Rare variants lowering the levels of coagulation
factor X are protective against ischemic heart dis-
ease

Coagulation factor X (FX) is a serine protease playing a
pivotal role in the clotting process. It exerts its function
by catalyzing thrombin formation, ultimately leading to
the generation of fibrin from fibrinogen to produce a sta-
ble clot (Figure 1A).' This mechanism prevents excessive
blood loss after injury; however, it can also cause the gen-
eration of pathologic thrombi in blood vessels, blocking
blood flow to a tissue and eventually resulting in
ischemia and tissue death. An example is the acute coro-
nary syndrome (ACS), the most severe complication of
coronary artery disease (CAD). ACS commonly results
from atherosclerotic plaque rupture, followed by platelet
and coagulation cascade activation, which leads to a
thrombus formation in the coronary arteries.”’ Since acti-
vated FX (FXa) is central in the coagulation cascade, being
involved in the initiation, amplification, and propagation
phases of clot formation (Figure 1A), its specific inhibi-
tion was demonstrated to be effective in the
prevention/treatment of life-threatening thrombi forma-
tion in arterial atherothrombotic diseases and venous
thromboembolism.** FXa inhibitors (i.e. rivaroxaban,
apixaban, edoxaban) were proven to reduce the risk of
stroke and systemic embolism in patients with nonvalvu-
lar atrial fibrillation, and to treat and/or prevent deep-
venous thrombosis and pulmonary embolism.
Rivaroxaban was shown to reduce the risk of major car-
diovascular events in patients with a recent ACS when
co-administered with antiplatelet therapies.” Recently,
the association between rivaroxaban and aspirin was
proposed to improve cardiovascular outcomes even in
patients with stable atherosclerotic vascular disease.’
Therefore, growing evidence emphasizes the role of FXa
in the modulation of the residual cardiovascular risk in
ischemic heart disease.

Besides coagulation, FX is implicated in inflammation,
tissue fibrosis, and vascular remodeling through the inter-
action with protease-activated receptors (PAR).* PAR
belong to a family of seven-transmembrane, G protein-
coupled receptors that are activated by different serine
proteases by specific N-terminal cleavage. FXa activates
PAR-1 and PAR-2, expressed in endothelial cells (EC),
dendritic cells, leukocytes, fibroblasts, and vascular
smooth muscle cells (VSMC). Recent findings suggested
that FXa and its major receptor, PAR-2, play an important
role in the pathophysiology of inflammatory diseases,
including atherosclerosis (Figure 1B-C).”''In this frame,
Hara and colleagues demonstrated that the administra-
tion of rivaroxaban reduces atherosclerotic plaque pro-
gression in ApoE-deficient mice by decreasing lipid dep-
osition, macrophage accumulation, and MMP-9 expres-
sion within plaques.”’ This indicates that FXa inhibition
may attenuate plaque progression/destabilization
beyond the influence on the coagulation pathway.
Importantly, the inflammation response was also affect-
ed: after treatment, expression levels of TNF-a, Cox-2,
iNOS, MCP-1, and IL-1B were significantly reduced in
atherosclerotic plaques and macrophages.'’ Consistently,
FXa proteolytic activities were found significantly
increased in early atherosclerotic lesions compared to
lesions at a later stage, suggesting an important role for
this protease also in the initial development of athero-
sclerosis.”

Naturally occurring DNA variants affecting the expres-
sion/activity of drug protein targets can give insights in

the therapeutic treatment directed against such gene
products. Mutations lowering the expression of a drug-
target gene are hence particularly interesting, because
they may mimic the effect of pharmacological inhibi-
tion.” According to this notion, variants disrupting the
protein function of two drug-target genes, PCSK9 and
NPC1L1, were demonstrated to be associated with a
lower risk of CAD, and clinical trials testing the inhibi-
tion of their protein products proved consistent with the
genetic findings."

Here, we aimed at evaluating whether rare variants
leading to decreased FX levels are associated with a lower
risk of ischemic heart disease. We were able to show, for
the first time, that rare damaging variants in the F10 gene
are associated with reduced MI risk, thus providing a
genetic support to the working hypothesis of clinical tri-
als showing that FX inhibition may be beneficial for the
treatment of ischemic heart disease.

The study was conducted on an Italian cohort collected
by “The Atherosclerosis, Thrombosis, and Vascular
Biology Italian Study Group” (ATVB). The cohort is com-
posed of 2,008 patients with early-onset MI (first event
before 45 years) and an equal number of controls,
matched for sex, age, and geographical origin. The clini-
cal characteristics of the population are shown in the
Online Supplementary Table S1.

Whole-exome sequencing was performed on the ATVB
cohort at the Broad Institute (Boston, MA, USA). Exome
capture, sequencing, and data processing were previously
described." Overall, sequencing of the FX gene (F10) was
successful for 1,791 cases and 1,750 controls. No null
variants (nonsense, frameshift, splicing) were present in
the cohort, in line with the constraint score reported in
GnomAD repository (https://gnomad.broadinstitute.org/),
i.e. the ratio of the observed/expected (o/e) number of
loss-of-function (LoF) variants in the gene (0/e=0.6, 90%
CI: 0.38-0.97), which indicates a certain degree of LoF
mutation intolerance for F10. Conversely, 34 different
rare missense variants (listed in the Online Supplementary
Table S2) and 20 low-frequency synonymous variants
were identified. A total of 86 subjects carried one mis-
sense variant in the heterozygous state, including 32 MI
cases (1.8%), and 54 controls (3.1%).

The 34 missense variants were analyzed using five
algorithms, with the aim of predicting their damaging
effect (for details, see the Online Supplementary Materials
and Methods). Only five were predicted as damaging by
all software (Online Supplementary Table S2). In parallel,
we searched these 34 missense variants in publicly-avail-
able databases, finding that that five variations (p.E54G,
p.G134R, p.E142K, p.G192R, p.G420R) had already been
described in patients affected by FX deficiency (Online
Supplementary Table S2). Interestingly, only three of these
(p.E54G, p.G134R, p.G420R) were predicted as damaging
by all algorithms, whereas the variants p.E142K and
p.G192R were recognized as pathogenic only by three
and one software, respectively.

We therefore performed an initial analysis including all
variants identified as disruptive by all five algorithms,
plus those previously annotated as pathogenic in FX defi-
ciency. When restricting the analysis to this set, we
observed an enrichment in the burden of potentially
deleterious variants among controls: in fact, 1.48% of
controls carried at least one such rare mutation compared
to only 0.78% of cases, (P=0.046, OR=0.51, 95% CI:
0.26-0.99) (Figure 2A). This result highlighted a reduced
risk of MI in subjects carrying a F10 deleterious mutation.
When considering a broader set of variants (all the iden-
tified missense variants), we still observed a significant
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Figure 1. Role of coagulation factor X/activated factor x in blood coagulation and atherothrombosis. (A) The panels show a simplified overview of blood coag-
ulation, which has been sub-divided in initiation, propagation, amplification, and clot formation phases. Clotting factors are indicated using Roman numbers,
with the corresponding active form specified by “a”. Pharmacological inhibitors specifically targeting FXa are also listed. FX: factor X; FXa: activated factor X;
VWF: von Willebrand factor; TF: tissue factor. (B) The figure shows a schematic representation of an artery, highlighting the different stages of the atherothrom-
botic process (from left to right). (C) The scheme shows in more details the processes characterizing endothelial cell activation up to plaque rupture in
atherothrombosis. Thrombin (lla) and FXa play a fundamental role through the interactions with PAR (protease-activated receptors). The figure was created using

BioRender (https://biorender.com/).
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Figure 2. Rare variants lowering the levels of coagulation factor X are protective against early-onset myocardial infarction. This study was approved by the
Institutional Ethical Committees of the participating hospitals. All study participants signed an informed consent and gave information about their clinical history,
and cardiovascular risk factors. (A) Association of the burden of rare mutations in the F10 gene with the risk for early-onset myocardial infarction (MIl). Summary
allele counts and carrier frequencies are shown (calculation performed on 1,791 cases and 1,750 controls); only variants with minor allele frequency less than
1% were considered in the burden analysis. The “deleterious” set is defined by missense variations predicted to be possibly damaging by all five algorithms
used (LRT score, MutationTaster, PolyPhen-2 HumDiv, PolyPhen-2 HumVar, and SIFT) and those annotated as responsible for factor X (FX) deficiency in publicly
available databases. The “non-synonymous” set comprises all the missense variants; the “synonymous” set comprises the synonymous variants. All the tests
were run using EPACTS. T1: alleles carrying variants with minor allele frequency less than 1%; Freq (%): percentage of cases or controls carrying a T1 allele; OR:
odds ratio; Cl: confidence interval. (B) FX coagulant activity (FX:C; light grey bars) and antigen levels (FX:Ag; dark grey bars) were measured in the plasma of sub-
jects carrying the newly identified missense variants (predicted to be damaging by all prediction programs). All analyzed subjects were not taking any anticoag-
ulant drugs at time of the blood drawn. The normal range for FX:C is between 66% and 126%, and is represented by a light grey box delimited by dashed lines
in the graph. The normal range for FX:Ag is between 70% and 150% (represented by solid lines). The protein variations are referred to the transcript
NM_000504.3. Details on FX:C and FX:Ag measurements are specified in the Online Supplementary Materials and Methods. (C) Ribbon diagrams of second-
ary/tertiary structures of the human FXa are shown. The positions of 3 of 4 newly identified missense mutations are reported (the region harboring the p.E54G
variant is not included in the FXa structure). The position of the “frequent” p.E142K variant is also shown. The color code indicates the different FXa chains
(shades of blue and green point to the light and heavy chains, respectively). The protein surface is represented to show that 3 of 4 mutated residues are exposed
to the solvent. Diagrams were produced using the UCSF Chimera package from the Resource for Biocomputing, Visualization, and Informatics
(http:;//www.rbvi.ucsf.edu/) software and the Protein Data Bank lezq entry. Image credits: Dr. Sonia Caccia (University of Milan; sonia.caccia@unimi.it).
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Analysis of the p.E142K variant in the ATVB and VHS populations
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Figure 3. The F10 p.E142K (rs61753266) variant is protective against myocardial infarction/ coronary artery disease. (A) Association analysis. The association
between the presence of the p.E142K variant and the myocardial infarction/ coronary artery disease (MI/CAD) status (Fisher's exact test) was tested in two
Italian cohorts (ATVB and VHS). Summary allele counts and carrier frequencies are shown. T1: alleles carrying the p.E142K variant; Freq (%): percentage of
cases or controls carrying a T1 allele; OR: odds ratio; Cl: confidence interval; ATVB: The Atherosclerosis, Thrombosis, and Vascular Biology Italian Study Group;
VHS: Verona Heart Study. (B) Meta-analysis. The meta-analysis was performed using the Mantel-Haenszel fixed-effects model, as already described for rare vari-
ants (see the Online Supplementary Materials and Methods). The squares indicate the estimated OR for carriers, compared with non-carriers, in each group.

The diamond indicates the combined results.

enrichment in controls (P=0.013, OR=0.57, 95% CI:
0.36-0.89); as expected, when we analyzed all synony-
mous variants, no significant difference was detected in
the distribution of variants between cases and controls
(P=0.711, OR=1.08, 95% CI: 0.71-1.67).

To corroborate our results, we tried to re-contact all
carriers of the novel-identified mutations predicted to be
damaging by the five algorithms to obtain a fresh blood
sample for measuring FX antigen (FX:Ag) level and activ-
ity (FX:C). The evaluation was possible for 4 of 5 vari-
ants, due to unavailability of the subject carrying the
p.D73E variant. The results confirmed that all mutations
diminish FX:C and FX:Ag levels when compared healthy
subjects (Figure 2B), highlighting a mild disproportion
between FX:Ag and FX:C. When compared with the
mutation pattern detected in patients with FX deficien-
cy,"” our findings suggest the hypothesis of an enrichment
of “moderate-mild” missense changes with residual pro-
coagulant function. The distribution of the mutated
residues on the FXa structure is presented in Figure 2C.

To confirm the enrichment of F10 variants among con-
trols, we decided to focus on p.E142K, which was the
most frequent among the deleterious variants (Online
Supplementary Table S2). Indeed, in the ATVB cohort, we
found a total of 35 carriers, corresponding to 0.72% of
cases versus 1.26% of controls (P=0.127, OR=0.57, 95%
CI: 0.26-1.2; Figure 3A). We hence genotyped by high-
resolution melting analysis the p.E142K variant (for
details, see the Ounline Supplementary Materials and
Methods) in an Italian replication cohort. This comprised
1,113 patients with angiographically documented CAD
and 457 healthy controls (CAD-free), without any angio-
graphic evidence of atherosclerosis, collected by the
Verona Heart Study (VHS). The clinical characteristics of
this population are shown in the Ounline Supplementary
Table S3. In the VHS, we identified a significantly higher

proportion of heterozygous subjects in the CAD-free
group compared to cases (1.54% vs. 0.27%, P=0.009,
OR=0.18, 95% CI: 0.03-0.78) (Figure 3A). A meta-analy-
sis of the 2 cohorts clearly highlighted a protective effect
of the p.E142K allele (P=0.010, OR=0.45, 95% CI: 0.24-
0.88) (Figure 3A-B).

The striking six-fold increase in the p.E142K frequency
observed among angiographically-documented CAD-free
subjects suggests the intriguing hypothesis that this vari-
ant might impact primarily on FXa functions related to
atherogenesis, rather than on those related to thrombo-
sis. Indeed, apart from in the liver, FX is also produced
locally by VSMC, EC, and inflammatory cells in athero-
sclerotic plaques;'' FXa stimulation is able to initiate
senescence in VSMC/EC, and to induce the production of
inflammatory cytokines, which impairs tissue regenera-
tion by PAR-1 and PAR-2 signaling. By blocking FXa-
mediated activation of these receptors, cell senescence
and t?e production of inflammatory mediators are inhib-
ited.!

Evidently, we have to acknowledge the limits of our
work, which is an exploratory study based on a total of
“only” 5,100 individuals, and should be hence further
replicated in independent cohorts. Unfortunately, we
were unable to confirm our results by using publicly
available myocardial infarction (MI) MI/CAD datasets
(i.e.  hutp://www.cardiogramplusc4d.org/data-downloads).
Here, data are given on “aggregate” phenotypes and
focused on common rather than rare variants and, as
such, signals on F10 are overall flat. Instead, in the light
of our observations (especially in the older VHS cohort),
association/burden studies should be performed consid-
ering large-effect rare variants on angiographically-docu-
mented CAD-free versus CAD individuals.

In conclusion, we showed for the first time that rare
variants lowering FX levels are associated with a reduced
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risk of MI/CAD, thus supporting the role for this coagu-
lation factor in the development of atherosclerosis. The
reduced frequency of F10 mutations in MI/CAD patients
also reduces the potential risk of using FXa inhibition in
unknown carriers of mild FX deficiency. Our study fur-
ther stresses the utility to exploit human genetic varia-
tions impacting on drug-target genes as a proxy of the
effect of pharmacological inhibition of the gene product
in a life-long “experiment of nature”.
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