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Abstract
Coagulation factor XI (FXI) has become increasingly interesting for its role in pathogenesis of thrombosis. While elevated
plasma levels of FXI have been associated with venous thromboembolism and ischemic stroke, its deficiency is associated
with mild bleeding. We aimed to determine novel genetic and post-transcriptional plasma FXI regulators.
We performed a genome-wide association study (GWAS) for plasma FXI levels, using novel data imputed to the 1000
Genomes reference panel. Individual GWAS analyses, including a total of 16,169 European individuals from the ARIC, GHS,
MARTHA and PROCARDIS studies, were meta-analysed and further replicated in 2,045 individuals from the F5L family, GAIT2
and MEGA studies. Additional association with activated partial thromboplastin time (aPTT) was tested for the top SNPs. In
addition, a study on the effect of miRNA on FXI regulation was performed using in silico prediction tools and in vitro luciferase
assays.
Three loci showed robust, replicating association with circulating FXI levels: KNG1 (rs710446, P-value¼2.07�10�302), F11
(rs4253417, P-value ¼2.86�10�193), and a novel association in GCKR (rs780094, P-value ¼3.56 �10�09), here for the first time
implicated in FXI regulation. The two first SNPs (rs710446 and rs4253417) also associated with aPTT. Conditional and
haplotype analyses demonstrated a complex association signal, with additional novel SNPs modulating plasma FXI levels in
both the F11 and KNG1 loci. Finally, eight miRNAs were predicted to bind F11 mRNA. Over-expression of either miR-145 or
miR-181 significantly reduced the luciferase activity in cells transfected with a plasmid containing FXI-3’UTR.
These results should open the door to new therapeutic targets for thrombosis prevention.

Introduction
Coagulation factor XI (FXI) is a component of the contact path-
way of coagulation with an important role in the propagation
and stabilization of the thrombus and in the pathogenesis of
thrombosis (1–5). Elevated plasma levels of FXI have been asso-
ciated with increased risk of venous thromboembolism (VTE)
and ischaemic stroke in most (1,6–8) but not all (9) studies. VTE
and stroke constitute important, disabling and potentially fatal
diseases with an incidence of 0.1–0.3% per year in Caucasians
(10,11). Subjects with severe FXI deficiency have a reduced inci-
dence of VTE and stroke (7,12) and only mild bleeding, and sev-
eral genetic studies have revealed that genetic variants in or
close to the F11 gene are associated with VTE (13–17) and ische-
mic stroke (18). Moreover, an association has been shown be-
tween the activated partial thromboplastin time (aPTT), which
measures the efficacy of the intrinsic coagulation pathway and
has been shown to be a good predictor for VTE (19), and single
nucleotide polymorphisms (SNPs) in the F11 locus (20,21).

Substantial evidence from mice and non-human primates
indicates that FXI deficiency/inhibition is protective against ex-
perimentally induced thrombosis or stroke (2,22) without exces-
sive bleeding. Moreover, emerging studies using antisense
oligonucleotides that specifically reduce plasma FXI levels have
proved effective for prevention of postoperative VTE without
bleeding risk (23), suggesting that the plasma level of FXI is an
important determinant of thrombosis and that understanding
its regulation can have important implications in the diagnosis
and management of serious disease outcomes such as VTE and
stroke. Because of its implication in VTE and stroke, and the
minor bleeding risk, FXI—as other components of the intrinsic
coagulation pathway—have become increasingly interesting as
therapeutic targets for thrombosis.

While the implications of changes in FXI plasma levels for
disease have been widely studied, the genetic regulation of FXI
remains incompletely understood. In a previous genome-wide
association study (GWAS) using data imputed to the HapMap
reference panel, we identified KNG1 and F11 as the two main

loci determining plasma FXI levels (24). Recent studies have
demonstrated that use of 1000 Genomes (1000G)-imputed data
can substantially improve the ability of GWAS to discover novel
loci (25) and that the denser SNP coverage provided by imput-
ation also allows us to study the genetic architecture of associ-
ated loci in greater detail, potentially revealing additional
signals. Against this background, we have, in the present study,
increased sample size 40-fold from the previous GWAS and
have included novel data imputed to the 1000G reference panel
in order to identify new loci that are important for FXI regula-
tion and that could influence risk of venous and arterial throm-
bosis. In addition, we complement this genetic analysis with a
study on the effect of microRNA (miRNA) on FXI regulation,
with the overall aim to investigate novel regulatory mechan-
isms for FXI that could serve as therapeutic targets for treat-
ment and prevention.

Results
Three loci, GCKR, KNG1 and F11, are robustly associated
with circulating FXI levels

In the discovery analysis, five studies (ARIC, GHS-1, GHS-2,
MARTHA, and PROCARDIS), including 16,169 European individ-
uals, performed GWAS analyses against natural-logarithm-
transformed FXI levels (lnFXI). After quality control (QC) and
filtering for minor allele frequency (MAF> 0.01), 7,353,638
markers were included in a fixed-effect meta-analysis. Three
loci contained associations with FXI plasma levels that were
significant using the conventional genome-wide threshold of
5�10�8 (Fig. 1, Table 1, Supplementary Material, Table S2). The
most significant association (rs710446, Beta ¼ �0.0888, P-value
¼ 2.07�10�302) was located on chromosome 3, and created a
non-synonymous substitution (Ile581Thr) in the KNG1 gene;
this confirms previous associations (24). A SNP on chromosome
4 (rs4253417, Beta ¼ �0.0735, P-value ¼ 2.86�10�193) was located
in an intron on the structural gene coding for F11, which has
previously been associated with FXI levels, albeit with different
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lead SNPs (18,24). Finally, a locus on chromosome 2 (rs780094,
Beta¼ 0.0147, P-value ¼ 3.56�10�09) was located in an intron of
the glucokinase regulator (GCKR) gene, which has not previously
been associated with FXI levels. The three lead SNPs were esti-
mated, using GCTA (26,27), to explain 5.89% of the phenotypic
variance in the PROCARDIS cohort. Summary results from the
discovery meta-analysis have been deposited at the European
Genome-phenome Archive (EGA), which is hosted by the EBI
and the CRG, under accession number EGAS00001002123.

The top SNP from each of the three genome-wide significant
loci were tested for replication in 2,058 European individuals
from the French-Canadian family study on Factor V Leiden (F5L)
study, GAIT2 and MEGA studies (see further information in
Supplementary Material, Table S1) and the results were combined
in a fixed-effect meta-analysis (Table 1 and Supplementary
Material, Table S3). All three loci were significantly associated
with lnFXI in our replication studies, Table 1), at the Bonferroni-
adjusted threshold a¼ 0.0167 (i.e. 0.05/3).

Conditional analysis identifies two independent signals
at the KNG1 and F11 loci

The associations of previously discovered SNPs in the loci with
related phenotypes are listed in Supplementary Material, Table
S4. In addition to the top SNPs (rs710446, rs4253417, rs780094),
there was, at each locus, a set of additional SNPs that displayed
significant association with FXI levels (Table 2). Regional plots
(Supplementary Materials, Figs S3–S5) suggested possible inde-
pendent associations. To further investigate the association
pattern at the three significantly associated loci, a secondary

GWAS was performed in the discovery studies, conditioning on
the three most significantly associated SNPs. The results of the
fixed-effect meta-analysis of this conditional analysis are
shown in Table 1 and Supplementary Material, Table S5.
Additional, independently associated genome-wide significant
associations were observed in the F11 locus at rs4253421 (Beta ¼
�0.0498, P-value ¼ 1.25�10�40) and in the KNG1 locus at
rs76438938 (Beta ¼ �0.0765, P-value ¼ 6.07�10�27), to our know-
ledge previously not reported as associated with lnFXI. These
SNPs were not in strong linkage disequilibrium (LD) with the
lead F11 (rs4253417, r2¼0.084, D’¼ 0.99) and KNG1 (rs710446,
r2¼0.033 and D’¼ 0.90) SNPs, respectively). Together with the
three discovery SNPs, the two conditional SNPs were estimated,
using GCTA (26,27), to explain 6.13% of the phenotypic variance
in the PROCARDIS cohort. We used an approximate method, the
stepwise selection procedure implemented in GCTA (27,28), to
further investigate the signal pattern in the three loci. This ana-
lysis uses meta-analysis data combined with estimated pair-
wise LD to identify the minimum subset of SNPs that jointly ex-
plains as much of the observed phenotype signal. For the GCKR
and F11 loci, this approximate stepwise analysis found no other
signals than the lead SNPs from our discovery and conditional
analyses (Supplementary Material, Table S6). However, for the
KNG1 locus, analyses suggested three additional signals, repre-
sented by rs5030095, rs9823431 and rs35575213, respectively, as
lead SNPs (none of these is in strong LD with the lead SNPs from
the discovery and conditional analyses, Supplementary
Material, Table S7). We investigated these SNPs further in a
haplotype analysis; however, the ensuing analyses focus on the
five SNPs from our discovery and conditional analyses.

Figure 1. Results from the GWAS meta-analysis of natural-log-transformed plasma FXI levels in 16,169 European individuals (discovery cohort), adjusted for age, sex

and population stratification; (a) Manhattan plot showing SNP P-values over chromosomes, (b) QQ-plot of expected and observed P-values (genomic control,

Lambda¼ 1.006).

Table 1. Associations with lnFXI in the discovery and replication studies, fixed-effect meta-analysis

rs Chr:pos A1/A2 FreqA1 Betadisc (SE) Pdisc (Phet) Betarepl (SE) Prepl (Phet)

Discovery
rs710446 3:186459927 T/C 0.590 �0.0888 (0.00239) 2.07� 10�302 (1.76� 10�05) �0.125 (0.00944) 9.74�10�40 (5.55� 10�16)
rs4253417 4:187199005 T/C 0.592 �0.0735 (0.00248) 2.86� 10�193 (2.23� 10�07) �0.0898 (0.00983) 6.9� 10�20 (1.11� 10�15)
rs780094 2:27741237 T/C 0.407 0.0147 (0.00249) 3.56� 10�09 (0.0562) 0.0238 (0.00965) 0.0137 (0.262)
Conditional
rs4253421 4:187204937 A/G 0.118 �0.0498 (0.00373) 1.25� 10�40 (5.45� 10�4) – –
rs76438938 3:186461524 C/T 0.971 �0.0765 (0.00711) 6.07� 10�27 (0.00211) – –

Results from the GWAMA analysis, number of tested SNPs in the discovery analysis are 7,353,638 and for the conditional analyses 7,353,629. A1¼allele 1 A2¼allele 2.

For SNPs displaying inflated heterogeneity (rs710446, rs4253417 andrs4253421) in an analysis, a random-effect version of the analysis was performed; in all cases, these

analyses confirmed the discovered associations for the investigated SNPs (Supplementary Material, Table S2, S3, and S5).
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Haplotype analyses reveal complex association
structures at the F11 and KNG1 loci

To further resolve the LD patterns observed in the F11 and KNG1

loci, haplotype analyses were conducted in two of the discovery
studies, PROCARDIS and MARTHA. For the F11 locus, we per-
formed a haplotype association analysis of five SNPs with lnFXI,
including our two lead F11 SNPs and three selected SNPs that
have been associated with VTE in recent studies (rs3822057 and
rs12186257 (29–31) and rs2036914 (30–32)). These five SNPs gen-
erated seven haplotypes with very similar distributions in
PROCARDIS and MARTHA (Table 3). In both studies, all haplo-
types carrying the T-allele at the lead rs4253417 were associated
with decreased lnFXI levels. In addition, the single haplotype
carrying the A-allele of the conditional rs4253421, and also car-
rying the rs4253417 T-allele, was associated with much lower
lnFXI levels, supporting the result from our conditional analysis
and suggesting that the rs4253417 and rs4253421 SNPs have
additive independent effects on FXI levels.

A similar haplotype analysis was performed on three SNPs
from the KNG1 locus, our lead discovery and conditional SNPs
(rs710446 and rs76438938, respectively) and one of the SNPs sug-
gested by the GCTA analysis (rs5030095). Again, haplotype re-
sults for the PROCARDIS and MARTHA studies (Table 4) were
similar. The three SNPs generated five common haplotypes. The
three haplotypes carrying the rs710446 C-allele consistently dis-
played a higher effect size than those carrying the T-allele.
Moreover, the rs76438938 T-allele and the rs5030095 G-allele
both, apparently independently, further increased the effect
size (Table 4).

Associations with expression level in human liver
suggest possible effects on transcription of the
GCKR gene

We investigated if any of the five lead SNPs from the discovery
and conditional analyses could exert any cis-effect on expres-
sion of nearby genes (Table 5). As FXI is almost exclusively ex-
pressed in the liver, we limited our analysis to liver tissue. No
eQTL showed significant association with mRNA expression
after adjustment for multiple testing (11 genes tested for the
KNG1 SNPs, 5 genes tested for the F11 SNPs and 21 genes
tested for the GCKR SNPs). The strongest association was
observed between SNP rs780094 and the GCKR gene (P-value
¼ 0.00496, Bonferroni-adjusted significance threshold a¼ 0.05/
21¼ 0.00238).

Association results are most likely linked to the roles of
KNG1 and F11 in the contact coagulation pathway

FXI has an important role in the propagation of the coagulation
cascade by the contact pathway, which implicates the F11 gene
as a plausible causal gene for VTE. To investigate how the dis-
covered associations relate to VTE, the five FXI-associated SNPs
were also tested for association with aPTT in 10,908 individuals
from the ARIC, F5L, GAIT2, and MARTHA studies, using fixed-
effect meta-analysis. The aPTT test reflects the activity of the
intrinsic pathway of coagulation and has been inversely associ-
ated with VTE risk (33), To avoid bias due to technical differ-
ences in the measurements of aPTT across studies (see Material
and Methods section), we performed a meta-analysis based on

Table 2. Summary of loci significantly associated with lnFXI in the discovery and conditional analyses.

Start Chr:pos Main gene Discovery #GW-signif SNPs Discovery top SNP Conditional #GW-signif SNPs Conditional top SNP

3:186000000 KNG1 470 rs710446 219 rs76438938
4:187000000 F11 395 rs4253417 84 rs4253421
2:27000000 GCKR 5 rs780094 0 –

For convenience, a locus is here considered to be 2 Mbp long. For the F11 locus, one additional SNP with genomic position 4:186990842 (i.e. just outside our conventional

locus definition) was manually included.

Table 3. Results from haplotype analysis of the F11 locus in the PROCARDIS and MARTHA studies

rs4253417 rs4253421 rs3822057 rs2036914 rs12186257 Haplotype frequencies Additive effects on FXI levels Beta [CI] P-value

PROCARDIS
T G A C C 0.041 �0.017 [�0.059 to 0.025] p¼ 0.425
T G A T C 0.308 �0.066 [�0.085 to 0.047] p¼ 1.18 10�11

T G C C C 0.122 �0.066 [�0.091 to 0.041] p¼ 1.92 10�7

T A A T G 0.108 �0.144 [-0.171 to 0.118] p¼ 5.93 10�27

C G A T C 0.019 �0.013 [�0.077 to 0.050] p¼ 0.681
C G A T G 0.013 �0.013 [�0.100 to 0.072] p¼ 0.757
C G C C C 0.355 Intercept
MARTHA
T G A C C 0.042 �0.066 [�0.131 to 0.002] p¼ 0.044
T G A T C 0.308 �0.093 [�0.122 to 0.065] p¼ 1.38 10�10

T G C C C 0.099 �0.072 [�0.120 to 0.025] p¼ 0.0028
T A A T G 0.048 �0.136 [�0.185 to 0.088] p¼ 3.32 10�8

C G A T C 0.028 �0.061 [�0.140 to 0.018] p¼ 0.131
C G A T G 0.013 �0.047 [�0.163 to 0.068] p¼ 0.421
C G C C C 0.428 Intercept

CI¼ confidence interval for Beta.
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normalized effect sizes and standard errors. We additionally
performed the meta-analysis based on sample-size-weighted
P-values. We tested two models, model 1 was adjusted for age
and sex covariates, and model 2 was additionally adjusted for
lnFXI levels.

The two meta-analysis models yielded consistent results
(Table 6, Supplementary Materials, S8 and S9). For model 1, the
F11 and KNG1 SNPs all showed significant association in the ex-
pected directions with aPTT (P-value < 0.01, Bonferroni-
correction for five tests), but not the GCKR SNP (rs780094,
P-value ¼ 0.125). With adjustment for lnFXI in model 2, the
effect of all SNPs was strongly attenuated, and rs76438938 in the
KNG1 locus was no longer significant.

Functional annotation suggests effects at the protein se-
quence level only for rs710446 and rs76438938, but possible
regulatory effects for all five FXI-associated SNPs.

We used the HaploReg web-service (34) to functionally anno-
tate the five lead SNPs using information from publicly available
genome annotation databases (Table 7). The two KNG1 SNPs are
located in two distinct exons of the KNG1 gene. The strongest
associated SNP, rs710446, is a missense mutation (I581T), while
rs76438938 is a nonsense mutation (R376*). The remaining three
SNPs are all intronic and located in the F11 and GCKR gene.
There is substantial regulome information for the regions of
interest. All SNPs, with the exception of rs4253417, were, based
on liver reference epigenomes, reported to lie in predicted en-
hancer elements. These SNPs were also predicted to alter tran-
scription factor binding motifs. However, only rs780094 has
supporting ChIP-seq evidence for transcription factor and en-
hancer binding to this region in liver cell lines (Table 7).

Investigation of potential post-transcriptional regulation

Previous results have indicated that post-transcriptional regula-
tion of F11 RNA expression in the liver can affect circulating FXI
levels (35). We therefore investigated a potential post-
transcriptional mechanism for the regulation of FXI levels.
Specifically, using an in silico consensus approach, we first
predicted binding of miRNAs to the F11 3’ UTR, 5’ UTR or pro-
moter regions (the top hits are shown in Table 8). Eight miRNAs
were predicted to target F11 mRNA. Three of these have
previously been experimentally tested (hsa-miR-181a-5p6, hsa-
miR-16-5p6 and hsa-miR-23a-3p6; only the first was confirmed

to bind to F11) (36), while the remaining five (hsa-miR-15a-5p,
hsa-miR-15b-5p, hsa-miR-145-5p, hsa-miR-150-5p and hsa-
miR-424-5p) remain to be experimentally validated. Of these lat-
ter five, miR-145 had the highest expression in liver (36) and
was predicted to bind to the 3’ UTR region of F11, 383 bases from
the F11 stop codon. For this reason, we selected miR-145 for fur-
ther in vitro validation. We used an in vitro luciferase assay in
HEK293 cells to validate that miR-145 directly targets F11 mRNA
at its 3’-UTR; HEK293 cells, as the established cell source for
luciferase reporter assays, were chosen for providing the high-
est possible transfection efficiency (26,27,29,30,36,37). The previ-
ously validated miR-181 (26,27,29–31,36) was used as a positive
miRNA control. Overexpression of either miR-145 or miR-181
significantly reduced the luciferase activity in cells transfected
with pLS-FXI-3’UTR, but not the control pLS vector, suggesting
that miR-145 (and miR-181) indeed targets F11 mRNA through
its 3’-UTR (Fig. 2) and regulate FXI levels. Finally, to connect this
result to our genetic analysis, we investigated our significant
F11-locus SNPs close to the miR-145 and miR-181binding sites.
Three SNPs (rs1062547, rs4253430, and rs4253429) and a small
deletion (4:187210318TA/A) were located within the reference
3’UTR for F11 (see Supplementary Section 2); since all of them
were significantly associated with FXI levels (P-val-
ues¼ 2.7�10�41, 1.7�10�41, 7.7�10�27, and 5.1�10�9, respect-
ively), we first hypothesized that a possible effect of these SNPs
could be to affect the binding of miR-145/miR-181 and thereby
affect the regulation of FXI. To investigate if SNPs in the F11
3’UTR affect binding of miR-145 or miR-181 to the F11 3’ UTR, by
changing the binding site sequence or through changes in sec-
ondary structure of the 3’UTR, we estimated haplotypes for
these four SNPs in one of our cohorts (PROCARDIS, including
3525 individuals) and found four haplotypes. We investigated in
silico the effect of miR-145 and miR-181a-5p binding in F11
3’UTR sequences corresponding to these four haplotypes using
several public prediction tools that estimate the thermo-
dynamic stability of the secondary structure of the putative
miRNA-target pair, miRNA accessibility to binding site, and
binding energy for the different sequences (See Supplementary
Material, Section 2). We did not find evidence that any of the
SNPs had a functional effect on miRNA binding to the F11 3’
UTR, none of the investigated SNPs changed the binding target
sequence, and there were no significant changes in miRNA
binding energy between the different UTR haplotypes. Our

Table 4. Results from haplotype analysis of the KNG1 locus in the PROCARDIS and MARTHA studies

rs710446 rs76438938 rs5030095 Haplotype Frequencies Additive effects on FXI levels Beta [CI] P-value

PROCARDIS
T C G 0.504 Intercept
T C C 0.087 �0.011 [�0.046 to 0.019] P¼ 0.425
C C G 0.353 þ0.073 [0.055 to 0.092] P¼ 5.08 10�15

C C C 0.025 þ0.045 [�0.019 to 0.107] P¼ 0.162
C T C 0.029 þ0.147 [0.105 to 0.189] P¼ 5.20 10�12

MARTHA
T C G 0.433 Intercept
T C C 0.101 �0.039 [�0.090 to 0.013] P¼ 0.141
C C G 0.412 þ0.101 [0.073 to 0.128] P¼ 1.27 10�12

C C C 0.022 þ0.087 [�0.028 to 0.202] P¼ 0.137
C T C 0.031 þ0.138 [0.076 to 0.200] P¼ 1.13 10�5

CI¼ confidence interval for Beta.
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results could not show any evidence of an effect of SNPs in
3’UTR on miRNA binding, suggesting that other mechanisms,
probably the effect of LD with SNPs located somewhere else in
the gene, might explain the association between these SNPs
and FXI levels.

Discussion
Coagulation factor XI is produced in the liver and circulates in
the blood as a homodimer in complex with high molecular
weight kininogen (HK or sometimes HMWK), also produced in
the liver. HK also works as a co-factor in contact-induced activa-
tion of coagulation factor XII, which activates FXI; in this pro-
cess, HK is cleaved by kallikrein to form bradykinin. Activated
FXI, in turn, activates coagulation factor IX, which will start the
common pathway of the coagulation cascade, leading to clot-
formation.

In this study, we have made a thorough investigation of gen-
etic and potential post-transcriptional regulators of plasma FXI
levels and their connection to activation of the contact coagula-
tion pathway. In a previous study (24,26,27,29,31,32,36), we
showed that the KNG1 and F11 loci are important determinants
of plasma FXI levels based on a GWAS of a mere 398 individuals.
The present study, representing a 40–fold increase in sample
size (of note, the current sample is non-overlapping with that in
the previous study), confirmed these associations, and identi-
fied additional independent signals in both loci. Moreover, we
identified a novel third associated locus in the GCKR gene re-
gion, a gene that has been associated with multiple other traits,
including coagulation factor VII, and Protein C (PC) levels (1–
5,26,27,29,30,32,36,38–40). The KNG1 and F11 SNPs were also
associated with aPTT, which support previously published asso-
ciations of these loci with VTE (1–5,13,15,27,29–31,36,41,42).
Finally, we confirmed the effect of miR-181 and demonstrated
the effect of a novel miRNA, miR-145, in the regulation of
plasma FXI concentration.

Consistent with what was reported in the previous GWAS
(24,26,27,29–32,36), the most robustly associated locus con-
tained the KNG1 gene. Several genes are located within the
KNG1 locus, including other biologically plausible genes such as
those coding for histidine-rich glycoprotein (HRG) or adiponec-
tin (ADIPOQ). Our results for the main discovery SNP, rs710446,
as well as the main conditional SNP, rs76438938, point to KNG1
as the main candidate gene in the region (Supplementary
Material, Table S10). The C-allele of rs710446 causes an exonic,
nonsynonymous mutation in KNG1, thus affecting the amino
acid sequence of the protein, and therefore potentially also its
function, while rs76438938 is a nonsense mutation. KNG1 codes
for HK, which has a central role in the transport and activation
of FXI. FXI circulates as a homodimer in complex with HK. A
probable mechanism for the effect of one or both SNPs on FXI
levels could be by influence on the availability (or functionality)
of HK for complex binding, thereby indirectly affecting the lev-
els of circulating FXI. Our results show that the genetic structure
underlying the KNG1 association with FXI is more complex than
previously thought. Our conditional and haplotype analyses, in-
deed, revealed that the T-allele of the nonsense rs76438938 was
also associated with markedly increased FXI levels and that a
third KNG1 polymorphism could also be involved in the regula-
tion of FXI levels. Further deep genetic investigations at the
KNG1 locus are required to better understand the KNG1-driven
genetic regulation of FXI levels.

The second strongly FXI-associated locus was the F11 locus
with two intronic SNPs, rs4253417 and rs4253421, that inde-
pendently influenced FXI levels. The involvement of F11, the
gene encoding FXI, could be expected. Neither rs4253417 nor
rs4253421 (or SNPs in LD with these SNPs, Supplementary
Material, Table S11) appears to have an effect on protein se-
quence, but functional annotation suggests potential regulatory
functions; however, neither of the SNPs appears to have any

Table 5. Results from eQTL associations of each of the three lead
SNPs and the two conditional SNPs with the expression of neighbor-
ing genes (located within 500 Mbp) in human liver samples from the
ASAP cohort.

SNP Gene Fold change Beta SD P-value

rs710446 TBCCD1 0.9924 �0.01104 0.03687 0.765
ST6GAL1 1.027 0.03888 0.03559 0.276
RFC4 1.003 0.004982 0.03113 0.873
CRYGS 0.9765 �0.03428 0.03117 0.273
DNAJB11 1.006 0.009068 0.05579 0.871
FETUB 1.035 0.04977 0.05485 0.365
KNG1 1.051 0.07149 0.03334 0.0332
HRG 1.021 0.02942 0.02593 0.258
EIF4A2 1.023 0.03331 0.03678 0.366
ADIPOQ 0.9744 �0.0374 0.02193 0.0897
AHSG 1.033 0.0466 0.03167 0.143

rs76438938 TBCCD1 0.9392 �0.09053 0.08882 0.309
ST6GAL1 1.038 0.05356 0.08612 0.535
RFC4 1.038 0.0536 0.07433 0.472
CRYGS 0.998 �0.002872 0.07547 0.97
DNAJB11 1.004 0.005966 0.1338 0.964
FETUB 0.9788 �0.03097 0.1322 0.815
KNG1 0.9837 �0.02375 0.08145 0.771
HRG 0.9874 �0.01829 0.06251 0.77
EIF4A2 0.9529 �0.06959 0.08888 0.435
ADIPOQ 1.092 0.1267 0.05254 0.0168
AHSG 0.9706 �0.04308 0.07623 0.573

rs4253417 TLR3 1.008 0.01143 0.05101 0.823
CYP4V2 0.964 �0.05288 0.04612 0.253
F11 0.9862 �0.02011 0.0353 0.57
KLKB1 1.015 0.02158 0.04275 0.614

rs4253421 TLR3 0.9976 �0.003492 0.07242 0.962
CYP4V2 0.8927 �0.1638 0.06467 0.0121
F11 1.018 0.02505 0.05012 0.618
MTNR1A 1.033 0.04727 0.03058 0.124
KLKB1 1.046 0.06434 0.06055 0.289

rs780094 SNX17 1.007 0.0104 0.02593 0.689
PPM1G 0.982 �0.02613 0.02332 0.264
CCDC121 1.042 0.05874 0.03427 0.088
ZNF513 0.9945 �0.007998 0.01743 0.647
FNDC4 0.9462 �0.07973 0.03637 0.0295
IFT172 1.01 0.01428 0.02183 0.514
MPV17 0.9983 �0.00252 0.03132 0.936
SUPT7L 0.9863 �0.01984 0.03583 0.58
DNAJC5G 1.016 0.02329 0.02236 0.299
KRTCAP3 1.013 0.01855 0.02715 0.495
C2orf16 1.028 0.03919 0.0212 0.0659
GTF3C2 0.9973 �0.003908 0.02108 0.853
GCKR 0.926 �0.1109 0.03904 0.00496
SLC4A1AP 1.008 0.01146 0.03296 0.728
NRBP1 0.9907 �0.01345 0.02053 0.513
GPN1 0.9959 �0.005879 0.03988 0.883
UCN 1.024 0.03448 0.03528 0.33
ZNF512 1.01 0.01398 0.0366 0.703
TRIM54 1.019 0.02703 0.02406 0.262
EIF2B4 0.9948 �0.007518 0.0214 0.726
SLC30A3 1.002 0.002337 0.02607 0.929

Fold change is calculated from beta: fold change¼2beta.
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effect on the mRNA expression of F11, nor on any surrounding
gene. Consequently, we investigated if a post-transcriptional
mechanism, specifically regulation by miRNA, could be operat-
ing. MiRNAs can have a regulating effect both on the transcrip-
tional and post-transcriptional level. An increasing number of
miRNAs have recently been involved in disease regulation, but

the understanding of the role of miRNAs in the regulation of the
coagulation pathway and their relevance to VTE remains in its
infancy. A previous study (26,27,30–32,36) implicated a role for
miR-181a-5p in FXI regulation. Our results confirm the effect of
miR-181a-5 and combine bioinformatics-based prediction of
miRNA binding to the 3’UTR region of F11 with validation using
a luciferase assay to demonstrate a regulatory effect on FXI by
the miRNA hsa-mir-145-5p. However, we could find no evidence
supporting that the FXI associations in our study are mediated
by SNPs affecting the binding of these two miRNAs.

GCKR codes for a glucokinase regulatory protein that inhibits
glucokinase in liver and pancreatic-islet cells. This protein regu-
lates the uptake and storage of dietary glucose and is important
in the switch between feeding and fasting periods, and as such
has been associated with several key metabolic pathways, espe-
cially for lipid and glucose metabolism. GCKR appears to be
highly pleiotropic and genetic variations, specifically the SNP
rs780094 and the nonsense SNP rs1260326, which are in LD with
rs780094 (r2¼ 0.92; Supplementary Materials, Tables S4 and
S12), have been associated with numerous metabolic traits,
including type 2 diabetes (T2D) (1–5,26,27,29–32,36), maturity-
onset diabetes of the young, nonalcoholic fatty liver disease,
platelet count, and blood levels of glucose, fasting insulin,
plasma-triglyceride, and total cholesterol (1–5,26,27,29–32,36),
and also metabolites such as uric acid, creatinine and albumin
(27,29–32). This is the first study associating GCKR with FXI lev-
els, and the mechanism behind this association is therefore un-
clear. However, GCKR has also been associated with plasma
viscosity (24,26,30–32) and coagulation proteins such as FVII

Table 6. Results of aPTT meta-analysis for models 1 and 2

rs_locus A1 A2 Freq1 Beta SE P-value Direction P_het

Model 1
rs710446 C T 0.412164 �0.296423 0.009575 2.29� 10�210 — 6.10� 10�04

rs4253417 C T 0.419123 �0.118784 0.009575 2.65� 10�35 — 0.194202
rs4253421 G A 0.885623 �0.083696 0.009575 2.44� 10�18 �þ– 0.130280
rs76438938 T C 0.028115 �0.056257 0.009575 4.33� 10�09 — 0.877173
rs780094 C T 0.592274 0.014700 0.009575 0.124693 þþþ 0.770329
Model 2
rs710446 C T 0.411999 �0.204035 0.009579 1.28� 10�100 — 4.54� 10�05

rs4253417 C T 0.418964 �0.042991 0.009579 7.28� 10�06 �þ– 0.614175
rs4253421 G A 0.885574 �0.031183 0.009579 0.001138 �þþ 0.255919
rs76438938 T C 0.028138 �0.007322 0.009579 0.444662 �þþþ 0.280294
rs780094 C T 0.592396 �0.004186 0.009579 0.662094 �þ– 0.700256

Results from the GWAMA fixed-effect meta-analysis based on normalized beta and standard errors. Because of the inflated heterogeneity for rs710446 in both model 1 and

model 2 analyses, we performed a random-effect version of these analyses that confirmed the discovered association for this SNP (Supplementary Material, Table S9).

Table 7. Summary of HaploReg results for the three discovery SNPs and the two conditional SNPs

SNP Gene Functional effect Chromatin state in liver tissue Proteins bound in liver
cell lines

Transcription factor binding
motifs changed

rs780094 GCKR intron Enhancers FOXA2; MAFK; RXRA AP-1; DBP; Foxi1; HNF4; Maf; Myf;
RP58; TCF12; p300

rs710446 KNG1 missense; intron Enhancers; Genic enhancers – AIRE; AP-1; CCNT2
rs76438938 KNG1 nonsense Enhancers; Flanking Active TSS – GLI; LF-A1
rs4253417 F11 intron – – Gfi1
rs4253421 F11 intron Enhancers – CHOP::CEBPalpha; NF-kappaB;

RREB-1; Smad

References for columns: Chromatin state in liver tissue (73), Proteins bound in liver cell lines (74) and Transcription factor binding motifs changed (75).

Figure 2. Results from the luciferase assay of miRNA binding to F11 mRNA. The

plot shows luciferase activity after 24h of cells co-transfected with either an

empty luciferase reporter plasmid (pLS), or a plasmid containing the FXI 3’UTR

(pLS-FXI-3’UTR), together with scramble control, miR-145 or miR-181.
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(1–5,29–32,36,43), and PC (20,29–31), and also with the inflamma-
tory marker c-reactive protein (CRP) (30–32,44,45), which in turn
has been shown to be associated with VTE (33,46). The GCKR
gene is mainly expressed in liver and catalyzes the initial step
in the utilization of glucose, providing glucose-6-phosphate.
As suggested for PC and FVII (39), GCKR could affect the function
of several glycosylated proteins synthesized in the liver by alter-
ing the glucose required for their glycosylation. This could sug-
gest a possible mechanism for the effect on FXI function—as
FXI also has several N-glycosylation sites positioned at key
areas of the glycoprotein that binds ligands involved in the co-
agulation cascade (47)—but not its levels. However, a feedback
regulatory loop on FXI could be mediated by FVII or PC within
the coagulation cascade, both of which are regulated by GCKR.
In our results, rs780094 displays no eQTL effects on either F11 or
KNG1 expression. This strengthens the hypothesis of post-
transcriptional or feedback regulatory mechanisms at a protein
level or, alternatively, it might simply reflect that our study was
underpowered to detect trans-effects.

This might also be the reason why we could not see an asso-
ciation between rs780094 and aPTT. Plasma FXI has previously
been robustly associated with aPTT and VTE. If FXI is causal in
this association, we would therefore expect, from the
Mendelian Randomization (MR) principle (48), that genetic vari-
ants that regulate FXI levels are also associated with aPTT and
VTE. We verified this for all SNPs in KNG1 and F11, which had
clear associations with aPTT, while the effect of the GCKR SNP
rs780084 was much weaker and non-significant. When adjust-
ing aPTT for FXI levels, all associations were markedly attenu-
ated, indicating that, for all SNPs, the effect on aPTT is indeed
mediated through their effect on FXI levels. As aPTT is a more
complex phenotype, depending also on other factors than FXI,
the power of the aPTT analysis would be expected to be lower
than that of the lnFXI analysis (notice also that the two analyses
are based on different sets of cohorts). The association P-values
for aPTT are overall weaker than those for lnFXI and, in particu-
lar, the absence of a strong effect on FXI plasma levels for
rs780084 resulted in an even weaker, insignificant, effect on
aPTT. In addition, one of the criteria for MR to be applicable is
the absence of pleiotropy, a condition that does not apply to
GCKR (31). Most likely, the effects of GCKR on other related
phenotypes like FVII and PC levels act as confounders for the ef-
fects on FXI, and contribute to the loss of power to detect an as-
sociation. Clearly, further studies are needed to understand the
biological mechanism by which this regulatory protein influ-
ences plasma FXI.

The use of 1000 genomes-imputed data has clear benefits
compared with our previously published GWAS based on

HapMap-imputed data: by allowing inclusion of more SNPs in
the meta-analysis, it also enables discovery of additional signals
with greater statistical significance—our top SNP in the F11
locus rs4253417 has a P-value ¼ 2.86�10�193 in our discovery
analysis, to be compared with the P-value ¼1.02�10�165 for
rs4253399 (in the present analysis), which was the top SNP in
the analysis based on genotyped data in (24), cf. Supplementary
Material, Table S4. Moreover, the greater number of queried
SNPs allowed a more comprehensive picture of the SNP struc-
ture of the locus (395 SNPs for the KNG1 locus, 470 SNPs for the
F11 locus and five for the GCKR locus), and allowed the discovery
of multiple signals in the locus.

To conclude, our results confirm KNG1 and F11 as important
loci for FXI plasma level regulation, and discover GCKR, which
has been reported to have pleiotropic effects on other coagula-
tion proteins, as a novel interesting locus determining plasma
FXI levels. Finally, we also demonstrate post-transcriptional
regulation of FXI protein expression by a novel miRNA (miR-
145-5p) binding to F11-UTR region. Moreover, our results sug-
gest a potential mediating role of HK, the gene product of KNG1,
and a future direction could therefore include studies on circu-
lating HK levels. Given the role of FXI in determining risk of
thrombosis, and the accumulating evidence suggesting that
molecular determinants of FXI levels could be potential targets
for anti-coagulation therapies that would carry a lesser bleeding
risk compared with current anti-coagulant therapies, the novel
genetic and post-transcriptional regulators of FXI in plasma
found in the present study should open the door to new thera-
peutic targets for thrombosis prevention.

Materials and Methods
Study sample

The study consists of a discovery sample of 16,169 individuals
of European ancestry from five studies (ARIC, PROCARDIS, GHS-
1, GHS-2, and MARTHA) and a replication sample of 2,045 indi-
viduals from three studies (F5Leiden Cohort, MEGA, and GAIT2);
for details, see Supplementary Material, Table S1. All studies
were approved by the appropriate research ethics committees,
and all respondents signed informed consent prior to
participation.

Phenotype determinations

Plasma FXI concentration was determined using immunoassay
(ELISA or electrochemiluminescence), coagulometry, a func-
tional assay or a clotting assay. Results were expressed in U/ml,

Table 8. Prediction of miRNAs binding to the F11 mRNA.

miRNA MirWalk TargetScan miRanda mirSVR Tarbase Predicted Binding Si score

hsa-miR-15a-5p 6,0,3 �0.114 145 �0.1365 0.46 3’ and promoter 4
hsa-miR-15b-5p 5,0,3 �0.114 149 �0.1365 0.464 3’ and promoter 4
hsa-miR-145-5p 7,0,2 �0.287 155 �1.1535 0.751 3’ and promoter 5
hsa-miR-150-5p 6,0,4 �0.111 140 �0.2513 0.637 3’ and promoter 4
hsa-miR-424-5p 7,1,2 �0.133 157 �0.1338 0.555 3’ and promoter 5
hsa-miR-181a-5p 6,3,2 �0.047 145 �0.3645 0.515 3’, 5’ and promoter 5
hsa-miR-16-5p 6,0,3 �0.114 146 �0.129 0.464 3’ and promoter 5
hsa-miR-23a-3p 6,0,3 �0.073 140 �0.6707 0.664 3’ and promoter 4

Italics denotes miRNA that previously identified to bind to F11 mRNA (36). For the MirWalk column, the comma-separated numbers denote the score for, in order, 3’

UTR,5’ UTR and Promoter region. References for columns: MirWalk (67), TargetScan (61–64), miRanda (65), mirSVR (66), Tarbase (71).
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1 unit being defined as the amount of activity of FXI in 1 ml of
plasma. For details, please refer to Supplementary Material,
Table S1.

Activated partial thromboplastin time (aPTT) was measured
in plasma, using automated coagulometry, either as the raw
clotting time in seconds (three studies) or as a normalized ratio
between the clotting time of the sample and the clotting of a la-
boratory reference standard (one cohort); for details see
Supplementary Material, Table S1.

Genotyping and imputations and QC

Genome-wide genotyping chips from Illumina or Affymetrix
were used by all studies (Supplementary Material, Table S1). All
studies imputed variant dosages using the phase I version 3 or
version 2 reference panels from the 1000 Genomes Project using
MACH or IMPUTE (see further Supplementary Material, Table
S1) (49–52).

Association analysis result files from the different studies
were quality-controlled using the R package EasyQC (53) to har-
monize any discrepancy in marker names between studies and
to perform basic exclusions (incomplete and invalid data,
monomorphic SNPs and SNPs with a sample size< 30, a minor
allele count< 6, failed or low quality imputation, i.e. rsq< 0.3 or
allele mismatches). Duplicate SNPs (i.e. SNPs mapped to the
same genomic position due to differences in the version of
1000G Phase I reference panel used for imputation) were
excluded from analysis. The complete EasyQC summary output
can be found in Supplementary Material, Table S13. A total of
9,966,893 SNPs were included in the meta-analysis. Only SNPs
in autosomes were interrogated.

Association analyses

Detailed information about statistical software and cohort-
specific analysis parameters for individual studies is given in
Supplementary Material, Table S1. All meta-analyses were per-
formed by two different analysts using two different softwares;
fixed-effect meta-analysis was performed using METAL (54) and
GWAMA (55), while random-effect analysis was performed with
GWAMA only. Heterogeneity was assessed Cochran’s hetero-
geneity test as implemented in GWAMA. In all meta-analyses,
adjustment for multiple testing was performed using the
Bonferroni correction.

Discovery GWAS analysis
For the discovery analysis, the ARIC, GHS1 and 2, GAIT2, Martha
and PROCARDIS studies performed linear regression analyses
using an additive model of inheritance between 1000 Genome-
imputed SNPs and natural-logarithm-transformed FXI levels,
with adjustments for age, sex, and accounting for population
stratification and cryptic relatedness (adjustment for MDS or
PCA components). PROCARDIS further used adjustment for cor-
onary artery disease status and familial clustering to account
for family structure. A total number of 16,169 European individ-
uals were meta-analysed using an inverse-standard error model
with fixed-effects. For significantly associated SNPs displaying
significant heterogeneity among studies, a supplementary
meta-analysis, using an inverse-standard error model with
random-effects, was performed to control the discovered asso-
ciation. For convenience of analysis, we initially divided each
chromosome into several 2 Mbp-sized ‘loci’ (while arbitrary, this
preliminary locus definition worked well in practice for this

study); each of these loci was represented by a lead SNP, defined
as the most significantly associated SNP that fulfilled the fol-
lowing additional criteria of MAF> 0.01 and consistent direction
of effect size across discovery studies. We later refined these
locus definitions using conditional analysis (see below).

Lead SNPs with P-values below the pre-defined genome-
wide threshold of 5�10�8 (in total three SNPs) were chosen for
replication. Replication was performed in a total of 2,045 indi-
viduals from the F5Leiden, GAIT2 and MEGA studies using, in
each cohort, linear regression with natural-logarithm-
transformed FXI, and adjusting for age, sex, and accounting for
population stratification and cryptic relatedness (adjustment
for MDS or PCA components). The cohort analysis results were
combined using a fixed-effect meta-analysis; SNPs for which
significant heterogeneity was indicated were confirmed using a
random-effect meta-analysis.

Conditional analysis
In order to investigate the existence of additional functional
SNPs in the associated loci, all discovery studies (ARIC, GHS1
and 2, GAIT2, MARTHA and PROCARDIS) repeated the associ-
ation analyses, using the same number of individuals and cova-
riates, but now additionally conditioning on the three lead SNPs
from the main analysis (rs710446, rs4253417 and rs780094).
Meta-analysis and correction for multiple testing were per-
formed as in the discovery analysis.

To investigate the existence of further independent signals
present at the discovered loci, we used the approximate condi-
tional joint selection (–cojo-slct) analysis implemented in the
GCTA package (28). This analysis uses summary statistics from
association analyses and an estimate of the LD structure of rele-
vant regions in an approximate stepwise model selection of a
set of independently associated SNPs for a pre-defined signifi-
cance level (here P-value < 5�10�8). We used the same sum-
mary results from the ARIC, GHS1 and 2, GAIT2, MARTHA and
PROCARDIS studies as in discovery, and used the hard-called
WTCCC data, described below, for a robust estimate of the LD-
structure.

Haplotype analysis
Haplotype analyses for the relevant associated SNPs were per-
formed in the PROCARDIS and MARTHA studies using the
THESIAS software (56), and association with lnFXI was adjusted
for age, sex and population structure (principal components).
Haplotype analyses were performed on best-guessed genotypes
from imputed SNPs with imputation quality score greater than
0.8. Five SNPs were included in the haplotype analysis for the
F11 locus; the lead SNPs from the present study, rs4253417 and
rs4253421, and three SNPs previously associated with VTE
(rs3822057 and rs12186257 (17) and rs2036914 (13)). These SNPs
were all very well imputed in both studies. The SNPs were in
strong LD and generated seven haplotypes with a frequency
greater than 0.01 (Table 3). For the KNG1 locus, the aim was to
include all SNPs identified in the discovery, conditional and the
GCTA approximate conditional joint selection analyses; how-
ever, two of the SNPs from the GCTA analysis failed the imput-
ation quality filter, so the final analysis comprised SNPs
rs710446, rs76438938 and rs5030095, which generated five
haplotypes.

Association with APTT
The five candidate SNPs (i.e. the three lead SNPs from the main
analysis plus the two additional SNPs from the conditional
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analyses, rs780094, rs710446, rs4253417, rs4253421 and
rs76438938) were tested in the F5Leiden, GAIT2, MARTHA stud-
ies (a total of 10,908 subjects) for association with aPTT, adjust-
ing for age, sex, and, if applicable, principal components (model
1), and also with additional adjustment for FXI levels (model 2).
As aPTT was reported as the raw aPTT clotting time in three
studies, but as a normalized aPTT ratio in one cohort, meta-
analysis weighted by standard errors (SE) was not applicable.
We instead used two other meta-analysis approaches: In the
first of these, we followed a previous approach to the same
problem (20) and performed a sample-size-weighted meta-ana-
lysis on P-values weighted by the sample size (N); in the second,
we created normalized aPTT measures (aPTT) by their standard
deviation (r ¼ SE�

ffiffiffiffi

N
p

), that is, aPTT ¼ aPTT
r .

eQTL analyses

The five candidate SNPs derived from the discovery and condi-
tional analyses (rs710446, rs4253417, rs780094, rs76438938 and
rs4253421) were subsequently tested for association with ex-
pression levels of nearby genes (defined as located within 500
Mbp in both directions) in a total of 211 human liver samples
obtained from the Advanced Study of Aortic Pathology (ASAP)
study (57). The ASAP study is a prospective, single-centre, obser-
vational cohort study of patients with aortic valve and ascend-
ing aortic disease, undergoing elective open-heart surgery at
the Cardiothoracic Surgery Unit, Karolinska University Hospital
in Stockholm, Sweden. The inclusion criteria were patients aged
18 or above with aortic valve disease (i.e. aortic stenosis or re-
gurgitation) and/or ascending aorta dilatation (aneurysm or
ectasia of the ascending aorta including the aortic root) but de-
void of coronary artery disease (defined as lacking significant
stenosis on coronary angiogram) and primarily not planned for
other concomitant valve surgery. Global gene expression in the
ASAP cohort was measured using the Affymetrix GeneChipVR

Human Exon 1.0 ST array and the core subset of Affymetrix meta
probe sets. For specific details on quality control procedures, see
(58). SNPs rs710446 and rs780094 were genotyped in ASAP on
the Illumina 1M chip, while rs4253417, rs76438938 and
rs4253421 were imputed to 1000G. Genotypes of the five candi-
date SNPs were tested for association with gene expression lev-
els using additive linear models in R, with each genotype being
coded as 0, 1 or 2.

Functional analysis and LD estimation

We used HaploReg v4 (34) to explore and summarize the func-
tional annotation of associated SNPs from our analyses.

To obtain robust estimates of the LD structure, we used the
controls from the Wellcome Trust Case Control Consortium
(WTCCC). We imputed the WTCCC genotyped data for 5667 sub-
jects into the phase I version 3 reference panels from the 1000
Genomes Project using IMPUTE. We then hard-called this data
using an in-house Cþþprogram and a cutoff genotype probabil-
ity> 0.8 and converted the result to plink binary format. For es-
timation of pairwise LD between specified SNPs, we used the
plink v1.90b2m (59,60).

miRNA analysis

Prediction of miRNA binding
To find miRNA predicted to bind to the 3’ UTR, the 5’ UTR or the
promoter region of the F11 mRNA, we devised a consensus

algorithm combining the results from several public methods
and databases for prediction of miRNA binding. In brief, an
initial score Si ¼ 0 was assigned to each miRNA; this score
was then incremented by 1 for each of the following criteria
that was true: i) TargetScan v 6.2 (61–64) contextþ score< 0.045;
ii) miRanda v 3.3a (65) score> 145; iii) mirSVR (66) score� 0.1;
iv) positive prediction from miRWalk 2.0 (67) 5’ UTR algo-
rithms� 50%; v) positive prediction from miRWalk 2.0 3’ UTR
algorithms>50%; vi) positive prediction from miRWalk 2.0
promoter� 50%. TargetScan and miRanda was set to use
the mirBase release 21 database (68,69) and a cutoff Si � 4
was required for a miRNA to be selected. We limited our
search to miRNA that were expressed in the liver, which was
defined by any of the following criteria were fulfilled: 1)
Clone count> 1 in SmirnaDB version 2009-05-08. 2) Normalized
clone count> 0.00072 in microRNA.org version 2010-11-01 (70).
3) Reported as expressed in the liver in (36): supporting
Supplementary Material, Table S1. Lastly, Tarbase (71) was used
to investigate if miRNAs found were already experimentally
validated.

Luciferase reporter assay
To validate if the miRNA of interest changed the expression of
FXI, a luciferase report assay was performed as described (72).
In brief, HEK293 cells were seeded on 24-well plates (1� 105

cells/well). At 50–60% confluence, cells were transfected with
luciferase reporter plasmid pLS, pLS-FXI-3’UTR (100 ng/well,
Active Motif, Switchgear Genomics), together with scramble
control, miR-145 or miR-181 (10 nM final concentration) using
DharmaFECT Duo Transfection Reagent (Switchgear) according
to the manufacturer’s protocol. After a 24-hour transfection
period, luciferase activity was quantified using the
LightSwitchTM Luciferase Assay Kit (Switchgear) according to
the manufacturer’s protocol.

Supplementary Material
Supplementary Material is available at HMG online.
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