we therefore further examined
the associations of ABO variants and blood groups with dia-
betes risk. None of the ABO SNPs was significantly associated
with diabetes risk. When compared with the genetic-inferred
blood group O, group B was associated with a decreased
risk (OR = 0.44; 0.27-0.70; P = 0.0006) of type 2 diabetes;
while blood groups A and AB were not significantly associ-
ated with diabetes risk (Fig. 3). The association for blood
group B remained significant after correcting for the number
to comparisons (n = 3), with P = 0.0018. Further adjustment
for the top three eigenvectors determined by the principal
component analysis did not appreciably alter these associ-
ations. Similarly, the self-reported blood group B was associ-
ated with a decreased diabetes risk compared with blood group
O (OR = 0.57; 0.36—0.90; P = 0.015); while blood groups A
and AB were not significantly associated with diabetes risk.
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Figure 3. Odds ratios of diabetes associated with the genetic-inferred ABO
blood groups A, B and AB compared with blood group O. The analyses
were adjusted for age, BMI, smoking, alcohol consumption, physical activity,
family history of diabetes and menopausal status. Error bars denote 95 percent
confidence intervals.

We also examined the associations of the sub-types of blood
group A (A1/0O and A2/0) and did not find significant differ-
ence in their relations with diabetes risk. The odds ratio of dia-
betes comparing blood genotype A2/0 with A1/O was 0.88
(0.52—1.48). In addition, adjustment for ABO variants and
blood groups did not appreciably change the associations
between sE-selectin and diabetes risk (data not shown).

DISCUSSION

In the genome-wide analyses, we confirmed that common
variations near/within 4BO gene and genetic-inferred ABO
blood groups were associated with plasma concentrations of
sE-selectin at a genome-wide significance level.

The human ABO gene encodes a glycosyltransferase that
catalyzes the transfer of carbohydrates to H antigen and
form the antigenic structure of the ABO blood groups (15).
A and B antigens are formed by the action of glycosyltrans-
ferases encoded by functional alleles of the ABO gene. The
A allele encodes A transferase, which synthesizes the A
antigen. Similarly, the B allele encodes B transferase, which
synthesizes the B antigen. The O allele does not produce an
active enzyme. Blood type A has variations in subgroups, of
which Al and A2 are the most important. Blood type A
with a normal quantity of antigen is named Al, which com-
prises ~80% of blood type A in Europeans. Blood type A2
has a single base deletion near the carboxyl terminal, resulting
in a loss of A2 transferase activity (16). The Al allele has 30—
50-fold higher A transferase activity than A2 allele (17).

Our results are highly consistent with the findings from a
recent GWA analysis in type 1 diabetic patients and non-
diabetic controls (11), and also in line with previous report
that human ABO blood groups were related to sE-selectin
levels (18). Although the mechanism underlying the associ-
ations between genetic variants at the ABO locus and
sE-selectin concentration is unknown, the high consistency
in data from different studies provides solid evidence for
ABO locus as a major genetic determinant for plasma
sE-selectin concentration.

In addition, we found the variations at ABO locus and ABO
blood groups were associated with SICAM-1 and/or TNF-R2
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levels, independent of sE-selectin levels. These results are
consistent with previous GWA studies in which SNPs in the
same region were related to levels of sICAM-1 (12) and
TNF-alpha (13). E-selectin is transcriptionally regulated by
TNF-alpha (19), and both sSICAM-1 and/or TNF-R2 are posi-
tively correlated with sE-selectin levels. However, the associ-
ations of ABO variants with sSICAM-1 and TNF-R2 were to
the opposite direction to their associations with sE-selectin.
The data suggest that ABO variants may affect these
markers through different mechanisms. Further investigations
are warranted to understand the functional alterations contri-
buting to the changes in these correlated markers.

Several previous studies have examined the relations
between human ABO blood groups with the risk of type 2 dia-
betes. Although some studies suggested a link between ABO
blood groups and diabetes (20—22), the associations were
not observed in others (23,24). The controversial results
from these studies were partly due to their retrospective
design and small case numbers, and the variation in the
genetic structure among different ethnic groups. We found
that blood group B was associated with a decreased risk com-
pared with blood group O. Although associated with even
lower sE-selectin, the association between blood group A
and diabetes risk was not significant, maybe partly explained
by its associations with higher levels of sICAM-1 and
TNF-R2, both are risk factors for type 2 diabetes (3,14). In
addition, data from some studies indicate that 4ABO locus
might also affect other biomarkers such as factor VIII and
throumbomodulin  (18,25). Therefore, the associations
between ABO blood groups and diabetes risk may reflect the
combined effects of multiple risk factors. We did not find sig-
nificant associations between individual SNPs at 4BO locus
with diabetes risk. The results were in line with the failure
in identifying genetic variants associated with diabetes in
GWAS studies (26—30). These data suggest that the combi-
nation of multiple alleles (haplotypes) at this locus, rather
than individual genetic variant, may affect diabetes risk.

The major strengths of our study include high quality gen-
otype data, careful quality control and minimal population
stratification. We acknowledge several study limitations,
including errors in biomarker measurements and genotyping.
Nevertheless, we employed strict quality control criteria in
genotyping, and these errors more likely bias the association
toward null because the measurement errors for biomarker
assays and genotyping are uncorrelated and, thus, random.
The case—control sample may not represent a random
sample from the general population. We have controlled the
diabetes status in the analyses to avoid the potential sampling
bias. In addition, we performed sensitivity analyses in the
cases and controls separately. The associations with e-selectin
levels from all the analyses were highly consistent. The study
sample size is relatively small to identify the associations
between blood groups and diabetes risk at genome-wide sig-
nificance level. For example, given the effect size observed
and the frequency for the genetic-inferred blood group B,
we estimated a sample size of ~1700 (850 diabetes cases) is
needed to reach genome-wide significance. Our study popu-
lations exclusively consisted of Caucasian women with
European ancestry. Therefore, the findings may not be
generalizable to men and other ethnicities.

In conclusion, by examining a GWA scan, we confirmed
that the ABO locus was a major determinant for plasma
sE-selectin levels. We found that the variants at ABO locus
and the genetic-inferred ABO blood groups were associated
with the risk of type 2 diabetes, independent of sE-selectin
levels. We found that blood group B was associated with a
decreased risk compared with blood group O. The mechanism
underlying the observed association remains unknown and our
findings warrant the need for further replications in other
ethnic groups and functional investigations.

MATERIALS AND METHODS
Study population

Details of the NHS have been described previously (31).
Briefly, The NHS was established in 1976 when 121 700
female registered nurses aged 30—55 years and residing in
11 large US states completed a mailed questionnaire on their
medical history and lifestyle. The lifestyle factors, including
smoking, menopausal status and postmenopausal hormone
therapy, and body weight, have been updated by validated
questionnaires every 2 years. On the 1996 questionnaire, par-
ticipants were asked their blood types (A, B, AB, O or
unknown) (32). A total of 32 826 women provided blood
samples between 1989 and 1990. The present study was
approved by the institutional review board at Brigham and
Women’s Hospital and returning the questionnaires was sup-
posed to imply informed consent. Participants for the current
study were a subset of women (= 1005) included in a
nested case—control study of sE-selectin in relation to type 2
diabetes in the NHS. The diagnosis of type 2 diabetes has
been described in detail else where (3,33).

For replication, we used a case—control study on risk of
CHD, also nested within the NHS. The details in selection
of CHD cases and controls were previously described (34).
We restricted the sample for the present study to the partici-
pants with sE-selectin available (n = 518).

Assessment of biomarkers

Women providing blood samples were sent a phlebotomy Kkit,
returning the sample by overnight mail in a frozen water
bottle. On arrival, samples were processed and frozen in
liquid nitrogen until analysis; 97% arrived within 26 h of phle-
botomy. Quality control samples were routinely frozen with
study samples. Study samples were analyzed in randomly
ordered case—control pairs to further reduce systematic bias
and interassay variation. Levels of sE-selectin, SICAM-1 and
TNF-R2 were measured by commercial enzyme-linked immu-
nosorbent assay (R & D Systems, Minneapolis, MN, USA).
The coefficients of variation for analyses were 4.5-6.2% for
sE-selectin; 3.3-4.8% for SICAM-1 and 2.6-4.8% for
TNF-R2 (3,35).

Genome-wide scan and quality control

For the GWA samples, DNA was extracted from white
blood cells using the QIAmpTM (QIAGEN Inc., Chatsworth,
CA, USA) blood protocol. Genotyping was done using the



Affymetrix Genome-Wide Human 6.0 array and the Birdseed
calling algorithm (36). Genotypic data for a total of 3,429
NHS samples passed laboratory technical quality control cri-
teria which included SNP fingerprints for sample tracking
and early detection of sample misidentification, missing call
rate (MCR), the use of HapMap controls to check genotype
quality independent of study samples and the tracking of
reagent and instrumental performance.

Relatedness was evaluated using pairwise identity-by
descent using 80K SNPs in a method of moments approach
implemented in PLINK software (37). Five pairs of duplicate
samples were identified and removed. One pair of full siblings
and eight sets (six pairs and two triplets) of possible first cousins
were also identified. Gender was confirmed by examining the
mean of the intensities of SNP probes on the X and Y chromo-
somes. One male sample was mis-identified as a female sample
and was excluded. Twenty-seven subjects with gross chromoso-
mal anomalies, determined by analyzing relative intensity
(‘LogRRatio’) and allelic imbalance (‘BAlleleFreq’, BAF)
(38) and 22 samples having a MCR >2% were also removed.

More than 96% (879 071) of the 909 622 SNP probes on the
array passed the quality control standards of the genotyping
center (Broad Institute of MIT and Harvard) for NHS
samples. We further excluded SNPs which were monomor-
phic, had a MCR >2%, more than one discordance, a HWE
P-value <1 x 10”* or a MAF <0.02. Duplicate SNPs
(assayed with different probes) were also removed. A total
of 704 409 SNPs passed quality control and were included
for the analysis.

The replication samples from NHS were genotyped at
Rosetta/Merck using the Affymetrix Genome-Wide Human
6.0 array and the Birdseed calling algorithm (36). A total of
907 370 SNPs were successfully genotyped. The same QC stan-
dards used in the discovery GWA scan were applied in the repli-
cation set, and 518 participants (160 CHD cases and 358
controls) with sE-selectin measurement passed the QC. The
QC on genotyping left a total of 721 316 SNPs for final analysis.

Determination of population structure

Population structure was investigated by principal component
analysis (39). We used a set of 12 021 SNPs selected to have
very low levels of linkage disequilibrium (LD) and to have
MAF >0.05 in Caucasians (40). Unrelated genetically
inferred European ancestral women passing QC were included
in the current study. To control for potential confounding by
population stratification, we adjusted for the top three eigen-
vectors in the analyses.

Statistical analyses

GWA analysis was performed with the linear regression
model, using PLINK software (37). Analyses were adjusted
for age, BMI, fasting status and diabetes status. Plasma con-
centrations of sE-selectin, SICAM-1 and TNF-R2 were logar-
ithmically transformed to achieve normal distributions. A
quantile—quantile (Q-Q) plot analysis was carried out to deter-
mine whether the distribution of the inflation corrected
P-values deviated from the expected distribution under the
null hypothesis of no genetic association. LD analysis was

Human Molecular Genetics, 2010, Vol. 19, No. 9 1861

carried out by use of the Haploview software (41). A conser-
vative P-value cut-off of 5 x 10~® was used to correct for the
roughly 1 000 000 independent statistical tests (42). We com-
bined study-specific B-estimates from GWA and replication
analyses using the inverse of the variance of the study-specific
B-estimates to weight the contribution of each study, with the
fixed effect model. The associations with diabetes risk were
analyzed using logistic regression model, adjusting for the
covariates. These analyses were performed in SAS 9.1 (SAS
Institute, Inc., Cary, NC, USA).
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