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Abstract

Objective—Plasma levels of the fibrinogen degradation product D-dimer are higher among
African Americans (AAs) compared to those of European ancestry and higher among women
compared to men. Among AAs, little is known of the genetic architecture of D-dimer or the
relationship of D-dimer to incident CVD.

Approach and Results—We measured baseline D-dimer in 4,163 AAs aged 21-93 years from
the prospective Jackson Heart Study (JHS) cohort and assessed association with incident CVD
events. In participants with whole genome sequencing data (n=2,980), we evaluated common and
rare genetic variants for association with D-dimer. Each standard deviation higher baseline D-
dimer was associated with a 20-30% increased hazard for incident coronary heart disease, stroke,
and all-cause mortality. Genetic variation near F3was associated with higher D-dimer (rs2022030,
B=0.284, p=3.24 x 10711). The rs2022030 effect size was nearly three times larger among women
(B=0.373, p= 9.06 x 10~13) than men (B= 0.135, p= 0.06, p-interaction= 0.009). The sex by
rs2022030 interaction was replicated in an independent sample of 10,808 multi-ethnic men and
women (p-interaction=0.001). Finally, the African ancestral sickle cell variant (HBB rs334) was
significantly associated with higher D-dimer in JHS (8= 0.507, p=1.41 x 1014, and this
association was successfully replicated in 1,933 AAs (p= 2.3 x 107°).

Conclusion—These results highlight D-dimer as an important predictor of CVD risk in AAs and
suggest that sex-specific and African ancestral genetic effects of the £3and HBB loci contribute to
the higher levels of D-dimer among women and AAs.

Graphical abstract
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INTRODUCTION

Plasma D-dimer, a fibrin degradation product, is a coagulation related biomarker. Clinically,
extremely elevated levels of D-dimer are a hallmark of disseminated intravascular
coagulation, while D-dimer levels in the normal range are used to exclude a diagnosis of
deep venous thrombosis and pulmonary embolism.! In healthy people, higher D-dimer
predicts future risk of cardiovascular disease (CVD) events,? 2 particularly venous
thrombosis,* ° stroke, 7 and all-cause mortality® ° independently of conventional CVD risk
factors. More modest associations have generally been observed for incident coronary heart
disease (CHD).8. 7. 10-12 D_dimer is also associated with CVD events and mortality in
patients with peripheral arterial diseasel® and mortality in patients with cancer.14

African Americans (AAs) have higher mean levels of D-dimer than Europeans, independent
of other CVD risk factors.1>-17 However, the relationship of D-dimer to CVD events
specifically in AAs has only been addressed in one recent study.” D-dimer levels are also
higher in women than men, for unknown reasons.5: & 9 Family-based heritability studies and
genome-wide association studies (GWAS) including mainly individuals of European descent
have shown significant heritability for D-dimer, and variants in three coagulation factor-
related loci (F3, F5, and FGA/FGG) have been associated with D-dimer.18 Despite their
higher D-dimer levels, little is known about the genetic architecture or environmental
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correlates of D-dimer in AAs, or factors that account for higher D-dimer in women
compared to men.

We measured baseline D-dimer in 4,163 AAs from the Jackson Heart Study (JHS), of whom
2,980 had available whole genome sequencing (WGS) data through the National Heart,
Lung, and Blood Institute (NHLBI) Trans-Omics for Precision Medicine (TOPMed) project.
We assessed the environmental and genetic correlates of D-dimer, as well as the association
of baseline D-dimer with incident CVD events and all-cause mortality in JHS. We then
performed WGS association analysis, including coding and non-coding genetic variants,
which encompass African population-specific variants that may not be captured by
conventional GWAS genotyping platforms. For any genome-wide significant loci, we tested
for sex by genotype interaction. Finally, we sought replication and follow-up of sex- or
ancestry-specific genetic association findings using independent samples from the Multi-
Ethnic Study of Atherosclerosis (MESA), Cardiovascular Health Study (CHS), Framingham
Heart Study (FHS), and REasons for Geographic and Racial Differences in Stroke
(REGARDS) studies.

MATERIALS AND METHODS

RESULTS

Genetic and

Association

Materials and Methods are available in the online-only Data Supplement.

environmental correlates of D-dimer levels in JHS AAs

Older age, female sex, and higher BMI were each strongly and independently associated
with higher D-dimer, using a Bonferroni correction for multiple comparisons (p<0.004)
(Table 1, Figure S1). Adjusting for age and sex, heritability (h2) of D-dimer was estimated as
0.284 (standard error (SE) = 0.057, p= 3.75 x 1079). In age- and sex-adjusted models or
multivariate adjusted models (Table 1, Figure S1), higher CRP and higher fibrinogen were
each associated with higher D-dimer. Greater estimated African ancestry percentage was
nominally associated with higher D-dimer levels in a model adjusted for CVD risk factors.

of D-dimer levels with incident CVD events and mortality in JHS

In minimally and fully-adjusted models, higher D-dimer was nominally associated with
increased hazard for CHD, stroke, and all-cause mortality (all p< 0.039) (Table 2). One
standard deviation (SD) difference in log-transformed D-dimer was associated with a 20—
30% greater hazard. Adjustment for CRP attenuated the associations with stroke (hazard
ratio (HR) 1.19 (95% CI 0.97, 1.45), p=0.099), while the association with CHD (HR 1.24
(95% CI 1.05, 1.46), p=0.010) and mortality (HR 1.27 (95% CI 1.14, 1.42), p= 1.54 x 107°)
remained similar.

Whole genome sequence association analysis of D-dimer in JHS AAs

We performed both (1) single-variant association tests and (2) gene-based association tests
of aggregated variants with a minor allele frequency <5%. Manhattan plots of the single-
variant whole genome association results and gene-based rare variant results are displayed in

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Raffield et al. Page 5

Figure S2. No significant systematic inflation was observed on QQ-plots (Figure S3); the
calculated genomic inflation factor (A) was 1.006 for single-variant analysis and 1.06 for
gene-based analysis. Two loci, on chromosomes 1 (near £3) and 11 (HBB), reached
significance in single variant testing (Figure S2a). /BB also was significantly associated
with D-dimer levels in gene-based testing (p=2.35 x10719) (Figure S2b). These are
described further in detail below.

Of other single variants previously associated with D-dimer, we observed significance and
the same direction of association (B=0.112, p= 0.01, effect allele frequency (EAF) 10.1%)
for the coagulation factor V (£5) locus variant (rs6687813) associated with D-dimer in
Europeans.18 We also observed a concordant direction of association for rs6025 (FV Leiden)
(B=0.277, p= 0.093, EAF 0.6%),16 a well-studied variant at this locus associated with VTE
risk.1® The fibrinogen alpha/fibrinogen gamma chain (FGA/FGG) locus variant
(rs13109457) did not replicate (B= 0.010, p= 0.755, EAF 23.7%),18 nor did a coding variant
in FGA (rs6050) from analysis of a candidate gene array in AAs (f= —0.003; p=0.912, EAF
36.8%).16 An insertion variant at nucleotide 545 in £GL 1 previously associated with D-
dimer in Finns was not observed2%; no exonic or splicing variants in this gene were
associated with D-dimer (p>0.05).

Chromosome 1 locus near F3—The chromosome 1 signal was an intergenic locus near
tissue factor (F3, top variant rs2022030, p= 0.284, SE= 0.043, p=3.24 x 10711, effect allele
frequency (EAF) = 10.3%) explained 1.47% of the phenotypic variance). A LocusZoom
plot?1 is displayed in Figure S4. A total of 9 variants at the chr 1 locus were significant at the
1 x 1079 level, including two index SNPs previously associated with D-dimer in European
GWAS (51202908018, rs202230922). However, none of these variants remained significant
after conditioning on the lead variant rs2022030 (Figure S5a). Similarly, adjustment for lead
European meta-analysis variant rs12029080 greatly attenuated the association signal at
rs2022030 (= 0.323, SE=0.136, p= 0.017) (Figure S5b) in JHS. These two variants were in
strong linkage disequilibrium (LD) in JHS (r?=0.90).

As the F3variant associated with D-dimer is common among all major continental
ancestries, we attempted to further explore the £3rs2022030 genotype association with ~3
RNA expression and monocyte tissue factor expression using RNA sequencing and flow
cytometry data available in the multi-ethnic MESA cohort. The minor allele of the index
SNP £3rs2022030 associated with higher D-dimer was nominally associated with increased
F3expression in monocytes (p= 0.182, SE= 0.073, p= 0.013). Index SNP rs2022030 was
also associated with an increased percentage of TF+ monocytes in the LPS stimulated
expression assay (p = 0.119, SE= 0.038, p= 0.002) but was not associated with percentage of
TF+ monocytes in the unstimulated assay (B = -0.023, SE= 0.061, p= 0.705).

We also assessed associations of rs2022030 with other coagulation-related biomarkers that
were previously measured in MESA and CHS. The F3lead variant rs2022030 was
associated with higher levels of PAP ($=0.025, SE=0.007, p=0.00043). There were no
associations between rs2022030 and either thrombin generation measured ex vivo or
selected coagulation/fibrinolysis biomarkers related to TF or extrinsic pathway activation,
including circulating levels of soluble TF, factor Vlla, or TFPI (Table S1).

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2018 November 01.
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Chromosome 11 HBB locus—The second genome-wide significant locus for D-dimer
was on chromosome 11. The lead variant, HBB rs334 (p.E6V, EAF =4.2%), which encodes
the sickle cell mutation, was associated with higher D-dimer levels (= 0.507, SE=0.065,
p=1.41 x 10714) and explained 1.97% of the phenotypic variance (Figure S6a). Excluding
two homozygotes for the minor allele of rs334 did not substantively change this result (=
0.485, p=3.77 x 10~13). An additional chromosome 11 variant, intergenic indel rs149481026
near OR51V/1, was also significant (= 0.490, SE=0.079, p= 6.19 x 10710, EAF=2.9%).
Conditioning on rs334 attenuated the rs149481026 signal (= —0.003, SE= 0.1339, p=
0.983, Figure S6b). These two variants were in moderate LD in JHS (r2=0.67). The gene-
based association signal at /BB was driven by only two variants, rs334 and non-significant
variant rs33930165 (p= -0.003, SE=0.119, p=0.981, EAF=1.3%).

As rs334 is an African ancestry specific variant, we confined our replication analysis for this
variant to an independent, single-ethnicity sample of N=1,933 AA participants from MESA
and REGARDS. We found a similar association of /BB rs334 with higher D-dimer levels
(B=0.286, SE=0.068, p= 2.31 x 107°). To investigate the possible mechanism or influence
on other coagulation-related parameters, we analyzed the relationship of HBBrs334
genotype with additional coagulation measures available in MESA and/or REGARDS. We
observed no association of /BB rs334 with fibrinogen, PAP, factor VIII, factor X, factor
Xl, or protein C levels (Table S2).

Gene-sex interaction of F3 variant on D-dimer levels

Since D-dimer is higher in women than men, we performed an exploratory WGS association
analysis stratified by sex in JHS AA. Manhattan and QQ-plots are shown in Figure S7. No
variants were genome-wide significant in men. In women, both the chromosome 1 F3
rs2022030 variant (p= 0.373, SE= 0.052, p= 9.06 x 10~13) and the chromosome 11 HBAB
rs334 variant (B= 0.523, SE= 0.085, p= 9.91 x 10710) were genome-wide significant. The
lead variant at the ~3locus in women was rs4609438 (p= 0.356, SE= 0.048, p= 2.72 x
10713, EAF 12.8%), which is in strong LD (r?=0.8) with rs2022030.

Though the chromosome 11 HBB rs334 variant did not reach genome-wide significance in
men, it had a similar estimated effect in men (B= 0.468, SE= 0.100, p=3.12 x 1075, p-
interaction=0.923) compared to women. In contrast, £F3rs2022030, the lead variant in the
sex combined analyses, had greatly reduced estimated effect size in JHS men (= 0.135,
SE=0.072, p= 0.062) compared to JHS women. The rs2022030-sex interaction in JHS was
significant (p interaction= 0.009) (Table 3).

We next tested for additional evidence of F3rs2022030-sex interaction in an independent
sample of 10,808 multi-ethnic men and women from MESA, FHS, and CHS (Table 3,
Figure S8). In the combined analysis for these three cohorts, the effect size of rs2022030
was higher (= 0.073, SE= 0.023) among women than men, and this sex difference was also
highly significant (p interaction=0.001).

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2018 November 01.
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D-dimer associated genetic variants and risk of incident events in JHS

Finally, we assessed the relationship between D-dimer associated genetic variants and risk of
clinical events in JHS. No significant associations with all-cause mortality, coronary heart
disease, or stroke were observed for HBB rs334 (Table 4). For F3variant rs2022030,
nominal associations were observed with increased risk of CHD (HR 1.43 (95% CI 1.01,
2.03), p=0.045) and stroke (HR 1.66 (95% CI 1.11, 2.47), p=0.013) in models adjusted for
age, sex, and ancestry principal components. The results remained essentially unchanged
when adjusted for BMI, current smoking, alcohol use, diabetes mellitus, hypertension,
systolic blood pressure, low-density lipoprotein cholesterol, and CRP. We also constructed a
simple genetic risk score, summing the number of D-dimer raising alleles at rs334 and
rs2022030 (Table 4). This score was significantly associated with increased stroke risk (HR
1.58 (95% CI 1.15, 2.17), p=0.004), but not with CHD (HR 1.21 (95% CI 0.88, 1.67),
p=0.246) or mortality (HR 1.03 (95% CI 0.82, 1.29), p=0.825). The association between F3
rs2022030 and risk of CHD and stroke and the association between the genetic risk score
and risk of stroke were only partially attenuated by adjustment for D-dimer.

DISCUSSION

There were three main findings from this study. First, higher D-dimer was confirmed as an
independent risk marker for future CVD and total mortality in AAs. Second, both acquired
and genetic factors (including those that are shared with ancestral European populations
such as F3rs2022030) contributed to D-dimer variation among AAs. Third, we identified
genetic factors that may in part account for gender and ethnic differences in D-dimer.
Specifically, the African ancestral sickle cell variant (HBB rs334), was associated with
higher D-dimer. Moreover, a sex-specific association of the £3gene locus was seen in
women but not men, which might explain, in part, the higher D-dimer levels among women
compared to men.

Prior studies examining the role of D-dimer in risk prediction of stroke® 7, CHDS, venous
thromboembolism (VTE)* 3, all CVD3, and mortality® included both AA and European
descent participants. Only one recent study in REGARDS reported the results stratified by
race/ethnicity, which suggested a stronger association for CHD than stroke, particularly in
AAs.” Our results in JHS for the association of D-dimer with these CVD and mortality
outcomes in AAs were generally consistent with these prior studies, although our precision
was limited by the available sample size.3 6 9 Comparison of results between studies may be
complicated by differences in sample sizes and numbers of events, length of follow-up/
proximity of clinical events to time of D-dimer measurement, and covariate adjustment, all
of which may impact the reported risk estimates.

Among related AA individuals from JHS, we estimated the polygenic heritability of D-
dimer as 0.284. Prior studies reported heritability estimates ranging from 0.11-0.65.23-26
Global or genome-wide estimates of African ancestry have been associated with higher D-
dimer levels in some populations,2” but not others,28 with a modest positive association
observed in JHS. Apart from any differences in genetic architecture of D-dimer levels due to
ancestry-specific genetic factors, it is possible that polygenic influences may differ on the
basis of age and/or sex. In the context of the observed F~3 genotype-sex interaction we report

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2018 November 01.
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in JHS, it is interesting to note the relatively higher heritability estimate for D-dimer (65% in
female European twin pairs) reported in the one prior study that only included women.23

To our knowledge, the current report is the first genome-wide, sequencing-based association
study of D-dimer in a population of African ancestry, including analysis of coding and non-
coding variants across the entire allele frequency spectrum. Two prior genetic association
analyses of D-dimer in AAs were limited to variants in candidate gene regions.18: 27 An
analysis of variants from 42 coagulation genes in 327 AA participants from CHS found no
significant associations.2’ In an analysis of ITMAT-Broad-CARe (IBC) array data in 2,192
AA participants, Weng et al. replicated the association of a coding variant in FGA (rs6050)
with D-dimer previously observed in European populations.18

The genome-wide association of HBB rs334 (sickle cell trait) with D-dimer in JHS is
consistent with previous work?%-32 and the higher risk of VTE with sickle cell trait.> While
sickle cell disease is a hypercoagulable state, few prior studies have examined hemostatic
measures in HBB rs334 heterozygotes.> 30. 3133 We did not find any association between
HBB rs334 and other hemostasis biomarkers, though our analysis may be limited by sample
size. The mechanism responsible for higher D-dimer in sickle cell mutation carriers is
unknown. Relatively low partial pressure of oxygen and dehydration in certain tissues34 35
may lead to erythrocyte sickling and endothelial activation, which may result in tissue
damage, exposure of extracellular and intracellular proteins (e.g., tissue factor), which
ultimately trigger activation of the blood coagulation system. The roles of subclinical
rhabdomyolysis, proteinuria, or erythrocyte sickling and resultant erythrocyte
phosphatidylserine exposure, protein S levels, and thrombin generation3® require further
investigation to elucidate the mechanisms relating sickle trait to higher D-dimer and VTE
risk.

Our results show that the association of the £3locus with D-dimer initially observed in
Europeans!® generalizes to AAs. F3encodes tissue factor (TF), a necessary co-factor for
factor Vlla in the initiation of the extrinsic blood coagulation pathway. TF is constitutively
expressed in various extravascular cells, and can be induced in endothelial cells and
monocytes/macrophages by a variety of agonists. According to high-resolution chromatin
conformation capture assay, our lead variant rs2022030 physically interacts with the £3
promoter region in trophoblast and spleen tissue.3” In analyses from the MESA cohort, our
lead variant was also associated with increased monocyte F3expression and an increased
percentage of TF+ LPS-stimulated monocytes. Another LD proxy variant rs143015276
located ~50 kb upstream of £3is within promoter marks for lung and cervical tissue and
enhancer histone marks for mesenchymal stem cells, skin, muscle, breast, and placental
tissue.38 Taken together, these data suggest a potential regulatory role for one or more of the
D-dimer-associated variants on tissue factor expression.

The observed rs2022030-sex interaction at ~3is concordant with higher levels of D-dimer in
women®: 8.9 (JHS mean 0.49, SD 0.65 in men, 0.62, SD 0.63 in women). Notably, TF
expression can be induced by progesterone in human endometrial stromal cells and appears
to play a role in reproductive and peripartum hemostasis.3® A genome-wide significant 3
variant (rs143015276, p= 1.34 x 1079) in LD with rs2022030 is located within predicted

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2018 November 01.
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binding motifs for FOXA1, a transcription factor for the estrogen receptor.38 A previous
study did not find any association of the £3variant and risk of incident VTE,*0 however,
further study of the F3variant in women and in the contexts of exogenous sex hormones
(oral contraceptives, hormone therapy) is warranted.

The connection between D-dimer associated genetic variants £3rs2022030, HBB rs334, and
CVD events is unclear. While we provide some additional suggestive evidence that D-dimer
raising alleles are associated with increased risk of incident CHD and stroke in AA, the
interpretation of results is limited by the relatively small number of CVD events in JHS.
Moreover, the genetic variant — CVD associations were only partially attenuated by
adjustment for D-dimer, suggesting that additional intermediates or pathways may mediate
the putative genetic susceptibility. A prior meta-analysis of incident VTE and F3variant
rs12029080 in Europeans found no significant association.? Further analyses, including a
more formal Mendelian randomization analysis involving considerably larger sample sizes,
will be required to clarify the relationship of D-dimer associated genetic variants to CVD
risk, particularly in African ancestry populations.

Several additional limitations of our analysis should be noted. To date, VTE have not been
adjudicated within the JHS, so we were unable to assess associations with D-dimer. Much
larger sample sizes (currently accruing through WGS projects such as TOPMed) may be
needed to assess the role of lower frequency variants associated with D-dimer levels. The
lack of association between the £3or HBB variants and other coagulation biomarkers may
be due to heterogeneity of participant characteristics or assay methods between studies.

In summary, our results extend the importance of D-dimer as a CVD biomarker and
predictor in AAs. Genetic factors including sickle cell trait and common variants at the ~£3
locus contribute to the higher D-dimer levels among AAs and AA women, respectively.
Given the role of D-dimer in the clinical evaluation and diagnosis of VTE, and potentially
additional vascular conditions, future studies should address the clinical and public health
implications of these ethnic and gender-related genetic influences.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

The authors wish to thank the participants and staff of JHS.

The authors also thank the other investigators, the staff, and the participants of the REGARDS study for their
valuable contributions.

We gratefully acknowledge the studies and participants who provided biological samples and data for TOPMed.
The contributions of the investigators of the NHLBI TOPMed Consortium (https://www.nhlbiwgs.org/topmed-
banner-authorship) are gratefully acknowledged.

Sources of Funding: This research was supported by R21 HL126045-02 (EML, LAL), RO1HG006292 and
R0O1HGO006703 (YL), R01 HL71862, RO1HL132947, and RO1 HL129132 (APR), and T32 HL129982 (LMR). JGW
is supported by U54GM115428 from the National Institute of General Medical Sciences. CS and ADJ are
supported by the Division of Intramural Research, National Heart, Lung, and Blood Institute, National Institutes of
Health, Bethesda, MD.

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2018 November 01.


https://www.nhlbiwgs.org/topmed-banner-authorship
https://www.nhlbiwgs.org/topmed-banner-authorship

1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Raffield et al.

ABBREVIATIONS
AAs

CVvD
CHS
CRP
FHS
GWAS
JHS

LD

LPS
MAF
MESA
NHLBI
PAP

PCs
REGARDS
SD

SE

TF

TFPI
TOPMed
VTE

WGS

References

African Americans

cardiovascular disease

Cardiovascular Health Study
C-reactive protein

Framingham Heart Study
genome-wide association studies
Jackson Heart Study

linkage disequilibrium
lipopolysaccharide

minor allele frequency

Multi-Ethnic Study of Atherosclerosis
National Heart Lung, and Blood Institute
plasmin-antiplasmin complex
principal components

REasons for Geographic and Racial Differences in Stroke
standard deviation

standard error

tissue factor

tissue factor pathway inhibitor
Trans-Omics for Precision Medicine
venous thromboembolism

whole genome sequencing

Page 10

1. Adam SS, Key NS, Greenberg CS. D-dimer antigen: Current concepts and future prospects. Blood.
2009; 113:2878-2887. [PubMed: 19008457]

2. Halaby R, Popma CJ, Cohen A, et al. D-dimer elevation and adverse outcomes. J Thromb

Thrombolysis. 2015; 39:55-59. [PubMed: 25006010]

3. Zakai NA, Katz R, Jenny NS, Psaty BM, Reiner AP, Schwartz SM, Cushman M. Inflammation and
hemostasis biomarkers and cardiovascular risk in the elderly: The cardiovascular health study. J
Thromb Haemost. 2007; 5:1128-1135. [PubMed: 17388967]

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Raffield et al.

15.

16.

17.

18.

19.

20.

21.

Page 11

. Cushman M, Folsom AR, Wang L, Aleksic N, Rosamond WD, Tracy RP, Heckbert SR. Fibrin

fragment d-dimer and the risk of future venous thrombosis. Blood. 2003; 101:1243-1248. [PubMed:
12393393]

. Folsom AR, Alonso A, George KM, Roetker NS, Tang W, Cushman M. Prospective study of plasma

d-dimer and incident venous thromboembolism: The atherosclerosis risk in communities (aric)
study. Thromb Res. 2015

. Folsom AR, Gottesman RF, Appiah D, Shahar E, Mosley TH. Plasma d-dimer and incident ischemic

stroke and coronary heart disease: The atherosclerosis risk in communities study. Stroke. 2016;
47:18-23. [PubMed: 26556822]

. Zakai NA, McClure LA, Judd SE, Kissela B, Howard G, Safford M, Cushman M. D-dimer and the

risk of stroke and coronary heart disease. The reasons for geographic and racial differences in stroke
(regards) study. Thromb Haemost. 2017; 117:618-624. [PubMed: 28004063]

. Di Castelnuovo A, de Curtis A, Costanzo S, Persichillo M, Olivieri M, Zito F, Donati MB, de

Gaetano G, lacoviello L. Association of d-dimer levels with all-cause mortality in a healthy adult
population: Findings from the moli-sani study. Haematologica. 2013; 98:1476-1480. [PubMed:
23645692]

. Folsom AR, Delaney JA, Lutsey PL, Zakai NA, Jenny NS, Polak JF, Cushman M. Associations of

factor viiic, d-dimer, and plasmin-antiplasmin with incident cardiovascular disease and all-cause
mortality. Am J Hematol. 2009; 84:349-353. [PubMed: 19472201]

10. O’Neal WT, Soliman EZ, Howard G, Howard VJ, Safford MM, Cushman M, Zakai NA.

Inflammation and hemostasis in atrial fibrillation and coronary heart disease: The reasons for
geographic and racial differences in stroke study. Atherosclerosis. 2015; 243:192-197. [PubMed:
26398291]

. Danesh J, Whincup P, Walker M, Lennon L, Thomson A, Appleby P, Rumley A, Lowe GD. Fibrin
d-dimer and coronary heart disease: Prospective study and meta-analysis. Circulation. 2001;
103:2323-2327. [PubMed: 11352877]

. Willeit P, Thompson A, Aspelund T, Rumley A, Eiriksdottir G, Lowe G, Gudnason V, Di
Angelantonio E. Hemostatic factors and risk of coronary heart disease in general populations: New
prospective study and updated meta-analyses. PLoS ONE. 2013; 8:e55175. [PubMed: 23408959]

. Kleinegris MC, ten Cate H, ten Cate-Hoek AJ. D-dimer as a marker for cardiovascular and arterial
thrombotic events in patients with peripheral arterial disease. A systematic review. Thromb
Haemost. 2013; 110:233-243. [PubMed: 23784703]

14. Ay C, Dunkler D, Pirker R, Thaler J, Quehenberger P, Wagner O, Zielinski C, Pabinger I. High d-

dimer levels are associated with poor prognosis in cancer patients. Haematologica. 2012; 97:1158—
1164. [PubMed: 22371182]

Lutsey PL, Cushman M, Steffen LM, Green D, Barr RG, Herrington D, Ouyang P, Folsom AR.
Plasma hemostatic factors and endothelial markers in four racial/ethnic groups: The mesa study. J
Thromb Haemost. 2006; 4:2629-2635. [PubMed: 17002663]

Weng LC, Tang W, Rich SS, et al. A genetic association study of d-dimer levels with 50k snps
from a candidate gene chip in four ethnic groups. Thromb Res. 2014; 134:462-467. [PubMed:
24908450]

Khaleghi M, Saleem U, McBane RD, Mosley TH Jr, Kullo 1J. African-american ethnicity is
associated with higher plasma levels of d-dimer in adults with hypertension. J Thromb Haemost.
2009; 7:34-40. [PubMed: 18983495]

Smith NL, Huffman JE, Strachan DP, et al. Genetic predictors of fibrin d-dimer levels in healthy
adults. Circulation. 2011; 123:1864-1872. [PubMed: 21502573]

Price DT, Ridker PM. Factor v leiden mutation and the risks for thromboembolic disease: A
clinical perspective. Ann Intern Med. 1997; 127:895-903. [PubMed: 9382368]

Lim ET, Wurtz P, Havulinna AS, et al. Distribution and medical impact of loss-of-function variants
in the finnish founder population. PLoS Genet. 2014; 10:1004494. [PubMed: 25078778]

Pruim RJ, Welch RP, Sanna S, Teslovich TM, Chines PS, Gliedt TP, Boehnke M, Abecasis GR,
Willer CJ. Locuszoom: Regional visualization of genome-wide association scan results.
Bioinformatics. 2010; 26:2336-2337. [PubMed: 20634204]

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Raffield et al.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Page 12

Williams FM, Carter AM, Hysi PG, et al. Ischemic stroke is associated with the abo locus: The
euroclot study. Ann Neurol. 2013; 73:16-31. [PubMed: 23381943]

Ariens RA, de Lange M, Snieder H, Boothby M, Spector TD, Grant PJ. Activation markers of
coagulation and fibrinolysis in twins: Heritability of the prethrombotic state. Lancet. 2002;
359:667-671. [PubMed: 11879863]

Diego VP, Almasy L, Rainwater DL, Mahaney MC, Comuzzie AG, Cole SA, Tracy RP, Stern MP,
Maccluer JW, Blangero J. A quantitative trait locus on chromosome 5p influences d-dimer levels
in the san antonio family heart study. Int J Vasc Med. 2010; 2010:490241. [PubMed: 21151504]

Bladbjerg EM, de Maat MP, Christensen K, Bathum L, Jespersen J, Hjelmborg J. Genetic influence
on thrombotic risk markers in the elderly—a danish twin study. J Thromb Haemost. 2006; 4:599—
607. [PubMed: 16371117]

Souto JC, Almasy L, Borrell M, Gari M, Martinez E, Mateo J, Stone WH, Blangero J, Fontcuberta
J. Genetic determinants of hemostasis phenotypes in spanish families. Circulation. 2000;
101:1546-1551. [PubMed: 10747348]

Lange LA, Reiner AP, Carty CL, Jenny NS, Cushman M, Lange EM. Common genetic variants
associated with plasma fibrin d-dimer concentration in older european- and african-american
adults. J Thromb Haemost. 2008; 6:654-659. [PubMed: 18208536]

Lutsey PL, Wassel CL, Cushman M, Sale MM, Divers J, Folsom AR. Genetic admixture is
associated with plasma hemostatic factor levels in self-identified african americans and hispanics:
The multi-ethnic study of atherosclerosis. J Thromb Haemost. 2012; 10:543-549. [PubMed:
22332961]

Naik RP, Wilson JG, Ekunwe L, Mwasongwe S, Duan Q, Li Y, Correa A, Reiner AP. Elevated d-
dimer levels in african americans with sickle cell trait. Blood. 2016; 127:2261-2263. [PubMed:
26968536]

Westerman MP, Green D, Gilman-Sachs A, Beaman K, Freels S, Boggio L, Allen S, Schlegel R,
Williamson P. Coagulation changes in individuals with sickle cell trait. Am J Hematol. 2002;
69:89-94. [PubMed: 11835343]

Amin C, Adam S, Mooberry MJ, Kutlar A, Kutlar F, Esserman D, Brittain JE, Ataga KI, Chang JY,
Wolberg AS, Key NS. Coagulation activation in sickle cell trait: An exploratory study. BrJ
Haematol. 2015; 171:638-646. [PubMed: 26511074]

Folsom AR, Alonso A, George KM, Roetker NS, Tang W, Cushman M. Prospective study of
plasma d-dimer and incident venous thromboembolism: The atherosclerosis risk in communities
(aric) study. Thromb Res. 2015; 136:781-785. [PubMed: 26337932]

Lawrie AS, Pizzey A, Trompeter S, Meiselman H, Mohandas N, Dumanski JP, Westerman MP.
Procoagulant activity in patients with sickle cell trait. Blood Coagul Fibrinolysis. 2012; 23:268—
270. [PubMed: 22343687]

Hamer JD, Malone PC, Silver IA. The po2 in venous valve pockets: Its possible bearing on
thrombogenesis. Br J Surg. 1981; 68:166-170. [PubMed: 7470818]

Noguchi CT, Torchia DA, Schechter AN. Polymerization of hemoglobin in sickle trait erythrocytes
and lysates. J Biol Chem. 1981; 256:4168-4171. [PubMed: 7217076]

Whelihan MF, Lim MY, Mooberry MJ, Piegore MG, llich A, Wogu A, Cai J, Monroe DM, Ataga
KIl, Mann KG, Key NS. Thrombin generation and cell-dependent hypercoagulability in sickle cell
disease. J Thromb Haemost. 2016; 14:1941-1952. [PubMed: 27430959]

Martin JS, Xu Z, Reiner AP, Mohlke KL, Sullivan P, Ren B, Hu M, Li Y. Hugin: Hi-c unifying
genomic interrogator. bioRxiv. 2017

Ward LD, Kellis M. Haploreg: A resource for exploring chromatin states, conservation, and
regulatory motif alterations within sets of genetically linked variants. Nucleic Acids Res. 2012;
40:D930-934. [PubMed: 22064851]

Lockwood CJ, Murk W, Kayisli UA, Buchwalder LF, Huang ST, Funai EF, Krikun G, Schatz F.
Progestin and thrombin regulate tissue factor expression in human term decidual cells. J Clin
Endocrinol Metab. 2009; 94:2164-2170. [PubMed: 19276228]

Smith NL, Heit JA, Tang W, Teichert M, Chasman DI, Morange PE. Genetic variation in f3 (tissue
factor) and the risk of incident venous thrombosis: Meta-analysis of eight studies. J Thromb
Haemost. 2012; 10:719-722. [PubMed: 22340074]

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2018 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Raffield et al.

Page 13

HIGHLIGHTS

Fibrin degradation product D-dimer is associated with risk of incident
cardiovascular disease in African Americans (AAs) from the Jackson Heart Study
(JHS).

Analysis of whole genome sequencing data in JHS revealed associations of
intergenic variants near ~3and sickle cell trait (HBB locus) with D-dimer.

The signal at the ~3locus was driven mostly by women, and this significant sex
interaction was replicated in a multi-ethnic sample.

Sex-specific and African ancestral effects of the F3and HBB loci, respectively,
may contribute to higher D-dimer among women and AAs.
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