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Abstract

Background—TFibrinogen is a multifunctional circulating glycoprotein involved in wound-healing,
thrombosis, platelet aggregation and inflammation, and elevated levels predict vascular disease.
Despite evidence of such crucial biological functions and moderate heritability, comprehensive
analysis of the influence of genetic variation on fibrinogen is not available.

Methods and Results—To address this issue, we undertook a genome-wide association study
evaluating the potential relationships between 337,343 single nucleotide polymorphisms (SNPs) and
plasma fibrinogen levels among 17,686 apparently healthy women participating in the Women’s
Genome Health Study (WGHS). As C-reactive protein is also an inflammatory marker known to
predict cardiovascular diseases, we compared the determinants of fibrinogen levels with those of C-
reactive protein.

Four novel loci were identified, in addition to the fibrinogen gene cluster, which were associated
with fibrinogen levels at genome-wide levels of significance (range of P-values from 8.82x10°09 to
8.04x10739). Two of the loci related to common chronic inflammatory diseases: the first, at locus
5931.1 (SLC22A5, SLC22A4, IRF1) lies immediately adjacent to a locus linked to Crohn’s disease
(P-value for lead SNP 1.24 x 10-12) and the second, at locus 17¢25.1 (CD300LF, SLC9A3R1, NAT9)
has been associated with psoriasis (P-value for lead SNP 7.72x10-11). A third locus at 1921.3 (IL6R)
lies within the interleukin 6 receptor gene, a critical component of the inflammatory cascade (P-value
for lead SNP 1.80x10°11). A novel locus at 2q34 (CPS1) participates in the urea cycle (P-value
8.82x10799). The majority of implicated SNPs showed little evidence of dual association with C-
reactive protein levels.
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Conclusions—An agnostic survey of the human genome identifies novel loci related to common
chronic inflammatory diseases as genetic determinants of fibrinogen levels, in addition to loci that
relate to the inflammatory cascade, the urea cycle and the fibrinogen gene cluster.
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Introduction

Methods

Fibrinogen is a circulating glycoprotein involved in wound-healing, thrombosis, platelet
aggregation and inflammation which also has roles in cell adhesion, vasoconstriction, and
chemotactic activity 1. Like the acute phase reactant C-reactive protein (CRP), plasma
fibrinogen levels also associate with increased risk of myocardial infarction, stroke, and
vascular mortality2:3, and these two inflammatory biomarkers may provide complementary
information4. In addition to environmental factors that affect fibrinogen level, there is evidence
of substantial heritability of fibrinogen (25-51%) in twin and family studies 5'6. To date,
evaluations of genetic determinants of fibrinogen have typically used a candidate gene
approach and focused on the FGA, FGB and FGG genes, which encode fibrinogen’s alpha,
beta and gamma polypeptide chains. In these studies, variants within the promoter and genic
regions of FGB have been associated with stable and acute phase fibrinogen levels7-9 as well
as vascular events10-11, In aggregate, however, these polymorphisms explain only a small
fraction of the estimated heritable effects on fibrinogen and the multi-functional nature of the
protein itself suggests that other loci should have substantive effects. We therefore undertook
agenome-wide association study evaluating potential relationships between 337,343 SNPs and
plasma fibrinogen among 17,686 apparently healthy women participating in the Women’s
Genome Health Study (WGHS)12. As C-reactive protein is also an inflammatory marker known
to predict cardiovascular diseases, we also directly compared the determinants of fibrinogen
levels with those of C-reactive proteinl3.

The study cohort was derived from participants of the Women’s Genome Health Study12, the
genetic arm of the Women’s Health Study. In brief, participants in WGHS include American
women with no prior history of cardiovascular disease, cancer, or other major chronic illness
who provided a baseline blood sample during the enroliment phase of the Women’s Health
Study between 1992 and 1995 as well as consent for blood based analyses related to the risk
of incident chronic diseases. All baseline blood samples underwent ascertainment in a single
core laboratory for fibrinogen levels using an immunoturbidimetric assay (Kamiya Biomedical,
Seattle, Wash), which was standardized to a calibrator from the World Health
Organization!4. The coefficients of variation obtained from blinded simultaneously analyzed
quality controls were <5% for fibrinogen. DNA extracted from the baseline blood samples
underwent SNP genotyping using the Illumina Infinium Il assay to query a genome-wide set
of 315,176 haplotype-tagging SNP markers (Human HAP300 panel) as well as a focused panel
of 45,882 missense and haplotype tagging SNPs selected to enhance coverage of genomic
regions in which we had a strong a priori interest owing to presence of genes believed to be
of relevance to metabolic, cardiovascular, and inflammatory diseases.

Before performing any genetic analyses, all SNPs were evaluated for high call rates (>90%)
and the percentage of missing SNPs for each individual was calculated (<2%). For SNPs with
adequate data, Hardy-Weinberg disequilibria (P>1076) were evaluated to identify potential
genotyping errors. In total, 337,343 SNPs passed criteria for use. We also compared the
Illumina-based SNP data for each individual participant for a panel of 44 common SNPs that
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have previously been ascertained in this population using alternative genotyping technologies;
this step is used as a secondary check to ensure accurate specimen labeling prior to any analyses.

For the purpose of this analysis, we limited our evaluation to 17,686 non-diabetic WGHS
participants who were of Caucasian ancestry and were not taking lipid-lowering agents.

Because population stratification can result in inflated type | error in genome-wide association
analysis, a principal component analysis using 1443 ancestry informative SNPs was performed
using PLINKZ15 in order to confirm self-reported ancestry. Briefly, these SNPs were chosen
based on a fixation index16 (Fst) > 0.4 in HapMap populations (YRB, CEU, CHB+JPT) and
inter-SNP distance at least 500 kb in order to minimize linkage disequilibrium. Different ethnic
groups were clearly distinguished with the two first components. Based on this analysis, 69
individuals were excluded from further evaluation as they did not cluster with other Caucasians,
leaving 17,686 participants for the current study population. Two additional steps were taken
to rule out the possibility that residual stratification within Caucasians was responsible for the
associations observed. First, association analysis was done with correction by genomic control.
Second, a principal component analysis!’ was performed in previously identified Caucasians
(only) using 64,208 SNPs chosen to have pair-wise linkage disequilibrium lower than r2=0.2.
The first ten components were then used as covariates in the association analysis. As adjustment
by these covariates did not change the conclusions, we present analysis among Caucasian
participants without further correction for sub-Caucasian ancestry.

Analysis was performed to define any novel gene locus associated with fibrinogen levels. In
all statistical analyses, we adjusted plasma levels of fibrinogen on an a priori basis for age,
smoking, body mass index, hormone therapy, and menopausal status, the major environmental
determinants of fibrinogen levels. For all genotype-phenotype association analyses, we
assumed an additive model of inheritance and initially conducted univariable linear regression
analyses to test the null hypothesis that fibrinogen levels did not differ by individual SNP
genotypes (PLINK v1.03)15. To identify any clusters of SNPs that might be associated with
fibrinogen levels, we used a genome-wide criterion of statistical significance of <5x10-08,

Once any locus with genome-wide significance was identified, a forward selection linear
multiple regression model was used to further define the extent of the genetic association.
Briefly, all genotyped SNPs within 100 kb of the most significantly associated SNP at each
locus and passing quality control requirements were tested for possible incorporation into a
multiple regression model. In stepwise fashion, a SNP was added to the model if it had the
smallest P-value among all the SNPs not yet included in the model and if it was statistically
significant after adjusting for multiple comparisons.

Subsequently, in models that included all SNPs that non-redundantly provided information on
fibrinogen levels within a given loci, we used a similar multiple regression model to calculate
the total proportion of variation in fibrinogen accounted for by the common SNPs evaluated.

Last, to address the hypothesis that plasma levels of fibrinogen and C-reactive protein have
different genetic determinants, fibrinogen levels were regressed on SNPs of genome-wide
significance for C-reactive protein, and CRP levels regressed on SNPs of genome-wide
significance for fibrinogen in fully-adjusted models.

The study was approved by the institutional review committee at Brigham and Women’s
Hospital and the subjects gave informed consent.
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Among the 17,686 women in this cohort, median fibrinogen levels were 350.6 mg/dL (range
29.1-1104.5 mg/dL). The distribution of P-values for the association of each individual SNP
with plasma fibrinogen levels according to chromosomal position and number is shown in
Figure 1, while Table 1 presents a listing of the genome-wide significant SNPs (P<5x10708)
and model-selected SNPs along with their beta coefficients, p-values and median levels of
fibrinogen for homozygous carriers of the minor allele, heterozygotes and homozygous carriers
of the major allele. Nineteen SNPs were individually associated with fibrinogen at a genome-
wide level of significance and cluster in one of five chromosomal regions: 5 in chromosome
locus 1g21.3 (IL6R), one in chromosome locus 234 (CPS1), 10 in chromosome locus 4g32.1
(the fibrinogen gene cluster), 1 in chromosome 5¢g31.1 (within or near genes of solute carrier
family 22 (members 5 and 4)), and 2 in chromosome 17g25.1 (near genes SLC9A3R1 and
NAT9, as well as a member of an immunoglobulin gene family, CD300LF; other members of
this family in this region include CD300A, CD300LN, CD300C and CD300E). For four of the
loci, effects of genotype on plasma fibrinogen level conform to an additive model. However,
rs7422339 (CPS1) showed evidence (p=0.0002) for non-additive effects of the minor allele as
judged by a likelihood ratio test comparing the additive regression model to an alternative
genotype model with an additional degree of freedom. Specifically, the association for CPS1
tended toward a dominant genetic model, with median fibrinogen values of 354 mg/dL
(N=8281) for major allele homozygotes, 348 mg/dL (N=7481) for heterozygotes and 349 mg/
dL (N=1706) for minor allele homozygotes.

Also presented in Table 1 are the results of forward selection models that summarize evidence
of nonredundant contributions to fibrinogen level for each of the five loci. At the IL6R, CPS1
and CD300LF loci, only one lead SNP was included by model selection (rs8192284, rs7422339
and rs10512597 respectively). Two SNPs were included at 4932.1 (FGB, FGA, FGG; rs6056,
rs1800788) and 5¢q31.1 (SLC22A5, SLC22A4, IRF1; rs1016988, rs10479002). The genetic
contexts of the five loci are shown in Figure 2.

As shown in the quantile-quantile plots (Figure 3), p-values larger than 0.001 conform to the
expected null distribution. The excess of p-values smaller than 0.001 was due largely to the
associations of the candidate loci; after further adjustment of fibrinogen residuals by model-
selected SNPs, there is a significant decrease in excess of small p-values in genome-wide
association testing (Figure 3, right panel).

Table 2 shows a comparison of phenotypic variance explained by independent genetic factors
and clinical covariates. Of the genetic variance, which explained a total of 1.93% of the
fibrinogen phenotype, 12.4% was attributable to polymorphism within the IL6R locus, 8.8%
to the CPS1 locus, 50.3% to fibrinogen gene cluster, 17.6% to the 5g31.1 locus and 10.9% to
the 17¢g25.1 locus. Clinical covariates (age, body mass index, smoking and hormone use)
accounted for a significant proportion of the phenotypic variance (14.0%).

Replication of the SLC22A5/IRF1, the IL6R, and the known FGB findings are also provided
in the accompanying manuscript from Dehghan et al (p-values1.01x10-13, 7.42x10796 and
1.84x10727 respectively). With respect to CD300LF and CPS1, the Dehghan data also support
replication, albeit at p-values of 0.001 and 0.01. Even after correction for the five loci tested,
these remain significant with p-values < 0.01, and consistent direction of effect.

Because fibrinogen and CRP levels correlate (r=0.4), we assessed the degree of overlap
between genome-wide significant determinants of these inflammatory biomarkers. As shown
in Table 3, of the genes related to fibrinogen, the IL6R SNP (rs8192284; p=1.04x10-22) and
the CD300LF SNP (rs10512597; p=9.85x10-04) were also associated with CRP levels. By
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contrast, of the genes related to CRP13, only the IL6R, GCKR (rs780094; p=0.002) and LEPR
SNP (rs1892534, p=0.009) also showed evidence of association with fibrinogen.

Discussion

In this genome-wide study of 337,343 polymorphisms among 17,686 women, four novel loci
were associated with fibrinogen in addition to the known association with the fibrinogen gene
cluster. Two of the novel loci relate to known human chronic inflammatory diseases but are
genetically associated with fibrinogen levels for the first time, one to a critical component of
the inflammatory cascade and one to the urea cycle.

The locus at 5g31.1 (SLC22A5, SLC22A4, IRF1) implicated in our study, and in the
accompanying study by Dehghan et al, is immediately adjacent to a 250 kb locus that has
previously been linked to Crohn’s disease and has been referred to as the IBD5 regionl8.
Recent confirmation of the association of this locus with Crohn’s disease has emerged from
the Wellcome Trust Consortium19. Because this region is rich in candidate genes and is
characterized by extensive linkage disequilibrium, one cannot be certain of the causal variant
or the underlying biological mechanism. Of note, candidate genes encompassed by this region
include a cytokine gene cluster (IL5, IL4, IL13) as well as a regulator of interferon alpha
production (IRF1) among others. Other genes in this region are SLC22A5 and SLC22A4,
which are high affinity sodium-dependent uptake transporters that function in the transport of
I-carnitine and in the elimination of cationic drugs in the intestine. Specific SNPs of these genes
have been shown to affect transcriptional efficiency of SLC22A420, due to an allelic difference
in affinity to runt-related transcription factor 1 (RUNX1)21. Preliminary data have also
implicated this region to other diseases with autoimmune etiologies such as type |
diabetes22.

The association at locus 17g25.1 is intronic to the CD300LF and RAB37 genes. CD300LF is
a member of an immunoglobulin superfamily gene cluster that may serve as an inhibitory
receptor to regulate the maturation and differentiation of immune cells, helping to contain
inflammation23; RAB37 is a GTPase expressed in mast cells?4. This locus has been associated
with psoriasis, and is referred to as PSORS2 25:26_ particular focus has been on the nearby LD
block which encompasses SLC9A3R1 and NAT9; a SNP that lies between the two genes may
lead to loss of RUNX1 binding, a common theme for other inflammatory diseases such as
rheumatoid arthritis and lupus?’. This is however, to our knowledge, the first report of a
relationship of this region to circulating fibrinogen levels.

The IL6R SNP, rs8192284, associated with fibrinogen is a non-synonymous SNP that is also
associated with CRP13. The biological relevance of this SNP was supported by recent data
from the Health ABC study, where the same missense SNP accounted for a significant
percentage of variance of both soluble IL6R levels and plasma IL-6 levels?8. IL-6 is an
important upstream messenger cytokine in inflammation that changes the program of protein
synthesis in the liver from “housekeeping” proteins, such as albumin, to a family of acute phase
proteins made in the liver, such as CRP and fibrinogen. Our finding that polymorphism in the
IL6R gene is a determinant of fibrinogen expression is consistent with data linking IL-6 to
hepatic production of fibrinogen. These data support the close biological relationship between
fibrinogen levels and IL-6, and is concordant with the reported relationship of I1L-6 with
incident diabetes and atherothrombosis?®.

With regard the CPS1 SNP, rs7422339, carbamoylphosphate synthetase | is a mitochondrial
matrix enzyme that catalyses the first and rate-limiting step of the hepatic urea cycle. The
hepatic urea cycle is responsible for the elimination of ammonia in the form of urea as well as
the synthesis of arginine, a precursor of the potent vasodilatator nitric oxide. Specifically, the
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CPS1 SNP rs7422339 associated with fibrinogen in our study encodes for the substitution of
asparagine for threonine (T1405N) in the region critical for N-acetyl-glutamate binding and
results in 20-30% higher enzymatic activity30. This variation has been shown to influence nitric
oxide metabolite concentrations and vasodilation following agonist stimulation31, as well as
the risk of veno-occlusive disease after bone marrow transplantation; such data may be
concordant with data linking fibrinogen with vascular disease.

Last, the IL6R SNP (rs8192284), the GCKR SNP (rs780094) and SLC9A3R1 SNP
(rs10512597) were related to both fibrinogen and CRP, suggesting they may be central
regulators of inflammation. However, the majority of implicated SNPs showed little evidence
of dual association, showing that fibrinogen and CRP may have different genetic architecture,
even though both are predictive of vascular disease.

Conclusions

In aggregate, our genome-wide study identifies four novel loci related to fibrinogen, the 5931.1
locus related to IBD, the 17925.1 locus related to psoriasis, IL6R, a critical component of
inflammation, and CPS1, all of which are replicated in the accompanying manuscript from
Dehghan et al. We also confirm the fibrinogen gene cluster locus. These data identify new
components of fibrinogen regulation, a glycoprotein with multiple critical functions in humans
including clotting, thrombosis and inflammation. The link to regions of the genome associated
with common human autoimmune diseases may provide further insights into their
pathophysiology.
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Figure 2.

Genetic Context of Loci with Genome-Wide Significant Associations with Fibrinogen Data

are presented that map each SNP according to its physical location at each of the 5 loci, as well
a plot of the P-values in relation to the distance from known recombination hotspots according
to HapMap. Top panel: genes from RefSeq release 25 are shown. Only one isoform is shown
when multiple splicing variants are known. Lower panel: SNPs are shown according to their
physical location and P-values (red dots). Also shown is the genetic distance in cM from the
lowest P-value SNP (light grey line) along with the position of recombination hotspots (light
grey vertical bars). Recombination rates and hotspots are based on HapMap data, as described
by McVean et al.32.

The IL6R region is shown in Figure 2-A, the CPS1 region in Figure 2-B, the fibrinogen gene
cluster (4932.1) in Figure 3-C, the SLC22A5, SLC22A4, IRF1 locus (5931.1) in Figure 2-D

and the CD300LF, SLC9A3R1, NAT9 locus in Figure 2-E.
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