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MOLECULAR BASIS OF THROMBOPHILIA
MOLEKULARNE OSNOVE TROMBOFILIJE
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Summary

Thrombophilia is a multifactorial disorder, involving both
genetic and acquired risk factors that affect the balance
between procoagulant and anticoagulant factors and lead to
increased thrombotic tendency. The severe forms of throm-
bophilia are caused by a deficiency of natural anticoagulants:
antithrombin, protein C and protein S. The advances in
DNA technology played an important role in the identifica-
tion of the exact nature of these deficiencies and opened up
new possibilities in genetic research and molecular diagnos-
tics of thrombophilia. The major breakthrough came with
the discovery of activated protein C resistance and the Factor
V Leiden gene mutation. Shortly afterwards, a variant in the
3’ untranslated region of the Factor Il gene (FIl G20210A)
associated with an increased concentration of Factor Il in
plasma was described. These two gene variants represent
the most common thrombophilic genetic risk factors.
Recently, a novel prothrombin mutation (c.1787G>T) was
identified in a Japanese family with juvenile thrombosis. This
mutation leads to impaired inhibition of mutant thrombin by
antithrombin, proposing a new mechanism of thrombophilia
named resistance to antithrombin. In the last decade, several
prothrombotic genetic risk factors have been described, in-
cluding gene variants associated with defects of natural
coagulation inhibitors, increased levels of coagulation factors
or their impaired inhibition and defects of the fibrinolytic sys-
tem. However, most of them are not of diagnostic value, due
to their minor or unknown impact on the thrombotic risk.
Large-scale DNA analysis systems are now becoming avail-
able, opening a new era in the genetic studies of the mole-
cular basis of thrombophilia.
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Kratak sadrzaj

Trombofilija nastaje kao rezultat kompleksne interakcije
izmedu negenetickih i genetickih faktora rizika koji hemo-
staznu ravnoteZu pomeraju u smeru hiperkoagulacije i do-
vode do pojave tromboze. Veoma znacajan faktor rizika za
nastanak trombofilije je deficijencija inhibitora koagulacije:
antitrombina, proteina C ili proteina S. Veliki korak u razume-
vanju genetic¢ke osnove i molekularne dijagnostike trombofi-
lije napravljen je otkricem rezistencije na aktivirani protein C
i faktor V Leiden mutacije. Ubrzo je otkrivena i varijanta u 3'-
nekodiraju¢em regionu gena za faktor Il (FIl G20210A), za
koju je pokazano da dovodi do povisene koncentracije pro-
trombina u plazmi. Ove dve genske varijante su najucestaliji
geneticki faktori rizika za nastanak trombofilije. Nedavno je
opisana nova mutacija u genu za protrombin (c.1787G >T)
za koju je pokazano da dovodi do rezistencije na antitrombin,
odnosno do smanjene mogucnosti inaktivacije mutiranog
trombina od strane antitrombina, $to predstavlja novi meha-
nizam za nastanak trombofilije. U toku poslednjih decenija,
opisan je veliki broj geneti¢kih faktora rizika za nastanak
trombofilije, ukljucujudi one koji dovode do: nedostatka inhi-
bitora koagulacije, povecanog nivoa ili smanjene inaktivacije
koagulacionih faktora ili defekata sistema za fibrinolizu.
Medutim, vecina njih nije od dijagnosti¢ke vaznosti zbog
njihovog malog ili jo§ uvek nepoznatog uticaja na etiologiju
trombofilije. Primena novih tehnologija koje omogucavaju
analizu velikog broja gena kod jednog pacijenta otvori¢e
mogucnost individualnog utvrdivanja geneti¢kih faktora
rizika, samim tim i adekvatan terapeutski pristup.

Kljuéne reci: trombofilija, geneticki faktori rizika, genske
varijante

List of non-standard abbreviations: AT, antithrombin; PC, pro-
tein C; PS, protein S; tPA, tissue plasminogen activator; PAI-1,
plasminogen activator inhibitor; DVT, deep venous thrombo-
sis; PE, pulmonary embolism; APC, activated protein C; FV,
factor V; Fll, factor ll; FGG, fibrinogen gamma; VWF, Von
Willebrand factor; FVIII, factor VIII; NGS, next-generation
sequencing; GWAS, Genome-Wide Association Studies.
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Introduction

Hemostasis is the physiological response that
prevents blood loss after vascular injury. It is a very
complex balance that involves several factors: the
blood vessel cells, platelets, coagulation factors,
coagulation inhibitors and the fibrinolytic system (1).
The endothelium of blood vessels is a natural barrier
for blood loss, and disruption of a vessel wall causes
vasoconstriction, collagen exposure and platelet acti-
vation (2, 3). Platelet activation further results in the
transport of negatively charged phospholipids to the
platelet membrane, which provide a catalytic surface
for the complexes of coagulation factors (1, 3).
Coagulation factors play a central role in the genera-
tion of fibrin, which allows the formation of a blood
clot and prevents blood loss. This process is usually
presented as a series of enzymatic reactions that
involves activation of coagulation factors (the cascade
principle) that ultimately results in cross-linked fibrin.
The coagulation cascade has two pathways leading to
fibrin formation: contact activation pathway-intrinsic
pathway, and the tissue factor pathway—extrinsic path-
way (4, 5). Thrombin is a central regulatory molecule,
which affects the whole process of coagulation
through the mechanism of positive and negative
feedbacks (6, 7). Coagulation inhibition is very impor-
tant for the maintenance of hemostasis balance.
Natural inhibitors of coagulation factors include:
antithrombin (AT), protein C (PC), protein S (PS),
thrombomodulin (in interaction with thrombin) and
others (1). These proteins inactivate specific coagula-
tion factors and provide a regulatory mechanism that
controls the coagulation response and limits the
unnecessary extension of the clot. The fibrinolytic sys-
tem has a role to remove the product of a coagula-
tion-fibrin clot, preventing the pathological extension
of the blood clots. The central enzyme of this system
is plasmin, generated by the activation of his zymo-
gen—plasminogen. Plasmin activity is regulated by
several activators and inhibitors: tissue plasminogen
activator (tPA), plasminogen activator inhibitor (PAI-1
and PAI-2) and a-2-antiplasmin (8).

Hemostasis disorders occur as a consequence of
impaired or altered function of one or more partici-
pants in this complex process. Hypercoagulability is a
state in which the hemostatic balance shifts toward
excessive platelet activation and fibrin generation,
leading to the formation of a clot in a blood vessel
and obstruction of the blood flow. Obstruction of the
blood flow can have deleterious consequences in the
form of venous and arterial thrombosis (1). Arterial
thrombosis can manifest as myocardial infarction,
ischemic stroke or arterial embolism. Deep venous
thrombosis (DVT) and pulmonary embolism (PE) are
the most frequent clinical manifestations of venous
thrombosis (9). Thrombosis is a multifactorial disor-
der with both established environmental and genetic
risk factors (10). Conventional environmental throm-
bosis risk factors are: aging, smoking, immobilization,

blood pressure, cholesterol, obesity, metabolic syn-
drome and diabetes, pregnancy, cancer, surgery, trau-
ma and infection (1, 11).

Thrombophilia

The term thrombophilia was introduced by
Jordan and Nangorff in 1956 in order to describe the
»familial tendency in thromboembolic disease« (12).
In recent years, this term has been used with a vari-
ety of different similar meanings, referring broadly to
an increased tendency to develop clots in blood ves-
sels. In the last five decades, several genetic risk fac-
tors related to thrombophilia have been described.
They can roughly be divided into three groups: 1.
affecting coagulation inhibitors’ genes leading to
reduced inhibition of coagulation; 2. affecting proco-
agulant factor genes resulting in their impaired in-
hibition or gain-of-function; 3. affecting fibrinolytic
system genes leading to impaired fibrinolysis (1, 13,
14) (Figure 7).

Defects of AT, PC and PS

The concept that thrombophilia could be asso-
ciated with genetic defects was first proposed in
1965, after the discovery of familiar AT deficiency
(15). These initial studies were based on the analysis
of plasma levels of AT in family members with a defi-
ciency status, in order to document inheritance pat-
terns. Further research has shown that AT deficiency
occurs due to mutations in the SERPINCT gene.
There are two primary types of AT deficiency: type |,

Figure 1 Genetic risk factors related to thrombophilia.
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which is characterized by an inadequate amount of
normal AT level, and type I, in which the amount of
AT present is normal, but the mutant protein is
unable to carry out its functions (16). The SERPINC1
that codes AT is a highly polymorphic gene, with
more than 130 different mutations reported. In sever-
al families, AT deficiency develops due to »private
mutations« (present in <0.001 of the population)
(17). AT deficiency is rare in the general population
(0.02%) but is associated with a high relative risk of
DVT. Relative risk for heterozygous carriers is around
10. Homozygous AT deficiency is not compatible with
life (18).

In 1981, Griffin et al. (19) described a heterozy-
gous PC deficiency in a family with a history of recur-
rent thrombosis. After that, more than 160 mutations
were described in the PROC gene encoding PC.
Deficiency of PC can manifest as Type | deficiency, in
which the PC level is decreased, and Type Il deficien-
cy, in which low PC activity contrasts with normal pro-
tein levels. Type | defects are more common than
Type Il defects (20). PC deficiency occurs in one in
2000-4000 of the adult population and thrombotic
risk associated with heterozygous PC deficiency is
approximately 8 (18).

The first patients with PS deficiency were descri-
bed by Comp et al. (21) in 1984. Protein S deficiency
presents an autosomal dominant trait with complete
penetrance. PS deficiency is caused by mutations with-
in the PROS7 gene. The relative risk associated with
heterozygous PS deficiency is approximately 8 (22).

FV Leiden gene variant

The breakthrough in genetic research of throm-
bophilia came with the discovery of activated protein
C (APCQ) resistance and the Factor V G1691A (FV
Leiden) mutation. In 1993, Dahlback et al. (23)
found that the plasma of patients with familiar throm-
bosis showed a reduced response to the addition of
APC. Later, it was discovered that the point mutation
G1691A in the FV gene, which results in substitution
of arginine at position 506 by glutamine, was respon-
sible for the observed APC resistance phenotype (24,
25). FV Leiden mutation leads to impaired ability of
APC to cleave mutant FV at position 506, resulting in
an increase in thrombin generation (25). It was
reported that FV Leiden was common in a healthy
population of Caucasian origin, but with significant
regional differences in prevalence (2-16%) (13, 14,
23, 24). FV Leiden affects 15%—25% of patients with
DVT and the risk of DVT in heterozygous carriers is
approximately fivefold higher than in a control popu-
lation (18). FV Leiden mutation was so prevalent in
the general population that the focus shifted from sin-
gle families, which was the case in the defects of AT,
PC and PS, to population-based case-control studies
(14).

FIl G20210A gene variant

Shortly after the FV Leiden variant, substitution G
to A at position 20210 in the 3’-untranslated region of
the Factor Il (FIl) gene was described (26). Fll
G20210A variant was associated with increased con-
centrations of Fll in plasma, leading to increased throm-
bin generation and hypercoagulability. This gene vari-
ant was also found to be common in healthy Caucasian
populations (1-6%). FlIl G20210A was detected in
6-18% of thrombophilic patients and the presence of
FIl 20210A allele is associated with an approximately
fourfold increased risk of DVT (14, 18, 24, 27). Apart
from Fll G20210A, many gene variants have been
detected in the 3’ end of the prothrombin gene, such
as: A19911G, C20068T and C20211T (28, 29). The
propensity to the new gene variants, which might lead
to hypercoagulation, has been explained by the unusu-
al architecture of non-canonical sequence elements in
the 3’ end of the prothrombin gene (28, 30).

Antithrombin resistance

Recently, a novel thrombophilia mechanism
named AT resistance was proposed, based on the FlI
c.1787G>T mutation identified in a Japanese family
with juvenile thrombosis. The mutation leads to im-
paired inhibition of mutant thrombin (p.Arg596Leu)
by AT, resulting in AT resistance and an increased risk
of thrombophilia (31).

A novel Fll ¢.1787G>A mutation, affecting the
same prothrombin Arg596 residue, has also been
reported recently in two unrelated Serbian families
with severe recurrent thrombosis (32). These studies
have shown that the reported mutations are rare, but
future investigations are needed to determine their
frequency and clinical relevance.

FGG C10034T gene variant

A single nucleotide polymorphism C10034T in
the fibrinogen gamma-y (FGG) gene has been associ-
ated with increased thrombophilia tendency (33). The
fibrinogen chain mRNA transcript is the subject of alter-
native processing and polyadenylation. The main form
is the YA chain, while the alternative y’ chain arises
when polyadenylation occurs at an alternative polyade-
nylation signal in intron 9 (34). Fibrinogen y’ contains a
unique high-affinity non-substrate binding site for
thrombin, which seems critical for the expression of the
AT activity during fibrin formation. The FGG 10034T
allele is associated with reduced yA/y’ fibrinogen levels
and with a 1.47 increased risk of DVT (33).

PAI-1 4G/5G gene variant

A deletion/insertion (4G/5G) polymorphism of
the PAI-1 gene has been correlated with levels of
plasma PAI-1. This gene variant is located at position
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—675 in the promoter region of the PAI-1 gene and
leads to increased expression of PAI-1. The 4G allele
is associated with higher levels of PAI-1, and might
increase the risk for thrombotic events through
impaired fibrinolysis (35, 36).

Other genetic risk factors

In 1969, Jick et al. (37) reported an association
between non-O blood group and increased risk of
DVT. Recent studies have clarified this association and
verified that B and A1 blood groups are at higher risk
than O and A2 blood groups, with the relative risk of
approximately 2 (38, 39). It is assumed that an ABO
blood group could contribute to thrombosis risk
through modifications of von Willebrand factor (VWF)
and factor VIII (FVIII) levels in plasma (40, 41). On
the other hand, several studies have revealed that
ABO blood groups remain significantly associated
with elevated prothrombotic risk, even after adjust-
ment for FVIII or VWF levels (41, 42). Elevated plas-
ma levels of FVIII and VWF are also established risk
factors for DVT (43). It was found that the relative risk
of recurrent thrombosis was 6.7-fold increased in
patients with FVIII levels greater than the 90th per-
centile (44). The genetic variation influencing the var-
iability of these phenotypes is not yet clearly defined.

In the past years, increasing evidence has shown
that genetic factors may play important roles in pa-
tient response to anticoagulant therapy. Polymor-
phisms in genes CYP2C9 (encoding the main cyto-
chrome P4590 enzyme) and VKORC1 (encoding the
warfarin target vitamin K epoxide reductase) were
associated with variability in warfarin dose require-
ment (45-48). Current knowledge about the genetic
factors affecting other anticoagulants is more limited
and this area requires future studies (46).

Interaction between genetic risk factors

It has been shown that two or more risk factors,
rather than just one particular genetic risk factor, lead
to thrombotic disorders (11, 27). Combinations of
different candidate gene variants have been exten-
sively studied in an attempt to elucidate their possible
association with increased thrombotic tendency (11,

13, 27, 49). In a recent study, De Haan et al. (50)
analyzed the interaction of 31 prothrombotic gene
variants. Their results showed that even though some
of the studied variants showed very weak association
with disease, their combination could be useful for
predicting patients’ thrombophilia susceptibility.

Future: from GWAS to personal
medicine

Despite of many studies within this field, the
pathogenesis of thrombophilia in a large number of
patients still remains unexplained. The advances in
DNA technology, from the PCR reaction to large-
scale analysis systems such as sequencing and
microarrays, opened up new possibilities in the genet-
ic research and molecular diagnostics of thrombophil-
ia. Nowadays, large population-based case-control
studies involving thousands of patients are carried out
in order to determine significant thrombophilia risk
factors (51, 52). Also, using new technology approach-
es, especially next-generation sequencing (NGS) and
Genome-Wide Association Studies (GWAS), a num-
ber of new genetic variants possibly involved in the
pathogenesis of thrombophilia have been described.
Although numerous, most of these gene variants are
not of diagnostic value, due to their minor or un-
known impact on the thrombotic risk.

In the future, large amounts of research data
will allow to establish a prediction score for the throm-
bophilia risk. New technological developments will
enable many genes to be studied in a single patient
in a cost-effective manner. This genetic profiling and
environmental risk factors data will allow determina-
tion of »personalized« thrombophilia risk factor scores
and, finally, a therapeutic and prevention approach
tailored for an individual patient.
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