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A B S T R A C T

Thrombosis in the context of Cardiovascular disease (CVD) affects mainly the blood vessels supplying the heart, brain and peripheries and it is the leading cause of
death worldwide. The pathophysiological thrombotic mechanisms are largely unknown. Heritability contributes to a 30% of the incidence of CVD. The remaining
variation can be explained by life style factors such as smoking, dietary and exercise habits, environmental exposure to toxins, and drug usage and other co-
morbidities.

Epigenetic variation can be acquired or inherited and constitutes an interaction between genes and the environment. Epigenetics have been implicated in
atherosclerosis, ischemia/reperfusion damage and the cardiovascular response to hypoxia. Epigenetic regulators of gene expression are mainly the methylation of
CpG islands, histone post translational modifications (PTMs) and microRNAs (miRNAs). These epigenetic regulators control gene expression either through activation
or silencing. Epigenetic control is mostly dynamic and can potentially be manipulated to prevent or reverse the uncontrolled expression of genes, a trait that renders
them putative therapeutic targets.

In the current review, we systematically studied and present available data on epigenetic alterations implicated in thrombosis derived from human studies.
Evidence of epigenetic alterations is observed in several thrombotic diseases such as Coronary Artery Disease and Cerebrovascular Disease, Preeclampsia and
Antiphospholipid Syndrome. Differential CpG methylation and specific histone PTMs that control transcription of prothrombotic and proinflammatory genes have
also been associated with predisposing factors of thrombosis and CVD, such us smoking, air pollution, hypertriglyceridemia, occupational exposure to particulate
matter and comorbidities including cancer, Chronic Obstructive Pulmonary Disease and Chronic Kidney Disease. These clinical observations are further supported by
in vitro experiments and indicate that epigenetic regulation affects the pathophysiology of thrombotic disorders with potential diagnostic or therapeutic utility.

1. Introduction

1.1. Thrombotic disorders

Thrombosis mainly occurs in the blood vessels supplying the heart,
brain and peripheries, resulting in clinical entities which are collec-
tively referred to as cardiovascular disease (CVD). Atheromatous plaque
formation, which precedes the thrombotic event, usually occurs in
multiple sites and despite the plurality of clinical manifestations
(myocardial infarction (MI), stroke, thrombosis and cardiac ar-
rhythmia), these diseases share a common pathophysiological me-
chanism. Cardiovascular diseases are the world's bigger killers, with
85% of these deaths attributed to heart attack and stroke according to
the World Health Organization statistics [1]. Stroke is a clinical syn-
drome characterized by an acute loss of neurological function, with
symptoms lasting longer than 24 h, whereas transient ischemic attack
(TIA) lasts less than 24 h without permanent neurological deficit [2].
Ischemic stroke and TIA are usually secondary to thrombosis or em-
bolism of the arteries supplying the brain. Intensive research efforts
have revealed several genetic components and environmental

predisposing factors, such as smoking, that contribute to the thrombotic
process, however key aspects of the thrombotic mechanism, including
its deregulation in a pathophysiological context, remain to date largely
unknown. Heritability estimates suggest that inherited genetic factors
account for approximately 30% of the variation in the incidence of most
cardiovascular diseases [3]. The remaining variation is believed to be
explained by life style factors such as dietary and exercise habits, en-
vironmental exposure to toxins, and drug usage.

Epigenetic variation can be acquired or inherited and constitutes an
interaction between genes and the environment. Epigenetic alterations
were first described approximately 80 years ago, but mechanistic stu-
dies only recently have shed light on the field. The role of epigenetics in
determining a range of processes that are believed to be critical in the
development and outcome of CVD and thrombosis is being increasingly
elaborated [4]. Epigenetic factors have been implicated in influencing
atherosclerosis, angiogenesis, ischemia/reperfusion damage, cardio-
vascular response to hypoxia and fluid shear stress. The reversibility of
epigenetic alterations renders them valuable therapeutic targets in the
era of precision medicine.
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1.2. Epigenetic regulation of gene expression

Epigenetic regulators of gene expression are mainly the following
three: (a) methylation of CpG islands, (b) histone post translational
modifications (PTMs) and (c) microRNAs (miRNAs). These epigenetic
regulators control gene expression either through activation or silen-
cing. Epigenetic control is mostly dynamic and can potentially be ma-
nipulated to prevent or reverse the uncontrolled expression of genes
[5].

1.2.1. DNA methylation
The most studied aspect of epigenetics is methylation of DNA at CpG

islands. Gene promoter methylation is generally considered to lead to
gene silencing. DNA methylation is the process where a methyl group is
added to the fifth position of the six-atom ring of cytosine (5-methyl-
cytosine). A group of enzymes known as DNA methyltransferases
(DNMTs) catalyze the addition of the methyl group to the cytosine a
process which is dynamic [6]. Methyl groups on DNA can be removed
either by methyltransferases or by DNA excision and repair [7,8].

DNMTs are subdivided into two groups either for maintenance of DNA
methylation (DNMT1) or de novo methylation (DNMT 3a and 3b). DNA
methylation results in more compact DNA structure which prevents the
interaction of transcription factors with their binding sites. Moreover,
methyl binding proteins (MBPs) that bind methylated DNA and subse-
quently recruit histone deacetylases (HDACs) can result in gene silen-
cing [9].

1.2.2. Histone post-translational modifications (PTMs)
The effect of histone modifications on gene transcription is more

complex due to the different types of PTMs. The principal PTMs are
acetylation, methylation and phosphorylation [10]. The effect that
these modifications have on gene regulation depends on which residue
has been modified and to what extent. Histone modifications provide
binding sites for several proteins, affecting chromatin configuration
gene expression. This cumulative effect is referred as the ‘histone code’
[11].

The most extensively studied histone PTM is acetylation of lysine
residues. Acetylation alters the charge of the histone from positive to
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neutral. This process weakens the interaction between histones causing
the chromatin to become more accessible. The acetylation is regulated
by histone acetyltransferases (HATs) and deacetylation is regulated by
HDACs [12,13]. Histone methylation takes place on lysine or arginine
residues without affecting the electrical charge of the histones. Either
one, two or three methyl-groups can be added on the Lysine residues
whereas either one or two on the arginine residues [14], a process
linked to both positive and negative gene regulation [11]. Histone
phosphorylation changes the charge of the histone proteins from posi-
tive to negative. This mark is mostly associated with transcriptional
repression [15]. Finally, several other histone PTMs have been reported
to a much lesser extent. For example, histones can be ubiquitinated,
sumoylated, ADP-ribosylated and glycosylated on lysine residues, ci-
trullinated on arginine residues [16] and proline residues can undergo
isomerisation, butyrylation, formylation, 2-hydroxyisobutyrylation
malonylation, glutathionylation, succinylation and glutarylation [17].

In the current review, we systematically studied and present avail-
able data derived from human studies on epigenetic alterations in
thrombosis and coagulation. The main goal of the manuscript is to
summarize current knowledge and reveal potential therapeutic targets
in the context of thrombotic disorders.

After systematic literature research we identified research papers
regarding three main categories: epigenetic alterations observed in the
various forms of CVD, epigenetic alterations induced by predisposing
factors of CVD and molecular alterations observed in in vitro models.

2. Materials and methods

The MEDLINE database was searched in title and abstract for either
thrombosis or coagulation in combination with one of the following
terms: epigenetic, epigenetics, methylation, hypomethylation, hydro-
xymethylation, histone deacetylation and histone acetylation. Results
were analyzed and 218 unique entries were revealed. No search for
miRNAs was performed. From the included studies several concern
miRNAs in the context of either methylation or histone PTMs on the
gene coding the miRNAs, but not miRNA as an epigenetic regulator per
se. After evaluation of the full-texts, 46 studies were included in this
review. From the 172 excluded studies 74 were reviews, 56 were irre-
levant to epigenetic mechanisms and 20 irrelevant to thrombosis and
the rest were in other language or concerned miRNAs, or other species.
The inclusion protocol is shown in the Prisma Flow diagram (Fig. 1).

3. Results

3.1. Evidence of epigenetic regulation in cardiovascular disease and
atherosclerosis

In 2019, CVD including acute coronary syndrome (ACS) is the
leading cause of death worldwide. Data from several studies point to
the direction that epigenetic regulation underlies the pathophysiology
of CVD.

Two independent studies examining the genome-wide methylation
profile in patients with CVD (ACS, stroke, hypertension, thrombosis and
cardiac arrhythmia), incorporating a total of 1080 cases revealed dif-
ferential DNA methylation between patients and controls. Deregulated
CpG sites were located in genes implicated in cardiac function, myo-
cardial development cardiovascular disease, cardiogenesis, response to
ischemic injury and other processes [18,19]. In purified T and B cells,
analysis revealed vital pathways related to atherogenic signaling,
adaptive immune response and coronary thrombosis [19]. Another
group in the same disease context revealed an inverse correlation be-
tween promoter methylation and plasma levels of coagulation factor7
(FVII), a known biomarker of CAD [20] and critical component for the
initiation of the intravascular coagulation. FVII forms a complex with
tissue factor (TF, also known as FIII) and initiates the intrinsic coagu-
lation cascade explaining why increased clotting activity, due to higher

FVII levels, has been associated with a tendency to thrombosis and
increased coronary risk [21].

Finally, in monocytes of patients with chronic kidney disease (CKD)
and concomitant CAD, the CD40 promoter is hypomethylated and as-
sociates with hyperhomocysteinemia, an established CVD risk factor,
and the expression of inflammatory molecules such as Tumor necrosis
(TNF), Interleukin 6 (IL-6) and Interferon gamma (IFN-γ) [22]. The
CD40 and its ligand (CD40-L) form a prothrombotic and proin-
flammatory system which enhances platelet activation, aggregation,
and platelet-leukocyte conjugation contributing thus to the pathophy-
siology of atherosclerosis and atherothrombosis [23,24].

3.2. Evidence of epigenetic regulation in the pathogenesis of cerebral
infarction

Epigenetic alterations have been shown to be involved in cerebral
arterial disease as well. In a cohort of 23 patients with atherosclerotic
cerebral infarction (ACI) and 32 healthy individuals, methylation of
microRNA 223 promoter was significantly lower in ACI patients com-
pared to healthy individuals, significantly lower in patients with carotid
atherosclerosis compared to their controls and inversely correlated to
miR-223 levels [25]. miR-223 plays an important role in the develop-
ment of atherosclerosis and ischemic stroke and is involved in processes
such as cholesterol metabolism, endothelial cell function, and throm-
bosis [26].

Moreover patients with cerebral infarction have been found to have
higher Thrombomodulin (TM) methylation levels than controls, with a
parallel decrease in TMmRNA levels and increase in total homocysteine
plasma levels [27]. Thrombomodulin is a particularly important protein
for the equilibrium of coagulation and anti-coagulation [28]. It func-
tions as an endothelial cell-surface thrombin receptor and forms a
complex with thrombin, leading to the activation of protein C, a serine
protease with major anti-coagulant activity [29] which, in turn, pro-
teolytically degrades coagulation factors Va and VIIIa [30]. TM poly-
morphisms resulting in decreased protein levels significantly associate
with increased CAD and venous thromboembolism risk [31].

3.3. Evidence of epigenetic regulation in the pathogenesis of
antiphospholipid syndrome

Antiphospholipid syndrome (APS) is an autoimmune thrombophilia
which clinically presents as recurrent thromboembolism and/or preg-
nancy morbidity. Serological markers are the antiphospholipid anti-
bodies, mainly anti-β2 glycoprotein I (anti-β2GPI) which activate pla-
telets, monocytes and endothelial cells inducing the expression of tissue
factor and proinflammatory cytokines, like interleukins 6 (IL6) and 8
(IL8), a process that eventually leads to thrombus formation.

In our study we found that relative methylation was significantly
reduced in the IL8 promoter and significantly increased in the tissue
factor first intron in APS patients compared to healthy controls, a
phenomenon that associated with arterial thrombotic events [32]. In
our in vitro model simulating APS, anti-β2GPI, β2GPI and CXCL4
treatment of both monocytes and endothelial cells also leads to changes
in the DNA methylation status of the above genes, and parallel increase
of their expression. This information is particularly important because
tissue factor, a cell surface glycoprotein that is normally not exposed to
blood stream, is the major initiator of the coagulation system. Upon
blood vessel injury it is exposed and activates the coagulation factor
FVII to FVIIa. Tissue Factor and FVIIa form a complex which activates
both FIX and FX. Consequently, activated FX (FXa), along with its co-
factor FVa proteolytically cleaves prothrombin to thrombin, which in
turn cleaves fibrinogen to fibrin creating a stable fibrin clot [33,34].
Interleukin-8, on the other hand, is an acute phase inflammatory
mediator which results in monocyte and neutrophil recruitment and
degranulation in sites of increased chemokine concentration. IL8 has
been reported to be increased in both atheromatous plaques and serum
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of patients with CAD and acute coronary syndrome [35]. In APS treated
endothelial cells we observed the transcriptional upregulation of epi-
genetic factors, including methyl-CpG-binding protein-2 (MΕCP2), DNA
(cytosine-5-)-methyltransferase 3 beta, (DNMT3B), Ten-eleven trans-
location methylcytosine dioxygenase 1 (TET1), HDAC9 and AT-rich
interactive domain-containing protein 5B (ARID5B). These data support
that epigenetic regulation could affect the pathophysiological processes
in APS with potential diagnostic or therapeutic value [32].

Moreover, in another study in neutrophils isolated from APS, SLE
patients and healthy controls, 42 differentially methylated CpG sites
were identified. Gene ontology analysis showed the differentially me-
thylated genes to be mainly involved in pregnancy [36].

3.4. Evidence of epigenetic regulation in preeclampsia

Preeclampsia, a clinical entity characterized by new onset of hy-
pertension and proteinuria in pregnancy, is a major cause of maternal
mortality and pregnancy morbidity [37]. Pathogenetically, pre-
eclampsia is associated with abnormal activation and consumption of
platelets, coagulation factors and the fibrinolytic system [38]. Two
different groups have evaluated differential gene methylation in pre-
eclampsia. In two separate studies Mousa et al. assessing the status of
DNA methylation in omental arteries identified several genes with re-
duced DNA methylation in preeclamptic specimens. Gene ontology
mapping revealed that smooth muscle contraction, thrombosis and in-
flammation pathways were overrepresented in the preeclamptic vessels
[39]. Particularly relevant identified genes included the thrombin, FV,
FXII, GPV, glycoprotein Ib (platelet), alpha polypeptide (GPIBA), Pro-
tein C and TBXAS1 genes. The promoter of thromboxane synthase gene
(TBXAS1), which is responsible for the synthesis of thromboxane A2, a
potent vasoconstrictor and activator of platelets, was decreased
whereas thromboxane synthase expression was 2.5-fold increased in
omental arteries of preeclamptic women compared to healthy controls
[40]. Coagulation factor (FXII) activation is an alternative way for the
initiation of intravascular coagulation. Polyphosphates such as adeno-
sine diphosphate (ADP) activate FXII which in turn activates FXI, FIX
and eventually FX [41]. Platelet glycoproteins Ib and V are components
of the Ib-V-IX system of surface glycoproteins that constitute the re-
ceptor for von Willebrand factor which mediates the adhesion of pla-
telets to injured vascular surfaces, focuses the activity of thrombin to
the platelet surface and supplies factor VIII (FVIII) to a growing
thrombus [42,43]. Therefore, the GPIb-V-IX complex is a central com-
ponent in the interaction of platelets with von Willebrand Factor
(VWF), thrombin and the coagulation end-product fibrin. Another
group in maternal leukocyte DNA derived from 14 healthy and 14
preeclamptic women identified differential methylation in genes in-
volved in blood pressure regulation and endothelial homeostasis among
which angiotensinogen (AGT), calcitonin-related polypeptide alpha
(CALCA), and dimethylarginine dimethylamniohydrolase 1 (DDAH1)
genes [44]. Angiotensinogen (AGT) is the precursor of angiotensin II
which [45] although principally a potent vasoconstrictor, it also has
prothrombotic properties through stimulation of PAI-1 and PAI-2 and
consequent platelet aggregation [45,46]. CALCA and dimethylarginine
dimethylaminohydrolase (DDAH1) on the other hand mediate potently
vessel relaxation and have been implicated in inflammatory response
and coronary artery disease respectively [47,48].

The pathways and genes identified from the above studies are de-
picted in Table 1.

3.5. Evidence of epigenetic regulation in cancer related thrombosis

Thromboembolic clinical incidents characterize several carcinomas
[49]. In the next paragraphs we will describe the epigenetic regulation
of genes involved in thrombus formation and coagulation in malig-
nancy.

The implication of clear cell carcinoma (CCC) (a histologically

distinct carcinoma marked by cytoplasmic clearing, due to accumula-
tion of intracellular glycogen), in thrombotic manifestations through
epigenetic regulation has been investigated by two independent groups.
Cuff et al. reveal the epigenetic regulation of hepatocyte nuclear factor
1-beta (HNF1B) as a transcription factor of thrombotic genes associated
with the blood clotting cascade such as fibrinogen, prothrombin and
coagulation factor XIII (FXIII). In their combined gynecologic and renal
CCC cohort, they show that both protein levels and hypomethylation of
the promoter of the transcription factor were significantly associated
with a 2.3-fold increased risk of clinically-significant venous thrombosis
[50]. Studying ovarian CCC, Koizume et al. show that the transcrip-
tional activation of the coagulation factor VII (FVII) gene is dependent
on histone deacetylation and HDAC4recruitment to the FVII promoter
[51].

Another carcinoma type in which thrombotic complications have
been demonstrated to be epigenetically regulated is the glioma, a fact
attributed to the overexpression of tissue factor and coagulation factor
X.

FX and tissue factor promoter methylation levels were found to be
lower in glioma specimens and parallel increase in mRNA and protein
levels was noted as well, a phenomenon that correlated with overall
survival, intratumor microthrombi and venous thromboembolism
[52,53]. Interestingly tissue factor overexpression characterized the
gliomas that bore the wild type form of an enzyme called isocitrate
dehydrogenase 1 (IDH1), whereas the ones bearing a non functional
mutant were protected. IDH1 is an enzyme implicated in the citric acid
cycle in glucose metabolism and mutations result in a loss of enzymatic
function and the consequent abnormal production of 2-hydro-
xyglutarate (2-HG) [54], which inhibits the enzymatic activity of many
dioxygenases, including histone and DNA demethylases, causing
widespread changes in histone and DNA methylation [55]. This might
explain why in mutant IDH1 gliomas the tissue factor promoter was
hypermethylated with a parallel decrease in tissue factor mRNA and
protein levels [53], a phenomenon abrogated by the administration of a
DNA demethylating agent [56].

Reversely, there is evidence that glioma dormancy is influenced by
tissue factor. Tissue factor deficiency leads glioma cells to dormancy
but not death, whereas tissue factor expression induces tumor growth.
Interestingly, tissue factor expression permanently alters the gene ex-
pression and DNA methylation profile of glioma cells that are not longer
dormant [57].

Another neoplasm in which patient morbidity and mortality are
typically influenced by thrombotic complications is primary myelofi-
brosis (PMF). In PMF patients the methylation status of CD18 was
higher compared to controls, associated with thrombotic complications
and proven to be an independent prognostic factor of thrombosis [58].
This piece of information is of value because deregulated expression of
the surface leukocyte-specific integrin receptor CD18/CD11b in patient
leukocytes facilitates platelet activation, promotes neutrophil recruit-
ment, engagement of platelet glycoprotein GPIbα, endothelial injury
and eventually thrombosis [59].

3.6. Evidence of DNA epigenetic alterations in situations predisposing to
thrombosis

In the next few paragraphs we will review studies that show that
environmental factors or diseases predisposing to thrombosis are
characterized by epigenetic alterations of genes involved in coagulation
and vascular deregulation.

3.6.1. Environmental factors
Air pollution is a pervasive environmental burden that accounts for

approximately 4.2 million deaths every year worldwide, mostly due to
cardiovascular disease [60]. Ambient particulate matter (PM) has been
associated with increased hospitalization and mortality due to cardio-
vascular disease in the general population [61]. Moreover, particulate
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component of PM has been associated with increased coagulation and
risk of venous thrombosis [62].

Occupational exposure to metals leads to differential methylation of
several genes related to thrombosis and cardiovascular disease. Work-
related zinc and iron PM exposure negatively associated with leukocyte
DNA methylation of NOS3 (nitric-oxide-synthase-3), EDN1 (endothelin-
1), plasma H3K4me3 and H3K9ac levels, and endogenous thrombin
potential (a parameter that reflects the generation of thrombin quan-
titatively and assesses the coagulability) indicating that NOS3 and
EDN1 hypomethylation mediate the effect on coagulation [63,64]. The
process of welding is strongly associated with lower whole blood DNA
methylation in the proteinase-activated receptor 4 (PAR4) gene which
encodes a thrombin receptor [65]. Accordingly, lead exposure sig-
nificantly inversely correlates with blood DNA methylation in the
promoter of glycoprotein IV also known as CD36 [66]. Finally, in a
cohort of 704 elderly men, environmental and psychological factors
such as air pollution, ambient temperature, relative humidity, life sa-
tisfaction and hostility associated with hypomethylation of the pro-
moters of tissue factor, Toll-like receptor 2 (TLR-2), and intercellular
adhesion molecule 1 (ICAM-1), iNOS and IFN-γ associated with the
presence of all the above parameters, implying a pathogenetic relation
of the higher incidence of cardiovascular disease with the exposure to
these factors [67–71].

These findings are of particular relevance because all these mole-
cules are part of a network that induces and enhances thrombus for-
mation. PAR4 along with PAR1 are G protein-coupled receptors for
thrombin generated by coagulation system, which activates platelets
most potently than any other ligand and promotes platelet aggregation
and thrombus formation [72]. CD36 is a membrane glycoprotein, pre-
sent on various monocytes, macrophages, endothelial cells and plate-
lets. Macrophage CD36 participates in the uptake of oxidized LDL
(oxLDL), foam cell and atherosclerotic lesion formation [73], while
platelet CD36 is necessary for thrombus formation after atherosclerotic
plaque rupture [74,75]. ICAM-1 is expressed at sites of endothelial cell
activation and permits the stable adhesion and transmigration of cir-
culating leukocytes through its interaction with leukocyte b2 integrins
CD11a/CD18 and CD11b/CD18 [76] facilitating thrombus formation in
endotoxin induced venous thrombosis [77]. Endothelin-1, a potent
vasoconstrictor and pro-inflammatory mediator produced in response
to hypoxia, is elevated in patients with CAD [78], co-localizes with
atherosclerotic plaque and has been shown to increase coronary in-
flammation and aggravate myocardial ischemia [79,80]. eNOS, in

contrast, is the enzyme that generates Nitric Oxide (NO) in endothelial
cells [81], which induces vasodilation and inhibits leukocyte recruit-
ment [82], platelet activation and adhesion to the vessel wall and the
already formed thrombus [83]. Finally,TLR2, a pathogen recognition
receptor, and the cytokine IFNγ are critical components of innate im-
munity, which have been shown to render platelets hyperreactive and
prothrombotic [84] and to induce the expression of tissue factor and
other adhesive molecules and be present in atherosclerotic lesions, re-
spectively [85–87].

3.6.2. Smoking and COPD
Regular smoking is associated with a wide variety of syndromes

such as Chronic Obstructive Pulmonary Disease (COPD), cancer, obe-
sity, type 2 diabetes, peripheral arterial disease and coronary artery
disease. COPD is the clinical entity characterized by irreversible lung
damage due to chronic smoking and bears increased risk for peripheral
arterial disease and coronary artery disease [88]. Ongoing research
indicates that alterations in the methylation status of DNA in peripheral
blood mononuclear cells accompany heavy regular smoking and COPD.

Several groups have performed whole genome methylation analysis
in extensive cohorts in DNA isolated from peripheral blood mono-
nuclear cells derived from current smokers and controls. Genes in-
volved in the pathogenesis of cardiovascular disease, inflammation,
coagulation and immune response have been identified in all these
studies. Thrombin signaling enrichment partially explains the suscept-
ibility to cardiovascular disease that characterizes heavy smokers. One
of the most prominent and top ranked differentially methylated genes
was the thrombin receptor PAR4 followed by PAR1, von Willebrand
Factor and Glycoprotein 5 genes [89–92]. PAR4 DNA methylation was
linked to interleukin-18 (IL18) serum levels implying a possible causal
relationship [90]. IL18 is a potent proinflammatory cytokine, that has
been shown to be an independent predictor of cardiovascular events
and to play a role in the formation of atherosclerotic plaque [93,94].
Genome wide methylation analysis in 1454 COPD patients and/or
concurrent systemic steroid users yielded similar results. PAR4, PAR3,
FXII and CD11b genes were revealed to be differentially methylated
[95,96].

The above molecules are cardinal to the pathophysiology of
thrombotic disorders. As mentioned above, PAR 1 and 4 when cleaved
by thrombin, result in secretion of platelet granule contents including
ADP, production of thromboxane A2 (TXA2), and activation of the
platelet fibrinogen receptor integrin αIIbβ3 (GPIIb/IIIa) [97–99].

Table 1
Epigenetic alterations in thrombotic disorders.

Clinical entity DNA source Gene affected Epigenetic alteration Association with thrombosis
Coronary Artery Disease whole blood 47 CpGs differentially methylated including chemotaxis, coronary thrombosis, and T-cell-

mediated cytotoxicity,
purified T and
B cells

several CpGs differentially methylated atherogenic signaling and adaptive immune response

whole blood 211 CpGs differentially methylated cardiovascular function, cardiogenesis, responses
ischemic injury

leukocytes FVII promoter hypomethylated plasma levels inversely related to methylation
monocyte CD40 hypomethylated platelet-leukocyte conjugation

Cererebral infarction leukocytes miR-223 promoter hypomethylated lower in ACI patients than in healthy individuals
thrombomodulin promoter hypermethylated major component of the anticoagulation system

Preeclamsia omental arteries TBXAS1 promoter hypomethylated platelet activation, potent vasoconstrictor
omental arteries Thrombin, FV, FXII, GPV, GPIBA,

Protein C
differentially methylated coagulation and cell adhesion pathways

leukocytes POMC, AGT, CALCA, DDAH1 differentially methylated inflammatory response, vasodilatin, hypertension and
endothelial dysfunction

Antiphospholipid syndrome whole blood IL8 promoter hypomethylated chemotaxis, induces leukocyte adhesion on endothelial
cells

whole blood Tissue Factor first intron hypermethylated initiation of the coagulation cascade
neutrophils 42 CpGs hypomethylated pregnancy and immune response pathways
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Activation of PAR1 in the vascular endothelium also leads to increased
surface expression of the adhesion molecules intercellular adhesion
molecule-1, vascular cell adhesion molecule-1, P-selectin, and E-se-
lectin and gene transcription of cytokines and chemokines such as in-
terleukin-8 [100]. PAR3 is a membrane receptor that facilitates
thrombin activation of PAR4 [101].

3.6.3. Diabetes and hypertriglyceridemia
Diabetes and hypertriglyceridemia are known risk factors for CAD

and PAD and there is evidence that epigenetics regulate their throm-
botic complications. Monocytes from complication free Type 1 diabetic
patients have been found to have significantly higher levels of acety-
lated histone 4 protein compared to healthy controls and patients with
diabetic complications, suggesting a potential protective mechanism
[102]. Hypertriglyceridemia impairs proper fibrinolytic function in
CAD and other atherothrombotic disorders. Plasminogen activator in-
hibitor-1 (PAI-1), a fibrinolysis inhibitor, is increased by triglyceride-
rich lipoproteins in a process dependent on DNA methylation in the
PAI-1 promoter [103]. PAI-1 main physiological function is the in-
hibition of the serine proteases urokinase plasminogen activator (uPA)
and tissue plasminogen activator (tPA), enzymes responsible for the
cleavage of plasminogen to form plasmin which in turn degrades the
fibrin structure of intravascular thrombi [104,105]. PAI-1 deficiencies
cause accelerated fibrinolysis and bleeding, whereas elevated PAI-1
plasma levels are associated with vascular thrombosis [106,107].

3.6.4. Systemic autoimmune diseases
Increased risk for CAD in systemic autoimmune diseases has been

well established [108]. DNA isolated from patients suffering from
rheumatoid arthritis and Kawasaki disease bears a distinctive methyl
mark, characteristically different from control samples [109,110].
Among the pathways overrepresented are those of complement, coa-
gulation, platelet activation and inflammation. Particularly relevant to
the thrombotic processes are the von Willebrand Factor, Protein C In-
hibitor (PCI), P-selectin (SELP), ICAM1, ITGA2B and MAPK14 genes
[109,110].

All these molecules participate in cell adhesion and thrombus for-
mation. ITGA2B encodes integrin alpha-IIb which is a component of the
GPIIb/IIIa complex on platelets. P-selectin is normally stored in the
platelet a granules and endothelial Weibel-Palade bodies [111], and
upon platelet and endothelial stimulation rapidly translocates to the
cell surface, playing a key role in thrombus formation [112]. P-selectin
is critical for thrombus formation since it mediates platelet and leuko-
cyte adhesion in areas of vascular injury and inflammation, an action
exerted through its ligand, P-selectin glycoprotein ligand-1 (PSGL-1)
[113]. Its soluble form levels are higher in patients with atherosclerosis

and thrombosis and associate with future incidence of cerebral and
myocardial infarction [114,115]. PCI, on the other hand inhibits not
only activated Protein C but also the thrombin-thrombomodulin com-
plex [116]. Finally, MAPK14, also known as p38a, induces in-
flammatory cytokine expression, regulates platelet activation [117] and
plays key roles in atherosclerosis, infarct size, cardiac function and
inflammatory response [118].

3.6.5. Chronic kidney disease
Chronic kidney disease (CKD) is characterized by a progressive re-

duction in glomerular filtration and an increased risk of cardiovascular
disease [119].

Apabetalone is an epigenetic modulator which disrupts the inter-
action between BET proteins and acetylated histones with both in vitro
and in vivo anti-inflammatory and antiatherosclerotic features [120]. In
a cohort of patients with CKD stages 4 and 5, the administration of a
single dose of apabetaloneresulted in differentially expression of pro-
teins related to inflammation, endothelial dysfunction and coagulation.
Among them particularly relevant to thrombosis were IL-6, PAI-1, P-
selectin, tPA and uPA, a finding that suggests that cardiovascular
complications in CKD are susceptible to epigenetic alteration [121].
The pathways and genes identified from studies of cancer related
thrombosis and diseases with increased thrombotic risk are depicted in
Table 2.

3.7. Evidence of epigenetic regulation of prothrombotic genes in vitro models

The following studies focus on the epigenetic regulation of gene
expression in several cell types based on in vitro experiments. Although
there is no proof of such mechanisms in actual human diseases these
disease models are well established and accepted.

3.7.1. Endothelial cells
Endothelial cell deregulation plays a critical role in thrombotic

disorders. For this reason, several groups have studied epigenetic al-
terations in endothelial cells.

Hypercholesterolemia with a predominant increase of low-density
lipoprotein (LDL) cholesterol is a major modifiable risk factor for
atherosclerosis and coronary artery disease. In two different studies,
LDL treatment of endothelial cells has been proven to induce a pro-
thrombotic phenotype through epigenetic modifications.

LDL treatment affects the expression of the transcription factors
KLF2 (Kruppel-like Factor 2) and p66shc through both DNA and histone
modification [122,123]. KLF2 levels, which has been proposed to play a
protective role against atherothrombosis [124], along with its target
genes TM, eNOS and PAI-1 are downregulated by LDL. LDL treatment

Table 2
Epigenetic alterations in cancer related thrombosis and prothrombotic disorders.

Predisposive setting thrombosis related gene affected Epigenetic alteration Association with thrombosis

Steel workers EDN 1, NOS 3 promoter hypomethylation Endothelium deregulation
Welders PAR4 promoter hypomethylation Thrombin receptor, platelet activation
Lead CD36 promoter hypomethylation Platelet aggregation, atherosclerosis
Air pollution Tissue Factor,TLR2, ICAM1,IFN γ promoter hypomethylation Platelet activation, coagulation
Smoking PAR4, PAR1, von Willebrand factor, GPV differential methylation Coagulation pathway, platelet agreggation and activation
COPD PAR4, PAR3, FXII and CD11b differential methylation Coagulation pathway, platelet agreggation and activation
Diabetes H4 acetylated increased levels in monocytes Possible protective role
Hypertriglyceridemia PAI-1 promoter promoter methylation Fibrinolysis, clot breakdown
Rheumatoid Arthritis vW, Protein C Inhibitor, promoter hypomethylation Platelet adhesion, coagulation
Kawasaki disease P-selectin, ICAM1, ITGA2B and MAPK14 differential methylation Platelet activation and adhesion
Psychological state Tissue factor, ICAM1, TLR2 promoter hypomethylation Platelet activation, coagulation, fibrinolysis
Temperature and Humidity Tissue factor, ICAM 1,INOS,TLR2,IFN γ promoter hypomethylation Platelet activation, coagulation, fibrinolysis
Chronic Kidney Disease P-selectin, PAI1, Urokinase, fibrinogen decrease after BET inhibition Platelet activation, coagulation, fibrinolysis
Ovarian clear cell carcinoma HNF1B promoter hypomethylation Induces fibrinogen, thrombin and FVIII expression

FVII HDAC4 deacetylation Part of the coagulation cascade
Glioma FX, Tissue Factor promoter hypomethylation Part of the coagulation cascade
Primary Myelofibrosis CD18 hypermethylated Cell adhesion and immune response
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stimulates the expression and enzymatic activity of DNMT1, with a
parallel binding of methyl CpG binding protein 2 (MECP2) and EZH2
(histone methyltransferase enhancer of zeste homolog 2) on the
Krüppel-like Factor 2 (KLF2) promoter, a phenomenon abrogated by
DNMT inhibition and EZH2 knockdown [122]. p66shc on the other
hand is a transcription factor that mediates hypercholesterolemia-in-
duced endothelial dysfunction and atheromatous plaque formation in-
ducing the expression of ICAM1 and downregulation of TM. LDL sti-
mulates p66shc expression via DNA hypomethylation with concomitant
acetylation of histone 3 in its promoter in endothelial cells, an effect
negated by DNMT inhibition [123].

Moreover, transcriptional activation of thrombomodulin, human
endothelial cell protein C receptor (EPCR) and tissue type plasminogen
activator have been proven to be affected by DNA methylation and
histone modifications. Retinoic acid treatment of endothelial cells in-
duces the accumulation of trimethylated histone H3K4, a marker for
active chromatin, in the TM promoter [125]. EPCR, which is the re-
ceptor for protein C that enhances its activation by the thrombin-
thrombomodulin (TM) complex [126], contains multiple Specificity
protein 1 (Sp1) binding sequences, that are protected from methylation
in endothelial cells and collectively contribute to gene expression
[127]. Finally, tPA transcription is affected by histone acetylation since
HDAC3, HDAC5 and HDAC7 silencing abrogated the transcriptional
activation of tPA by valproic acid treatment [128].

3.7.2. Megakaryocytes
Platelets, which are derived from megakaryocytes, are pivotal cells

for thrombus formation. ITGA1 gene expression, an integrin encoding
gene, is epigenetically repressed in megakaryocytes due to extensive
methylation in its promoter and can be de novo induced with the use of
a DNA demethylating agent [129]. Although ITGA1 has no proven role
in thrombosis, this study indicates that epigenetic regulation affects
platelets as well.

The genes identified from the in vitro studies are depicted in Table 3.

4. Conclusions

Evidence of epigenetic alterations is observed in several thrombotic
diseases such as Coronary Artery Disease, Cerebrovascular Disease,
Preeclampsia and Antiphospholipid Syndrome. Differential DNA me-
thylation and histone PTMs that control the transcription of pro-
thrombotic and proinflammatory genes are identified in CVD as well as
in correlation with predisposing factors of thrombosis such us smoking,
air pollution, hypertriglyceridemia, occupational exposure to particu-
late matter and comorbidities including cancer, Chronic Obstructive
Pulmonary Disease and Chronic Kidney Disease. These clinical ob-
servations are further supported by in vitro experiments.

At the molecular level, epigenetic modifications regulate major
components of coagulation, anticoagulation, fibrinolysis and cellular
adhesion during thrombus formation.

All the extrinsic pathway of the coagulation cascade, which com-
prises of tissue factor exposure on endothelial cells and the serial ac-
tivation of coagulation factors FVII, FV and FX, thrombin and finally

fibrinogen is under epigenetic control. In the intrinsic pathway, the
initiator FXII and intermediate factor FVIII are affected as well.

Gene expression and protein levels of almost the entire antic-
oagulation system, including the initial thrombin-thrombomodulin
complex, the enhancer EPCR, the end product Protein C and its in-
hibitor PCI, and components of the fibrinolysis pathway, among which
are tissue plasminogen activator and its inhibitor PAI1, are affected by
epigenetic modifications.

Besides the coagulation process that characterizes the initial step of
thrombus formation, several cell surface molecules that mediate pla-
telet and leukocyte adhesion and migration on endothelial cells such as
PAR1, PAR4, P-selectin, GPIb/V/IX, CD18/CD11b, CD36, TLR2, ICAM1
and VWF are characterized by differential methylation in several dis-
ease settings as well.

Finally, cytokines such us IL8 and IFNγ, vascular tone regulators
among which endothelin 1, angiotensinogen, Nitric Oxide Synthase and
TBXAS1 and transcription factors such as KLF2, p38α and p66shc are
all susceptible to regulation by DNA methylation in thrombotic diseases
and disease models. All the above molecules and their annotated po-
sition in thrombotic pathways are depicted in Fig. 2.

The above data support that epigenetic regulation affects the pa-
thophysiology of thrombotic disorders with potential diagnostic or
therapeutic utility.

Table 3
Epigenetic alterations in in vitro models.

Cell type Gene affected Epigenetic alteration Experimental stimulus Association with thrombosis

Endothelial cells KLF2 promoter methylation, histone methylation LDL Thrombomodulin downregulation and PAI1 overexpression
p66shc promoter hypomethylation, H3 acetylation LDL Mediates LDL-induced platelet thrombus formation on endothelial

cells
tPA acetylation of lysines on histones H3 and H4 Valproic Acid Enhances fibrinolysis pathway
EPCR promoter protected from methylation No treatment Activated protein C receptor enhanced anticoagulant activity of

APC
Thrombomodulin H3K4 surrounding the THBD promoter all-trans Retinoic major component of the anticoagulation system

Megacaryocytes ITGA1 promoter methylated Demethylating agent none

Fig. 2. Schematic representation of thrombotic and coagulation pathways that
undergo epigenetic regulation. The use of black font color signifies proven
epigenetic modification of the depicted molecules whereas light gray font sig-
nifies the lack of evidence of epigenetic regulation. Due to their significance
though, these mediators are depicted in the figure. All abbreviations are ex-
plained in the main text. The figure was created with BioRender.com.
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