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Genetic risk factors
of thrombophilia

Venous thromboembolism is a common multifactorial disease. Varying com-
binations of risk factors play a role in the onset of the disease. These risk
factors are often environmental, but also genetic risk factors are essential.
These genetic risk factors include common gain-of function mutations in the
procoagulant plasma protein factors V and prothrombin that occur with a
relatively high prevalence in Caucasian populations. Mutations in anticoag-
ulant factors are also important. These loss-of function mutations are char-
acterized by an overwhelming diversity but low abundance in the population.
This low prevalence in the population is probably caused by the loss of mu-
tant alleles from the gene pool through critically ill homozygous subjects. The
gain-of function mutations in procoagulant proteins differ from the loss-of
function mutations in this respect, as homozygous individuals are relatively
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1. INTRODUCTION

Upon vascular injury the coagulation system becomes
activated in order to stem the bleeding. This procoag-
ulant mechanism is counteracted by intricate anticoag-
ulant networks that protect from unnecessary and ex-
cessive clot formation. Under normal circumstances
these systems are quiescent and in balance, and profuse
bleeding or runaway coagulation are therefore rare even-
ts. Only in unusual circumstances (oral anticoagulant
treatment, septic shock, hereditary coagulation defects,
etc.) do major coagulation problems occur. In addition,
apparently unprovoked thrombus formation may occur,
particularly in older persons. Examples of this are deep
venous thrombosis of the leg and pulmonary embolism.

Such venous thrombotic events do not occur ran-
domly, and both acquired and genetic risk factors play
a determining role. Classical acquired risk factors include
advancing age, cancer, prolonged bed rest and surgery.
In approximately 25% of the patients genetic risk fac-
tors are found. This review will focus on the spectrum

Antithrombin deficiency
Factor V-Leiden
Protein C deficiency
Protein S deficiency
Prothrombin 2021 OA

displayed by the mutations that underlie these genetic
risk factors.

Mutations in important segments of a gene are detri-
mental to function and lead to a so-called loss-of func-
tion abnormality. But there are rare cases where a mu-
tation will improve the functionality of a gene or gene
product, in other words leads to gain of function. In the
genetic risk factors for venous thrombosis both types of
mutation are significant. Predictably, the gain-of func-
tion mutations go with procoagulant factors, whereas the
loss-of function abnormalities occur in anticoagulant
genes.

2. COAGULATION INHIBITORS
2.1 Antithrombin

Antithrombin is the most important circulating inhibitor
of the coagulation cascade. Not only thrombin, but also
other serine proteases such as factors IXa, Xa, Xla and
Xlla are, to a variable extent, inhibited by antithrombin.
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Loss-of function mutations in the antithrombin gene
cause antithrombin deficiency. Homozygosity for an-
tithrombin deficiency is extremely rare, and probably zero
antithrombin levels are not compatible with life.! Het-
erozygous antithrombin deficiency is associated with a
predisposition to venous thrombosis.

On the basis of plasmatic tests, different classification
schemes for antithrombin deficiency have been pro-
posed.? In the most recent scheme, two principal types
of deficiency are recognized. Type | is a quantitative de-
ficiency, with plasma levels of antithrombin around 50%
of normal. In type 1l deficiency, levels are roughly nor-
mal, but functional activity is impaired. Type II can be
further subdivided on the basis of the nature of the func-
tional defect. Mutations in the reactive site are referred
to as RS, and mutations in the heparin-binding site as
HBS. The remaining functional mutations are classified
as pleiotropic, or PE.

In 1983, a large deletion of the antithrombin gene was
documented.? Since then, numerous mutations have
been discovered in affected pedigrees (more than 250
to date).? Not surprisingly, type I deficiency is associated
with a wide spectrum of mutations, including large dele-
tions, frameshift mutations, premature stopcodons, and
splice junction mutations. In type II RS deficiency, mu-
tations are in (or influencing) the reactive site, whereas
type II HBS mutations are in the heparin- binding re-
gion of antithrombin. The missense mutations that un-
derlie type II PE deficiency tend to cluster in the C-ter-
minal region of the protein.

2.2. Heparin cofactor II

This circulating anticoagulant protein is very homolo-
gous to antithrombin. Heterozygous deficiency appears to
predispose patients to arterial and venous thrombotic dis-
ease, but solid evidence to support these claims is still
lacking. Two frameshift mutations have been described
in heterozygous deficiency. One, insertion of a T in exon
2, was discovered in a Japanese patient who suffered from
coronary artery disease.? The second mutation, a deletion
of two nucleotides in exon 5, was found in two appar-
ently unrelated Italian patients with thrombophilia.®

2.3. Protein C

Protein C is the plasma zymogen of a serine protease
that plays a central role in limiting the activity of the co-
agulation cascade.® Thrombin formed during coagulation
is responsible for conversion of protein C to activated
protein C (APC). This activation takes place on the sur-
face of endothelial cells and monocytes by thrombin in

A27

complex with thrombomodulin. APC restrains blood co-
agulation by cleaving the activated cofactors Va and VI-
[la into inactive fragments: this cleavage requires pro-
tein S as a cofactor in order to proceed efficiently.

Loss-of function mutations in the protein C gene lead
to protein C deficiency. In 1981, i.e. well before the gene
was cloned and sequenced, the first family with het-
erozygous deficiency was discovered.” Soon thereafter
the first reports appeared on homozygous deficiency.?
This condition is much more severe than heterozygous
deficiency, and life-threatening thrombotic complications
start immediately after birth. This differs sharply from
the late-onset episodes of deep venous thrombosis or
pulmonary embolism that arise in only a minority of het-
erozygous carriers.

Not all mutations lead to a complete disruption of gene
function. Differences in severity between mutations can
be evaluated only in homozygous or compound het-
erozygous patients. Severe mutations, like a premature
termination codon, lead to purpura fulminans at birth.
Mutations that leave some activated protein C to be pro-
duced, even if this is only several percent of normal,
protect the patient from immediate symptoms and may
delay the first episode of venous thrombosis until early
adulthood.” It is not known whether these milder mu-
tations also lead to less of a thrombotic risk in het-
erozygous form.

Around 200 different mutations in protein C deficiency
are known.?’ This fact serves to illustrate once more that
loss-of function mutations have a propensity to be very
heterogeneous. It is as if every family possesses its private
mutation, and the mutations that have been discovered
cover the whole spectrum of imaginable abnormalities.
These include missense mutations, promoter mutations,
RNA-processing mutations and frameshift mutations.

Although families often have private mutations, some
mutations occur more frequently. For example, the
Arg230Cys replacement has been documented in at
least 28 independent families. Two factors play a role
in the recurrence of mutations.!!

Firstly, recurrent mutations typically occur at so-called
CpG dinucleotides, which are known hot spots where
mutations preferably take place. Secondly, apparently
distinct families may have a common ancestor (founder)
in the past. In one example, this ancestor was traced
back to the eighteenth century.’?

2.4. Protein S

Protein S is the cofactor of protein C in the inactivation
of factors Va and VIlla. The human genome contains
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two copies of the protein S gene on chromosome 3.7
Only one of these copies is normally intact and active.
The second copy is heavily mutated and does not pro-
duce any mRNA and is therefore considered a pseudo-
gene. Although clinically irrelevant, the pseudogene
complicates the genetic analysis of protein S deficiency.

The first cases of heterozygous deficiency were pub-
lished in 1984.% Clinical symptoms in heterozygous de-
ficiency are similar to those in heterozygous protein C
deficiency, thus being of late onset and relatively mild.
Only few cases of homozygous deficiency have been
thoroughly documented, and these were associated with
extremely severe thrombotic disease in newborns.”

Around 100 different mutations have been documented
in protein S deficiency, and the spectrum is wide-as
expected for loss-of function mutations—and comparable
to that observed for protein C deficiency.’® The mutations
are spread across the gene and include splice-junction ab-
normalities, premature stopcodons, frameshift mutations,
missense mutations, and large deletions.

Several polymorphisms, i.e. sequence variations not
clearly associated with altered gene function, are known
for the protein S gene. The Heerlen polymorphism is a
notable example.'” This polymorphism was originally con-
sidered to be neutral and of little clinical importance be-
cause plasmatic tests failed to show abnormal activity or
levels. However, the neutrality of the Heerlen polymor-
phism has been recently challenged.’®** Using a variety of
assays, two independent studies showed that the Heerlen
polymorphism may be associated with low levels of free
protein S (type Il deficiency). It was also claimed that
protein S Heerlen displays a higher affinity for its plasma
companion C4b-binding protein. Therefore, it cannot be
excluded that this polymorphism may turn out to be a
risk factor for thrombotic disease after all. It is likely that
the contribution to risk will be modest at best, however,
because compound heterozygotes carrying a truly defi-
cient allele and a Heerlen allele are not severely ill.*

2.5. Thrombomodulin

Thrombomodulin is an integral membrane protein of
endothelial cells and monocytes. When thrombin binds
to thrombomodulin, it loses its procoagulant activity but
becomes capable of activating protein C. Given this cru-
cial function in the protein C pathway, a hereditary d-
eficiency of thrombomodulin might very well play a role
as a risk factor for thrombotic disease.

At present, a handful of missense mutations are known
in the thrombomodulin gene of patients with venous
thrombosis.?>?! It remains difficult, however, to judge the
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relationship between these mutations and disease. One
reason for this is that simple functional assays are not
in place to prove that these mutations are detrimental
to thrombomodulin gene function. Indeed, in vitro data
obtained with the first mutation ever reported in the
thrombomodulin gene, Asp468Tyr, did not reveal any
abnormality in production levels or functional activity.?

A particular amino acid dimorphism, Ala455Val, oc-
curs with frequencies of 0.81/0.18 in Caucasians.? It is
well established that this dimorphism is not a risk factor
for venous thrombosis. There is one claim that the A al-
lele is more frequent in survivors of myocardial infarc-
tion (MI), but this was not confirmed in a second
study.?*? The latter study also reported on the preva-
lence of three novel promoter variations in MI survivors.
Although the results are not robust, there was an indi-
cation that the promoter variations were more common
in the patients. The potential role of thrombomodulin
mutations in MI recently received further support from
the documentation of a frameshift mutation in a family
with arterial disease.? Again, the data are not final, but
add further to the notion that thrombomodulin mu-
tations may be more important in arterial thrombotic
disease than in venous disease.

2.6. Endothelial-cell protein C receptor (EPCR)

The recently discovered EPCR on endothelial cells is
an important regulator of the protein C anticoagulant
pathway.?” Recently, the EPCR gene has been charac-
terized, which opens up the possibility of searching for
mutations in this gene.? Indeed, a 23-base-pair inser-
tion in exon 3 has been identified which may predis-
pose patients to venous thrombosis.?’ Further studies are
clearly needed in order to evaluate the importance of
these findings.

2.7. Tissue factor pathway inhibitor (TFPI)

TFPI is a so-called Kunitz-type inhibitor that plays a
major role in the inhibition of the intrinsic coagulation
pathway.* Inhibition takes place by the formation of a
quaternary complex between tissue factor, factor Vlla,
factor Xa and TFPI. Because of its inhibitory function,
TFPI is a candidate risk factor for thrombotic disease;
however, with plasmatic assays, no clear qualitative or
quantitative deficiency states have been found.

Recently, systematic sequencing of the TFPI gene has
yielded four different polymorphisms (Prol51Leu,
Val264Met, T384C exon 4, and C-33T intron 7).°%% It
is not known whether these sequence variations affect
plasma levels of antigen and/or activity, with the possi-
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ble exception of the Val264Met mutation, for which lower
TFPI levels have been claimed.* It is also uncertain whe-
ther these polymorphisms influence thrombotic risk. The-
re has been one claim that the Pro151Leu replacement
is a risk factor for venous thrombosis, but this could not
be confirmed in a second study.®%

3. PROCOAGULANT PROTEINS
3.1. Factor V

In the coagulation cascade, factor V acts as cofactor
for the serine protease factor Xa. Homozygosity for loss-
of function mutations in the factor V gene leads to a
bleeding disorder. The most common defect in the fac-
tor V gene, however, is a gain-of function mutation which
is not associated with bleeding but with venous throm-
bosis. This mutation is often referred to as factor V-Lei-
den, and is responsible for a plasmatic abnormality
called APC resistance.® The genetic basis of factor V-
Leiden is mutation of the Arg506 inactivation site in fac-
tor Va.*® As a result, factor Va Leiden is less easily in-
activated by APC, whereby the procoagulant properties
of factor V are enhanced. The factor V-Leiden abnor-
mality has a prevalence of about 3% in Caucasians, and
a great variety of studies have shown factor V-Leiden
to be the most common risk factor in venous thrombo-
sis in Caucasians.

Most individuals are heterozygous for factor V-Leiden,
but homozygous individuals are also common. Ho-
mozygotes have a higher risk of thrombosis than het-
erozygotes.’’ Please note, however, that the symptoms
in these homozygotes are much milder than in those
with homozygous protein C or protein S deficiency. In
this respect, there is a critical difference between mu-
tations in procoagulant versus anticoagulant proteins.

At least in Caucasian populations, the prevalence of
factor V-Leiden is much higher (range 1-10%) than the
prevalence of protein C, protein S or antithrombin de-
ficiency. In part, this high prevalence can be understood
from the fact that factor V-Leiden homozygotes are mild-
ly affected, so that there is less selective pressure on this
abnormality than on mutations responsible for antico-
agulant abnormalities. On the other hand, there is evi-
dence that factor V-Leiden carriership has a negative ef-
fect on pregnancy outcome, and therefore it is reason-
able to assume that there must also be positive selective
pressures acting on the prevalence of factor V-Leiden.
One possibility is that factor V-Leiden protects against
intrapartum bleeding.?® Although hard evidence is still
lacking, another possibility is that enhanced coagulation
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may improve the innate host response against infection.
Improved host defense might contribute to the preva-
lence of factor V-Leiden by improving survival from
severe infection.

The high prevalence of factor V-Leiden did raise the
question of whether the point mutation has a single o-
rigin (founder) or whether it is a frequent, recurring mu-
tation in the factor V gene. An extensive haplotype ana-
lysis using six polymorphic sites in the factor V gene sup-
ported a single origin for factor V-Leiden and it was es-
timated that it occurred around 21,000 years ago.*

Two other major cleavage sites for APC exist in fac-
tor Va, at Arg306 and Arg679. It is logical to assume,
therefore, that mutations at these sites also have occurred
and that these too play a key role as risk factors for ve-
nous thrombosis. For unknown reasons, this does not
seem to be the case. Although two mutations have been
found at the 306 position (Arg306Thr and Arg306Gly),
only replacement by Thr (factor V-Cambridge) appears
to lead to APC resistance in a plasmatic assay.?>* How-
ever, this mutation appears to be rare in all populations
tested, and its significance as a thrombotic risk factor re-
mains disputable at best. The Arg306Gly mutation (fac-
tor V-Hong Kong) is prevalent among Hong Kong Chi-
nese, is not associated with plasmatic APC resistance,
and, based on currently available data, does not pre-
dispose to thrombosis.*#

Another question that is unresolved is why only one
mutation at Arg506 has been documented. There are
multiple other possibilities whereby single-point mu-
tations could lead to an amino acid replacement and
loss of the cleavage site. Part of the explanation may be
that the factor V-Leiden mutation obeys the so-called
G-to-A rule for mutations at CpG dinucleotides. These
CpG dinucleotides are well-known hotspots for mu-
tation, and therefore the factor V-Leiden abnormality is
predicted to occur preferably. A second point to con-
sider is that it cannot be excluded that the other possi-
ble mutations at the 506 cleavage site also interfere with
the procoagulant properties of factor V. If this negative
effect on procoagulant properties is not matched or su-
perseded by the effect of loss of APC cleavage, a bleed-
ing tendency, rather than a thrombotic tendency, results.

A number of gene polymorphisms are known for the
factor V gene. A particular haplotype (HRZ) seems to
be associated with partial APC resistance.” Several
studies have claimed that this haplotype predisposes to
venous thrombosis.*** A recent study, however, could
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not confirm this relationship.” Consequently, the im-
portance of this haplotype remains controversial.

3.2. Prothrombin

Systematic sequencing of the prothrombin gene in a
cohort of probands from thrombophilic families revealed
a novel sequence variant.*’ This variant is a G20210A
substitution involving the last nucleotide of the tran-
scribed prothrombin RNA. The increased risk conferred
by this dimorphism was estimated in the Leiden throm-
bophilia study to be 2.8. Several other studies have con-
firmed these findings.*%

The prothrombin 2021 OA allele is associated with el-
evated prothrombin levels.#” The mechanism by which
prothrombin levels are altered is unknown. May be in-
creased adenylation and improved mRNA stability are
involved. The mutation results in loss of a CpG dinu-
cleotide. The cytosine residues in CpG dinucleotides are
often methylated in the human genome, and perhaps
loss of methylation improves the rate of transcription from
the prothrombin gene.

The prothrombin mutation is prevalent only in the Cau-
casian population (range 1-8%).°° Haplotype analysis
has shown that, like factor V-Leiden, this mutation arose
in a founder about 20,000-30,000 years ago.’! Also, in
accordance to the findings with factor V-Leiden, the rel-
atively high prevalence in the population goes with mild
symptoms in homozygous subjects.*?>*

3.3. Factor VII and fibrinogen

Perhaps the first two coagulation genes for which re-
lationships between common DNA polymorphisms and
plasma levels have been reported are those encoding
factor VII and fibrinogen. The interest in these coag-
ulation proteins has aroused by findings in the North-
wick Park Heart Study that elevated levels were prospec-
tively associated with arterial occlusive disease.*®

The three genes that encode the a-, 8-, and y-chains
are closely clustered on chromosome 4q. Multiple vari-
ations are known in these genes, but most attention has
been focused on two dimorphisms in the B-chain gene:
a Bcl [ polymorphism in the 3’-region, and a Hae III (G-
455A) polymorphism in the 5’-promoter region. The lat-
ter polymorphism was particularly attractive in view of
nearby interleukin-6 and hepatocyte nuclear factor I re-
sponsive promoter elements.

There is general consensus in the literature that these
two genetic variations are associated with the plasma lev-
el of fibrinogen.* From this relationship one can calculate
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the association between genotype and disease suscepti-
bility. The results from studies that address this issue have
been inconsistent at best, and the bottom-line is that there
is little evidence that the calculated genotype-disease re-
lationship indeed exists for arterial disease.®”

With respect to venous thrombosis, there is only one
study that investigated plasma level-genotype—disease re-
lationships for fibrinogen.*®* A positive level-related asso-
ciation was indeed found. Subjects with levels above 5g/L.
had an approximately 4-fold increased risk. The results
with respect to genotype, however, were very puzzling:
H1/H2 heterozygotes displayed a 40% reduction rather
than an increase in risk (the H2 allele contributes to high
levels). These findings cannot be easily reconciled with
an important role of level determining polymorphisms in
the fibrinogen gene. One could even argue that fibrino-
gen levels are not causally related to thrombotic disease,
but secondary to the occurrence of the disease.

The same study also investigated the relationship be-
tween coagulation factor VII levels, a Msp | polymor-
phism in the factor VII gene, and venous thrombosis.*
The study showed that the plasma factor VII level is un-
related to venous thrombosis. In keeping with this, the
allelic distribution of the Msp I polymorphism was the
same in patients and controls. This polymorphism shows
a strong relationship with factor VII levels.”

Consequently, fibrinogen level but not factor VII lev-
el is a risk factor for venous thrombosis. The genetic
studies however question the cause and effect nature of
this risk relationship.

3.4. Factor XIII

Factor XIII has an important role in stabilizing fibrin clots.
This is accomplished by a transglutaminase reaction that
forms covalent bonds between Lys and GIn side-chain
residues near the carboxytermini of yy chains (within
strand bonds) and between ya chains (interstrand bonds)
of fibrin.

Recently, a common mutation in the factor XIII gene,
Val34Leu, has been implicated as a risk factor for vas-
cular disease. It seems protective against MI, and pre-
disposes to intracerebral hemorrhage.®*® Two studies
suggest that the Leu allele may also predispose to ve-
nous thrombotic disease.®*** Again, further studies are
needed before a final verdict can be given.

3.5. Tissue factor

The major initiator of the blood coagulation cascade
is tissue factor (TF). A recent study asked the question
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whether individual differences in TF gene expression
would predispose to thrombosis.** Sequencing of the pro-
moter region of the TF gene vielded 6 novel polymor-
phisms that were distributed over two haplotypes with e-
qual frequencies (designated 1208 D and 1208 I). In a
case-control study of venous thromboembolism, the odds
ratio associated with the presence of at least one D allele
was 0.72. Interestingly, the protective D allele was asso-
ciated with lower levels of circulating tissue factor than
the I allele. Therefore polymorphisms in the TF gene might
well be weak but significant genetic risk factors for venous
thrombosis.

3.6. Emerging risk factors

The LETS (Leiden Thrombophilia Study) recently has
yielded potentially relevant novel associations between
the levels of coagulation factors and thrombotic risk. In
particular, levels of factor VIII, factor XI, and TAFI (th-
rombin activatable fibrinolysis inhibitor) were positively
associated with risk.®>%” Despite searches, however, ge-
netic markers in these genes, that rival the importance
of the factor V and prothrombin markers, have not been
found. Maybe in the near future such genetic markers
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will be identified that further extend the collection of use-
ful predictors of thromboembolic disease.

4. CONCLUSIONS

Mutations in both prothrombotic and antithrombotic
genes predispose to thrombotic disease. The evidence is
extensive and convincing for mutations in the protein C,
protein S, antithrombin, factor V and prothrombin genes.
In particular, the mutations in the latter two genes have
become very popular targets for testing in individuals with
venous thrombosis. This is not surprising in view of the
ease with which genetic testing can be performed for fac-
tor V-Leiden or prothrombin 2021 OA. Genetic testing
for the whole spectrum of mutations underlying antico-
agulant deficiency states remains expensive and time con-
suming, and in these diseases the laboratory analysis will
rely on plasmatic assays for some time to come.

The jury is still out for the other anticoagulant and
procoagulant candidate genes reviewed here. Also, there
are several additional procoagulant genes, such as fac-
tor VIII and von Willebrand factor, that may become im-
portant risk factors once the genetic markers that deter-
mine plasma levels become known.
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