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Abstract—This review summarizes known human genes whose mutations are associated with inherited hemostasis defects.
These genes are divided into three groups. The genes of the first group are responsible for platelet adhesion, activation, and
aggregation. The genes of the second group control the biosynthesis of blood-clotting factors and cofactors. The genes of the
third group are required for the functioning of proteins involved in the anticoagulant system and fibrinolysis.
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Hemostasis is a universal life-supporting system in
humans and animals; it, along with all other biochemical
systems and processes, is under the control of genes.
Genetic information may be distorted due to mutations.
All phenotypic diversities of mutations result from one or
more of three general processes: 1) complete termination
of gene expression; 2) quantitative alteration in gene
expression level; and 3) qualitative modulation of gene
function [1-3].

Complete termination of gene expression leads to the
absence of biological activity of the encoded protein
product. It may be either an effect of alteration in the
polypeptide chain structure of a protein itself or a result of
blocking the various steps of genetic information trans-
mission from gene to the protein, for example, due to reg-
ulatory site damage in genes controlling its transcription
or translation, or its mRNA splicing failures. Mutations
may also lead to quantitative changes in the gene expression
level. In this case, the quantity of the protein synthesized

Abbreviations: kb) kilobases; ADP) adenosine diphosphate;
AP3) adapter complex; APC) activated protein C; ATIII)
antithrombin; FG) fibrinogen; FV) factor V, FVa) activated fac-
tor V; FVII) factor VII; FVIII) factor VIII; FIX) factor IX; FX)
factor X; FXI) factor XI; FXII) factor XII; FXIII) factor XIII;
GP) glycoprotein; HCF II) heparin cofactor II; HRG) histi-
dine-rich glycoprotein; IP;) inositol 1,4,5-triphosphate; PAI-1)
plasminogen activator inhibitor 1; PC) protein C; PL) plas-
minogen; PS) protein S; TF) tissue factor; TFPI) tissue factor
pathway inhibitor; TI) prostacyclin receptor; tPA) tissue plas-
minogen activator; TSP-1) thrombospondin 1; TR) thrombox-
ane A, receptor; TXA,) thromboxane A,; vWD) von
Willebrand’s disease; TM) thrombomodulin.

is either higher or lower than the norm, or its specific
activity is altered (usually diminished). The same result is
observed when mutations modify the protein or its
mRNA stability. Upon the qualitative modulation of gene
function, a new biological activity appears in the protein.
As this takes place, either a substrate specificity of the
enzyme or a character of its interaction with other cell
macromolecules may become changed. All these three
types of molecular-genetic consequences occur in inborn
hemostasis function lesions.

It should be taken in account that a pathologic phe-
notype of the organism is not always a result of mutations
in corresponding genes, but may develop from other caus-
es. For example, autoantibodies arising against a protein
may inhibit its activity and imitate an inborn defect of the
protein [4]. Covalent binding of homocysteine to factor
Va (FVa) under physiological conditions is one of the
causes of FVa resistance to the activated protein C (APC-
resistance) in hyperhomocysteinemia [5].

The inborn hemostasis defects are a serious medical
problem because they strongly affect life quality, and
thrombosis is one of the most prevalent causes of death
[6, 7]. Below we consider the genes of the hemostasis sys-
tem whose mutational damages are associated with its
inherited defects.

MUTATIONS AFFECTING THE PLATELET
ADHESION, ACTIVATION, AND AGGREGATION

The initiation of hemostasis occurs within a few sec-
onds after an injury to the blood vessels in response to the
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interaction of platelets with collagen fibers on the surface
of subendothelium, adhesion, and following aggregation.
Platelet adhesion is mediated by the von Willebrand fac-
tor that plays a role of molecular adapter between a spe-
cific glycoprotein complex on the platelet surface (glyco-
proteins Ib-IX-V) and collagen molecules. The genes
supporting the initial steps of hemostasis, whose muta-
tions are associated with defects of platelet adhesion,
activation, and aggregation, are summarized in Table 1.

Von Willebrand factor (vWf). In hemostasis, vWf exe-
cutes three main functions: provides platelet aggregation
on the subendothelium matrix of damaged vessels, acti-
vates cells, and transfers FVIII in plasma and protects it
against degradation [8-12]. A complete loss of von
Willebrand factor activity is a rare cause of the homony-
mous disease (VWD). This phenotype, called viWD type 3,
is distributed in the World’s populations with a frequency
of (1-5)/1,000,000. A total of fifteen different missense
and nonsense mutations, three microdeletions and inser-
tions, and five large gene rearrangements were described
which led to a complete loss or drastic decrease in biolog-
ical activity and/or biosynthesis of the factor [13-16].

In vWD type 2, which is divided into four subtypes,
certain biochemical properties of vWf rather than its
quantity are affected by missense mutations. The type 24
(10-15% of all clinical cases) is caused by mutations clus-
tering in exon 28 that modify the A2 repeat of the vWf
gene resulting in intracellular transfer defects and accel-
erated proteolytic degradation of vWf after its secretion
[17-21]. Type 2B (<5% of clinical cases) is a consequence
of changes in the Al repeat of the vWf gene (21 missense
mutations and one small deletion), which is accompanied
by an increased affinity of the factor to GP Ib of platelets
with the enhancement of their interaction (including a
spontaneous one) leading to the fast excretion of the
complexes from the circulating blood and to thrombocy-
topenia [22]. vWD type 2M is caused by rare (sporadic
cases) missense mutations or small deletions in the Al
repeat encoding part of exon 28 that do not alter the read-
ing frame. In these cases the biological activity of the fac-
tor decreases, but its multimerization remains normal or
increased [23]. In vWD type 2N, mutations alter the N-
terminal part of the factor and thus affect its interaction
with factor VIII. Lastly, vWD type I is the most frequent
form of this disease, its frequency being (1-30)/1,000 per-
sons [11, 24]. Patients with vWD type 1 are characterized
by moderate bleedings developing against the backdrop of
decrease in both the protein itself and its activity levels to
20-50% of the norm. The ability of vWf for multimeriza-
tion remains unaffected. Symptoms of the vWD type 1 are
caused by many various molecular-genetic mechanisms.
In particular, many patients with vWD type 1 symptoms
are heterozygous carriers of mutations that lead to vVWD
type 3 in the homozygous state [25].

Glycoprotein complex GP Ib-IX-V. Glycoprotein
transmembrane complex GP Ib-IX-V of platelets is one

of the main components participating in their adhesion to
the subendothelial matrix and signal transduction from
collagen via vWf inside the cells [26, 27]. An important
role of this complex in platelet functioning is evident from
the fact that mutations inactivating either GP Ib or IX
lead to the development of rare hereditary disease,
Bernard—Soulier syndrome, which is characterized by
uncommonly large platelet size and prolonged bleedings
that appear due to the broken adhesion of platelets on the
subendothelial matrix of damaged vessels [28]. GP Ib-1X-
V complex consists of three components: integrin GP Ib
composed of two subunits, a and 3, connected with a
disulfide bond, and glycoproteins GP IX and GP V. All of
the protein components of the complex are encoded by
separate genes.

An extracellular domain of GP Iba contains a
sequence with three Tyr residues that are sulfated by tyro-
sylsulfate sulfotransferase of the Golgi apparatus and
form the binding site for thrombin. Here in the intracel-
lular part of GP Iba, two binding sites for vWf are locat-
ed (residues Tyr276-Glu282 and Hisl-Leu275). The
mutational substitutions of these residues are associated
with a pseudo-vWD because they do not affect the vWf
itself [29].

A point mutation in the GP Ibp gene, which causes
the premature termination of its mRNA translation at
amino acid residue 21 and the termination of biosynthe-
sis of the protein, leads to the lack of the entire glycopro-
tein complex on the platelet surface and to the progres-
sion of Bernard—Soulier syndrome [30].

The conservative sequence Leu-Arg-Met in GP IX is
responsible for its interaction with GP Ibp and the stabil-
ity of entire complex on the cell surface. Mutations mod-
ifying this region of the polypeptide chain lead to a defi-
ciency of the entire GP Iba and, as a result, to platelet
adhesion impairment [31, 32].

When in a complex, GP V facilitates the interaction
of thrombin with the GP Iba. subunit and at the same
time acts as its substrate [33]. In transgenic mice with
completely inactivated GP V encoding gene this subunit
is not necessary for the expression of GP Ib-IX complex
on the platelet surface [33]. However, its absence leads to
the enhancement of the action of thrombin on the
platelets followed by their earlier and higher aggregation.
GP V is apparently an inhibitor of platelet activation by
thrombin. There are no known mutations in the GP5
gene.

Integrin oy, is a fibrinogen receptor on the platelet
surface. This glycoprotein complex is composed of two
noncovalently interacting subunits. The subunits are
encoded by separate genes located closely on the chro-
mosome 17 [34]. In response to platelet activation by col-
lagen, thrombin, ADP, or other ligands, the complex
undergoes a conformational change (inside-out signal-
ing) and, as a result, gains the ability to interact with fib-
rinogen and cause platelet aggregation [35]. In turn, the
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interaction of integrin with fibrinogen is accompanied by
a clustering of integrin receptors and signal transduction
inside the cell (outside-in signaling), which is one of the
mechanisms controlling the level of irreversible platelet
aggregation and clot consolidation.

A key role of integrin o35 in clot formation is indi-
cated by severe clinical consequences of its mutational
damage. Such mutations, of which no less than 50 have
been counted in both subunit genes, lead to the progres-
sion of Glanzmann’s thrombasthenia, a rare hereditary
autosomal recessive disease characterized by sporadic
mucosal bleedings [36].

Glycoprotein GP IV (CD36, GP IlIb) is a throm-
bospondin receptor and one of the primary collagen
receptors; it offers an additional mechanism of platelet
adhesion on the surface of collagen matrix [37].
Mutations in the CD36 gene have been found in 2-3% of
the Japanese population, with 40% of patients with
hypertrophic cardiomyopathy exhibiting its dysfunction
[38]. Using biochemical tests and transgenic mice defi-
cient in GP IV, it was found that GP IV provides for fatty
acid transfer into muscle and fat tissue cells [39].

Glycoprotein complex GP Ia/IlIa (integrin o,f;)
expressed on the surface of megakaryocytes and platelets
interacts with collagen, although being expressed on
other cell types it plays a role of laminin receptor [40].
This receptor offers the primary platelet adhesion to
subendothelial surfaces. Allele variants of the o,-subunit
gene have been found, these being associated with either
low or high expression levels of the complex on the
platelet surface. The high expression level is a risk factor
for myocardial infarction or brain insult in young people
[41, 42], whereas the low level is associated with bleeding
and inclination to von Willebrand’s disease [43].
Mutations were found recently in promoter nucleotide
sequence of the a,-subunit gene of this complex, these
determining 10-fold differences in its expression level.
Transcription factors SP1 and SP3 interact with promot-
er sites in which these mutations are located [44].

Glycoprotein GP VI acts as one of the collagen recep-
tors on the surface of platelets that control their activation
and aggregation [45]. Patients with GP VI deficiency dis-
play symptoms of hemorrhagic diathesis. Autoantibodies
to GP VI, which block collagen-induced aggregation,
were found in a single case [46]. These hereditary platelet
anomalies have not been characterized on the gene level.

Thromboxane A, receptors (TR) belong to the family
of receptors associated with G-proteins. Being synthe-
sized preferentially by platelets, TXA, interacting with
TR induces changes in platelet shape and aggregation and
also a contraction of blood vessel walls. In response to
agonist actions, signal transduction occurs accompanied
by activation of phospholipase C p-isoform, which leads
in turn to the elevation of intracellular concentrations of
diacylglycerol and IP; accompanied by intracellular cal-
cium mobilization. In contrast, prostacyclin, another
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prostanoid, acting via a specific receptor TI functionally
bounded to TR, is a vasodilator and inhibits platelet
aggregation. The inhibition, at least in part, results from a
desensitization of TR a-isoform (TRa) [47]. In patients
with disturbed platelet aggregation accompanied by mod-
erate bleedings, a point mutation was found in the TRa
gene that blocks adenylate cyclase activation due to the
Arg60Leu substitution in the polypeptide chain of the
receptor [48].

ADP receptors. There are three ADP receptors
expressed on the platelet surface, two of them being
involved in signal transduction via G-proteins [49]. P2Y1
receptor associated with G -protein activates phospholi-
pase Cg, which is necessary for intracellular calcium
mobilization, and induces some cytoskeleton rearrange-
ments resulting in changes in platelet shape [50]. The sec-
ond receptor, P2YAC, is associated with G;-protein. Its
stimulation accompanied by adenylate cyclase inhibition
is necessary for the successful completion of the aggrega-
tion process. Small deletions in gene (P2Y12) of this
receptor were associated with platelet aggregation defects
[51]. The functions of the third receptor, P2X1, which is
an ADP-induced calcium channel, are unknown [49].

Gelsolin in submicromolar concentrations reversibly
depolymerizes the intracellular actin filaments and simul-
taneously participates in the clearance of actin circulating
in the bloodstream. A point mutation G654T
(Aspl187Asn) in the gelsolin gene is accompanied by
platelet shape changes and bleedings in patients with
hereditary gelsolin-associated amyloidoses [52]. The
importance of gelsolin for hemostasis was confirmed
using transgenic mice with the gene inactivated [53].

Defects of Platelet Storage Granules
and Secretion

A heterogeneous group of hereditary diseases associ-
ated with defects in the - or/and a-granules themselves
and also in their contents is accompanied by hemorrhag-
ic symptoms of various severity [54].

Hermansky—Pudlak syndrome. This syndrome is a
rare hereditary autosomal recessive disorder character-
ized by albinism, bleedings, and defects of cell organelles:
melanosomes, lysosomes, and dense granules of platelets
[55]. Two genes were identified whose mutations are asso-
ciated with this disease: HPS1, encoding a novel cytosolic
and transmembrane protein entering in the composition
of cytoplasmic organelles, and HPS2 (AP3BI). The latter
encodes the B3A subunit of the AP3 adapter complex,
whose role in this disease was confirmed with mutant
mice [56]. In the European population, deletions and
insertions in the codons 321-322 of the HPS1 gene lead-
ing to a reading frame shift are most frequent [55].

Gray platelet syndrome is caused by o-granule defi-
ciency. The same symptoms were described in the defi-
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ciency of P-selectin, a platelet glycoprotein responsible
for the interaction of activated platelets and blood cells
with endothelium [57, 58]. This adhesion receptor stimu-
lates TF synthesis in monocytes and provides for leuko-
cyte gathering around the vessel injury.

Thrombospondin 1 (TSP-1) is a homotrimer glyco-
protein, a component of a-granules, which is secreted by
activated platelets [59]. In the presence of bivalent
cations, it interacts with platelet membranes promoting
platelet aggregation. TSP-1 also interacts specifically
with TFPI, immobilizing it on vessel endothelial cells in
the place the clot is formed [60]. Mutations in the human
TSP-1 gene are not known, but acute pneumonia and
pulmonary bleedings accompany complete inactivation
of this gene in mice [61], indicating its possible involve-
ment in corresponding human pathologies.

MUTATIONS AFFECTING THE ACTIVITY
OF BLOOD-CLOTTING FACTORS

Thrombin is a multifunctional proteinase and one of
the main hemostasis elements that acts as a powerful pro-
coagulant: it activates platelets via PAR1 and PAR4
receptors and cleaves fibrinogen into fibrin. Also, throm-
bin plays a role of specific anticoagulant activating the
protein C system [62]. It plays an important role in
inflammatory processes and embryogenesis, particularly
in atherogenesis, and development of the nervous system
and some of its pathologies [63-66]. Known mutations in
the thrombin gene are often associated with hereditary
lesions of the blood-clotting system. Two main types of
phenotypic traits were described for these mutations. In
prothrombin deficiency, moderate bleedings occur due to
the clot formation defects [67]. The elevated level of pro-
thrombin in plasma, for example as a result of the muta-
tion G20210A, is associated with thrombophilia [68]. The
latter mutation is located in the 3'-terminal non-coding
region of the prothrombin gene and does not affect its
polypeptide chain, but apparently stabilizes its mRNA.
This mutation is widely distributed in the United States
and in European populations and is one of the most seri-
ous risk factors for venous and arterial thromboses [69,
70] (Table 2). Our studies suggest that this mutation, as
well as the Leiden mutation to be discussed below, is asso-
ciated with thromboses in Russia too [71, 72].

Factor V (FV) is a single-chain glycoprotein. As a
result of proteolytic activation with thrombin, it converts
to the activated FV (FVa), a cofactor of the factor X (FXa)
[73]. Two types of mutational damage have been found in
the FV gene. The first type of mutations lead to the FV
deficiency, the second lead to FVa resistance to inactiva-
tion with APC (APC-resistance) resulting phenotypically
in bleedings or thrombophilia, respectively [74, 75].
Unlike experimental animals, a complete loss of FV due
to homozygous mutations is not lethal but rarely distrib-

uted (about 1/1,000,000) [75, 76]. APC-resistance due to
the factor V Leiden (a point mutation that leads to the
substitution Arg506Gln in the FV polypeptide chain) is
one of the most frequent causes of hereditary throm-
bophilia in both European and Russian populations [74,
77]. Other, less frequent mutations in the FV gene have
been found (Cambridge, Arg306Thr and Hong Kong,
Arg306Gly) that also lead to APC-resistance [78, 79].
Thrombophilia is also characteristic of compound
homozygotes with one allele of the FV gene carrying the
factor V Leiden and the other allele inactivated [80].

Factor VII (FVII) is a precursor of a vitamin K-
dependent serine proteinase. In a complex with TF, VIIa
activates factors FIX and FX, thus being involved in the
initiation of blood clotting. Inherited FVII deficiency is a
rare autosomal recessive disease characterized by bleed-
ings of various severities [81, 82]. Patients suffering from
the most severe form of FVII deficiency (complete loss of
its activity) are nonviable and die of bleedings shortly
after the birth.

Factor VIII (FVIII) circulating in plasma is present
in giant glycoprotein complexes with vWf that protect it
against degradation. The activated form, FVIIIa, actsas a
cofactor of FX activation with factor IXa on a phospho-
lipid surface, many times accelerating this process [83,
84]. Upon the activation, FVIII undergoes a proteolysis,
releases from the complex with vWf, and after the loss of
a short peptide FVIII processed becomes able to combine
into active heterotrimeric form. In this form, FVIIIa is
able to interact with phospholipid surfaces and with the
FX—FIXa complexes residing on them. In these com-
plexes, FVIIIa can undergo inactivation by APC, throm-
bin, FIXa, and/or FXa. This abundance of specific pro-
tein-to-protein and other interactions of FVIII is a basis
for their impairments by mutations accompanied by
hemophilia A that is distributed (in the USA) with a fre-
quency of about 1/10,000 men [84]. Indeed, more than
600 various mutations affecting FVIII functioning have
been described in all of the 26 exons of its large gene
located on the sex chromosome X [85].

Factor IX (FIX) circulates in the blood flow as a
zymogen of a serine proteinase. It can be transformed
into the active form (FIXa) in two proteolytic steps by the
complexes FXIa—Ca?" or FVIla—TF—Ca’" and there-
with becomes able to activate FX in the presence of
FVIlla as a cofactor [86]. Multiple mutations affecting
protein-to-protein interactions, processing, and/or inac-
tivating FIX are accompanied by bleedings (hemophilia
B). More than 650 mutations are known in all exons of its
gene [87]. Hemophilia B is inherited as a chromosome X-
coherent disease and is diagnosed in 1/30,000 men [88].

Factor X (FX) circulates in the blood as a zymogen of
a vitamin K-dependent proteinase that plays a key role in
the conversion of prothrombin to thrombin. The activa-
tion of FX with formation of FXa occurs under the action
of the complexes FVIIa—TF (outer tenase) or
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FIXa—FVlIlla (inner tenase). FXa, when in a membrane-
associated prothrombinase complex with FVa—Ca®", exe-
cutes a proteolytic processing of prothrombin [62]. Also,
FXa interconnects the blood-clotting and inflammatory
processes: it activates leucocytes, endothelial, and
smooth muscle cells via interaction with their surface
receptors resulting in the release of multiple growth fac-
tors and cytokines [89]. A mutational FX deficiency is
accompanied by explicit clinical consequences, such as
bleedings of various severities [90].

Factor XI (FXI) is a zymogen of a serine proteinase;
unlike all of the other factors, it circulates in the blood
flow in a complex of its homodimer bound with disulfide
bonds and high-molecular-weight kininogen [91, 92]. As
soon as the FXI—kininogen—FXIla complex is formed
on the platelet surface, the activated FXIa that is neces-
sary for the activation of FIX is formed as a result of
restricted proteolysis. Genetic defects of FXI are rare
and are primarily specific for Ashkenazi Jews [93, 94].
The peculiarity of bleedings accompanying these genetic
defects is the absence of correlation between disease
severity and the level of FXI activity in patients. For
instance, no symptoms can be present in a total deficien-
cy of FXI [93, 95]. This kind of phenotypic trait hetero-
geneity may be partly explained from the FXI isoform
present in platelets and expressed on the cell surface,
whose amino acid sequence encoded by exon 5 is missed
due to the alternative splicing of its pre-mRNA [96].
Data on the existence of this isoform in humans are con-
tradictory [97].

Factor XII (Hageman factor, FXII) circulating in
blood is a glycoprotein precursor of a multifunctional ser-
ine proteinase. Activated FXII (FXIIa) that is formed due
to the single proteolytic split of the precursor polypeptide
chain plays an important role in the contact phase of
blood clotting by the proteolytic activation of FXI. FXIla
is also involved in the fibrinolytic process as an activator
of prekallikrein, because the latter in turn activates FXII
itself, the kinin system, and a urokinase-type plasmino-
gen activator u-PA. FXIla involvement in the activation
of complement was also reported [98]. Anticoagulant
functions of FXIIa are also expressed via its interaction
with GP Ib-IX-V on the platelet surface followed by the
inhibition of platelet activation by thrombin and their
subsequent aggregation [99]. Inborn defects of FXII
affecting its biosynthesis, activation, and protein-to-pro-
tein interactions are, as a rule, asymptomatic or associat-
ed with thrombophilia [100].

Factor XIII (fibrin-stabilizing factor, FXIII) circu-
lating in the blood flow is a thrombin-activated het-
erodimeric (A,B,) transglutaminase precursor composed
of two subunits: catalytic (A) and non-catalytic (B)
[101]. There are tissue homodimeric (A,) forms of this
factor in megakaryocytes/platelets, monocytes, macro-
phages, and placenta cells, which lack B-subunits [102].
Activated FXIII (FXIIIa) cross-links the polypeptide

chains of fibrin to form amide bonds between y-carboxyl
groups of glutamate residues and e-amino groups of
lysine residues. Collagen, fibronectin, and a,-plasmin
inhibitor are also substrates of FXIIIa. These reactions
are expressed physiologically in increased thrombus
strength and elasticity and also in its resistance to plas-
min. Inborn FXIII deficiencies are accompanied by the
lasting bleedings associated with hampered anapleroses
and spontaneous abortions [103]. Most FXIII deficien-
cies are associated with mutations in the gene FI341
encoding the A-subunit, and a few of them are associat-
ed with the gene FI3B encoding the B-subunit [104].
Great interest is given to the recently found widespread
polymorphism of the FI3AI1 gene resulting in the
Val34Leu mutation in the A-subunit, which is localized
close to the site of proteolytic activation of FXIII [105].
Homozygous mutations were found to lead to a signifi-
cant increase in FXIIIa activity, which inscrutably pro-
tects the organism against thromboses and cardiac
infarctions [106, 108].

Tissue factor (TF) is a membrane glycoprotein,
receptor, and FVII/FVIla cofactor involved in the
outer blood-clotting pathway [109, 110]. TF initiates a
blood-clotting cascade, which partially explains the
low frequency of its inborn defects. Actually, in mice
with inactivated tissue factor gene most of progeny die
in early embryogenesis [111]. Now the only mutation
known affecting the factor functions is a small inser-
tion in the 5'-terminal non-coding region of the gene
[107].

Fibrinogen (FG) is a plasma glycoprotein composed
of two sets of three structurally different polypeptides: o
(FGA), B (FGB), and y (FGG); each is encoded by a
separate gene [112]. FG is a platelet adhesion protein.
Thrombin converts FG into fibrin. Due to alternative
splicing and intense posttranslational modifications, a set
of highly heterogeneous FG molecules is present in plas-
ma. Mutations in all three FG genes have been described,
which lead to dysfibrinogenemia or afibrinogenemia with
lowered or absent FG contents in plasma [113-117].
However, even afibrinogenemia is accompanied by only
moderate bleedings.

MUTATIONS AFFECTING THE ANTICOAGU-
LANT FACTORS AND FIBRINOLYTIC SYSTEM

Thrombomodulin (TM) is a glycoprotein that is
expressed on the endothelial cell surface and forms a
complex with thrombin (1 : 1) [118]. In the complex with
TM, thrombin alters its specificity for some proteins, for
example, 1000-fold increases its affinity to protein C and
activates it to form the natural anticoagulant. Mutations
in the TM gene are the cause of thrombophilia accompa-
nied by thrombembolia and cardiac infarction [119, 120]
(Table 3).
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Antithrombin (ATIII) belongs to a superfamily of
protein serine proteinase inhibitors (serpins) and is one of
the significant inhibitors of thrombin [121]. Alike TFPI,
ATTIII is one of the most important negative regulators for
the outer blood-clotting pathway. ATIII interacts with the
TF—FVIla complex and causes its dissociation [122]. The
polypeptide chain of ATIII contains two main functional
domains: the C-terminal domain interacts with pro-
teinases, and the N-terminal domain carries two binding
sites for heparin and heparin sulfate proteoglycans of
endothelial cell surface. Inborn ATIII deficiency caused
by mutations in its gene is distributed with a frequency of
1/3,000 persons. These mutations have been found over
the entire length of the gene and are often associated with
thrombophilia [123]. Two types of inborn ATIII defects
are distinguished: the classic deficiency type I is connect-
ed with nearly complete loss of the protein or its func-
tional activity; type II deficiency is associated with genet-
ically changed protein variants with damaged active cen-
ter (subtype RS, reactive site), heparin binding domain
(subtype HBS, heparin binding site), and multiple dam-
ages (subtype PE, pleiotropic effect).

Protein C (PC) is a vitamin K-dependent glycopro-
tein, precursor of activated PC (APC), and natural anti-
coagulant. APC acts as an anticoagulant in a complex
with PS in the presence of phospholipids by means of
proteolytic cleavage of activated FVa and FVIIIa [124].
PC deficiency due to various mutations is a serious risk
factor of venous thromboses and is inherited as an auto-
somal dominant trait. The frequency of mutations result-
ing in PC deficit in heterozygous state is 1/16,000-30,000
persons [125, 126]. Severe forms of PC deficiency due to
either homozygous or compound heterozygous mutations
are accompanied by rapid lethal outcome resulting from
thromboses in the early postnatal period [127].

Protein S (PS) is a vitamin K-dependent cofactor of
activated PC [128]. When in a complex with APC, PS
increases ~10-fold the APC affinity to the phospholipid
surface of endothelial cells and platelets, wherein the
interaction with the surface increases ~20-fold the ability
of the PC—PS complex to inactivate FVa. About 40% of
PS is free, and the remainder exists in a complex with
C4b-BP—the protein regulator of the classic complement
pathway. The free PS only acts as a cofactor [129].
Autosomal dominant inheritance type is characteristic for
inborn PS deficiency that is found in 1-5% of patients
with venous thromboses [130-132]. Corresponding het-
erozygous mutations in the human genome increase 5-
10-fold the risk of venous and arterial thromboses. There
are three distinctive types of hereditary PS deficiency: in
type I, I1, or III a decrease in the total protein, its specif-
ic activity, or free PS level in plasma, respectively, is
observed.

Tissue factor pathway inhibitor (TFPI) is a glycopro-
tein that belongs to the Kunitz inhibitor superfamily.
Most of TFPI is associated with the vessel endothelium

cells via complex formation with TSP-1 [60]. TFPI
inhibits FXa activity and, as a result, the activity of the
VIIa—TF complex [133]. A heterozygous mutation in
exon 7 of the TFPI gene is possibly associated with deep
vein thromboses [134], and a polymorphism in a promot-
er region of the gene is accompanied by alterations in the
level of TFPI synthesis [135]. An important role of TFPI
in hemostasis is indicated by severe consequences of total
inactivation of the gene in transgenic mice, which die of
bleedings in the prenatal period [136].

Heparin cofactor II (HCF II) is an inhibitor of
thrombin [137]. A HCF II deficiency was described in a
patient with a coronary disorder and recidivating
stenoses after coronary angioplasties [138]. A homozy-
gous mutation in HCF2 gene in combination with a het-
erozygous mutation in ATIII gene was described in a
woman with venous thromboses. Thromboembolic
epiphenomena did not occur in her sister also carrying
homozygous mutation in the HCF2 gene, but not in the
ATIII gene [139].

Plasminogen is the precursor of plasmin (PL), whose
broad substrate specificity provides potential danger of its
uncontrolled activation [140]. Fibrinogen and fibrin are
the main PL substrates. The blood-clotting factors, such
as V/Va, VII, VIII, IX, X/Xa, and XII, are also substrates
of PL [141-143]. PL also influences cell adhesion and
migration via its activity towards the extracellular matrix
proteins [140]. Inborn defects of PL are often associated
with thrombophilia [144, 145].

Tissue plasminogen activator (tPA) is synthesized by
the vessel endothelium cells in the form of a PL-activated
precursor [140]. tPA is mainly located and expressed in
the vicinity of a thrombus due to its high affinity to fibrin,
which is an activator of tPA [146]. Inborn hemostasis dis-
orders associated with elevated tPA level in plasma and
bleedings and also with its impaired secretion by endothe-
lial cells were accompanied by familial thromboses [147,
148].

Plasminogen activator inhibitor 1 (PAI-1) is an
important component of the fibrinolytic system. Its
inborn deficiency is accompanied by bleedings, and over-
expression by the development of thrombophilia [149-
151]. Insertion/deletion polymorphism of a single G-base
in the promoter region of the PAI-1 gene (4G/5G) is cur-
rently under study; a homozygous deletion (4G/4G-
genotype) leads to elevated PAI-1 level due to the activa-
tion of its gene transcription [149, 152]. Patients with
homozygous deletion much more often display hereditary
coronary disorders due to elevated PAI-1 level and corre-
sponding inhibition of PA activity.

Histidine-rich glycoprotein (HRG) that is abundant-
ly present in plasma forms complexes with fibrinogen,
FXIlIIa, plasminogen, and heparin [153]. The point sub-
stitution Gly85Glu identified in the polypeptide chain of
HRG results in a dysfunction of its secretion from the
platelet o-granules with a decrease in its level to 21% of

BIOCHEMISTRY (Moscow) Vol. 67 No.1 2002



HEREDITARY HEMOSTASIS DISORDERS 43

control [154, 155]. HRG deficiency was associated with
inherited thromboses, indicating an anticoagulant func-
tion of this glycoprotein.

Recent studies show the important role of genetic
factors in many human diseases. Hemostasis system dis-
orders are no exception in this respect. In this review we
have considered the genes whose known mutations mod-
ify the biochemical properties of the encoded proteins
involved in the hemostasis system. Numerous syndromes
of blood-clotting disturbances with familial inheritance
but unknown genes involved in pathological process are
out of the scope of consideration. Many such examples
are given in the OMIM database [3]. Taken together,
these facts suggest the possibility of a rapid increase in the
number of known genes and mutations associated with
inherited hemostasis defects in the offing.

Nevertheless, it would be a mistake to assume that
simple accumulation of such information rapidly leads
to qualitative changes in diagnostics and prevention of
blood-clotting associated diseases. Since any human
gene acts within the integrated genetic system formed
by a unique set of allele variants of other genes, evalu-
ation of its actual contribution to the development of
a complex phenotypic (pathologic) trait is possible in
a very restricted number of cases, for instance, in
mutant genes F& and F9. Population investigations on
the abundant statistic material reveal associations
between certain mutations and diseases providing the
possibility to subsume a mutant individual to a specif-
ic risk group for disease development, but do not allow
exact prediction of the development of the pathologic
process. In connection with this, illustrative results
have been obtained with inbred transgenic mice in
which both alleles of one distinct gene are inactivated
by means of gene knock-out. Phenotypic manifesta-
tion of such null-mutations are very diverse on the
background of “identical” gene pool.

The solution of this problem of ambiguous corre-
spondence between certain genotype and forming pheno-
type of a multicellular organism may be the development
of new effective methods for determination of actual
genotype of a particular organism, and also of the number
of phenotypic traits on the molecular level. A real step on
this way will be the determination of the complete pri-
mary human genome structure, which is already largely
unscrambled [156]. A complete human genetic portrait
composed on this basis and supported by the data on
simultaneous expression levels of numerous genes, for
example, using advanced microchip technologies
enabling at now to follow the expression of thousands of
genes simultaneously [157], offers great opportunities to
solve the problem in the near future.

I am very pleased to express my gratitude to I. N.
Bokarew, who guided me through the world of hemosta-
sis, and also to S. M. Strukova for support and valuable
remarks during the preparation of the manuscript.
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