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Introduction

Although famuilial clustering of venous thiomboembolic events was
observed at the start of this century, 1t was not until the late nineteen-
seventies before our msight into the orgamization of the haemostatic and
fibrinolytic systems was sufficiently complete to enable a start to be
made on a systematic seaich for genetic defects associated with
farmilial thrombosts The discovery that heterozygosity of antithrombin
deficiency co-segregated with the thiombotic tendency 1n affected
families seemed to make a strong case for the association between
single gene detects and thrombosis  The results of these systematic
studies had been n part very fiuttful and could be considered 1n the
context of two principle endogenous anticoagulant pathways (Fig 1).
the antith:ombin-heparan sulphate pathway and the protern C/protemn S
(PC/PS) pathway However only three single gene disorders had been
1dentified that were associated with a significant increase 1n the risk for
venous thrombembolism n tamilies 1deutified through a symptomatic
deficient pattent. with one of antithrombin, PC or PS deficiency

The awateness that i 85% of families predisposed to thiombosis
no explanation could be found for the clustering of this disorder
sttmulated the search for alternative approaches A major breakthrough
i the study of famulial thrombosis has been achieved durmg the past
two years Fustly, the concept and investigation of activated protemn C
tesistance (APC-R) was mtioduced and, secondly, a mutation m the
factor V gene (1691 G — A m exon 10, leading to 506Arg to Gln)
was 1dentified as the molecular basis tor the phenotype of APC-R n
the large majotty of affected mdividuals (2, 3) This mutation, which 1s
associated with a significant increase in thrombotic 11sk (3-3), has been
tound in about 50% of selected tamtlies with thrombophilia and 1 20%
of consecutive patients with thiombosis A consequence of this advance
has been a conceptual change 11 how thrombophilia 1s viewed, which
has implications for diagnosis and treatment of the disorder This
1eview [published 1n two parts, see also (6)] attempts to surnmarise
tecent progress and (o present tecommendations for diagnosis, treat-
ment and research 1n developed and developing countiies
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Pathogenesis of Thrombophilia and Definition
of Inhernted Thrombophilia

Thrombophilia 15 a tendency to thrombosis The predisposing
defects do not necessarly cause continuous clinical imparrment they
need only weaken the ability to cope with fluctuations mduced by
mteractions with the envitonment Clinicians usually apply the term
thrombophilia only to a subset of patients with atypical thrombosis
Frequently cited features include (1) eatly age of onset (2) f1equent
recurrence. (3) stiong family history (4) unusual. nugratory or
widespread locations, and (5) severity out of propoitton to any
1ecognized stimulus  Thete ate patients (see below) with fulminant
thrombophilia who, without theiapy. thiombose continuously But 1n
most pattents thiombosis 1s episodic, separated by often prolonged
asymptomatic periods The discontinuity suggests that there 15 some
trigger for each event, pethaps a duect stimulus a temporary deteriora
ton of mntunsic tesistance, or some combination of these tactors

The term mherited thrombophihia achnowledges the piesence of an
wnherited factor that by itself predisposes towaids thrombosts but due
to the episodic nature of thiombosis, requues mteraction with othel
components (inhertted or acquiied) before onset of the clmical disorder.
see Fig 2 Undoubtedly the concept of mherited thiombophilia 1s an
opetational one, the detinition of which has undergone continuous
tetiement It was onigmally based upon early presentation of thiombo-
sis. usually coupled with mherited phenotypic abnormality ot one of the
nhibitory protens, antithtombin, PC or PS Progress in the molecular
basts of thrombosis has enabled a moie genetically based detinition
to be formulated Inherited thrombophilia 1y a genetically determined
tendency to venous thromboembolism — Donunant abnormalities o1
combmmanons of less severe defects man be cluucally apparent fiom
earh age of onset frequent recurience or fanuly lustorns Milder riaits
mav be discovered only by laboiaton imestigation All genenc
influences and thetr interaction aie not vet undei stood

The 1dentified and potential genetic factors predisposing tor thiom-
boptulia discussed fully below ae summansed 1 Table 1 In 1t
tootnote ate listed some ot the many potential interacting acquued 1isk
tactors

Molecular Genetic Basis of Inherited Thrombophilia

In what follows thete will be a summarv of the available information
on the natuie and heterogeneity of the molecular detects assoctated
with the established genetic risk tactots tor venous thrombosis anti-
thiombin deficiency, PC deticiency PS deliciency and factor v gene
mutatton In the subsequent paragraphs those genetie defects will be
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Fig 1 Representation of the two principle anticoagulant pathways known to
be mmportant in the regulation of coagulation protemase activity To the left of
each diagram 15 a simplified view of the coagulation cascade illustrating the
positive ‘procoagulant’ feedback loops by which thrombin activates factors V
and VIII To the 11ght are the ‘anticoagulant” pathways by which excessive
activation of coagulation 1s prevented These pathways mvolve antithrombin
(which directly nhibits the coagulation piotemnases such as factor Xa
and thrombin), and PC/PS (which nactivate factor Va and factor VIIla) PS
normally forms a complex with C4bBP and 1t 15 only the free form of PS that
acts as a cofactor for PC

reviewed for which the available studies still do not permut detinitive
statements to be made on their association with a thiombotic risk

Antithrombin Deficiency

Antithrombin 15 a single chain plasma glycoprotein (58 kDa) which
belongs to the superfamily of the Serme Protease Inhibitois (serpins) It
18 synthesized m the liver and 1ts concentration n plasma 15 25 uM
Antithrombin 15 the primary 1nhubitor of thrombin and also inhibits
most of the other activated serine protemnases imvolved i blood
coagulation (factor Xa, factor [Xa, factor XIa. factor XIla, kallikrein)
It 15 therefore one of the most important physiological regulators of
fibrin formation

Inactivation of proteinases by antithrombin occurs via the formation
of an wreversible | 1 molar complex, m which A1g393 tforms a
stabthised bond with the active site of the protetase The stable bond
torms as the proteinase attempts to cleave the inhibitor  Arg 393-Ser
394 bond (this bond 15 at the reactive centic of antithiombin and ts
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Risk Factors Risk Factors

Genetic + Genetic Genetic + Acquired

Venous thromboembolism

Fig 2 Venous thrombosis can be caused by mteracting genetic and acquired
risk factors

commonly referred to as the PI-P1” bond) Inhibition of most of the
blood coagulation proteinases 1s relatively slow, but can be accelerated
at least 1000-fold by the binding of heparin (and heparin-like com
pounds, such as endothelial cell hepann sulphate) to antithrombin
The nteraction between heparin and heparin-binding domains 1n anti-
thrombin results in a conformational change of the molecule which
factlitates 1ts teraction with the protemase Inactive antithrombin
serine protenases complexes are rapidly cleared from the circulation
More information on the structure, biochemistry and mechanism of
action of antithrombin can be found n a number of 1ecent reviews
(79

Human antithrombin ¢cDNA clones have been isolated and se
quenced (10 12) The gene coding for antithrombin 1s localized on
chromosome 1 between 1q23 and [q25 (13), 1t 15 13 480 bp long and
contains seven exons (1,2 3A, 3B 4,5, 6) (14), its nucleotide sequence
has been 1ecently completed (15) Several sequence vatiations or poly-
morphisms have been described within the human gene [for reviews see
(7-9), including a highly polymorphic trinucleotide repeat sequence in
intron 4 The latter, particularly, seems useful for haplotype analvsis in
the study of recurrent mutations or linkage analysis (16)

Antithrombin deficiency 1s a heterogenous disorder The subclassifi-
cation of antithrombin detficiency was originally based mainly on the
results of functional and immunologic assays in plasma Later after
more nformation had become available on the actual mutations 1 the
antithrombin gene, the nomenclature was modtfied (17, 18) Presently
we recognize type I antithrombin deficiency (1dentified by a concordant

Table I Possible causes of inherited thrombophilsa

(1) Inherited
Antithrombin deficiency
APC R/factor V 506Arg
to Gln

PS deficiencv
Thrombomodulin

PC deficiency
Dysfibrinogenaemia

(1) Acquired/Inherted (precise relative contribution as vet uncertain)
Hyperhomocysteinemia Elevated factor VII Elevated fibrinogen’

(1) Potentially Inherited (hut firm evidence laching)
Plasminogen deticiency Heparn cotactor II
deficency

Elevated plasiminogen
activator mhibitor?

Elevated histidine
rich glycopiotemn
Plasminogen activator
deficiency?

As discussed in the text there 1s yet no hiem evidence that conditions listed un
der (11) are linked to mherited thrombophilia The development of thiombosis
15 thought often to be caused by mteraction between genetic and wquired
lactors the best 1ecognised of the latter being advancing age immobilisation
major surgery orthopaedic sutgery and neurosuigery pregnancy puerperium
use of oestrogen-containing hormones malignancies and the antiphospholipid
syndiome



reduction ot both functional and immunological antithrombin) and type
II antithrombin deficiency [also 1dentitied by a variant antithrombin
molecule, which has a detect m the Reactive Site (II RS), a detect
atfecting the Heparmn Binding Site (II HBS) or multiple tunctional
defects (Pleiotropte Etfect) (II PE)] From a chinical point ot view antt-
thiombin deticiency 1s heterogenous, see below with mutations caus-
ing type Il HBS deficiency being of much less risk than those causing
the other subtypes (18. 19)

In 1991 the first database of antithrombin gene mutations was pub-
lished (20) A revision of this database became available 11 1993 as a
1eport of the Thrombin and 1ts Inhibitors Subcommuttee of the Scien-
tific and Standardization Commuttee ot the International Society on
Thrombosts and Haemostasis (SSC ISTH) (18) In the 1993 database
39 distinct mutations and nine whole or partial gene deletions (>30 bp)
are listed that have been found 1n type [ antithrombin deficiency These
mutations will ntroduce a frameshift (plus prematuie termination
codon), a duect tetmmation codon. a change 1n mRNA processing or
unstable translation products In the type II deticiencies 11 different
mutations have been repotted 1n the type I RS group, 11 mn the type II
HBS group and 9 i the type II PE group Most of the mutations
tound in type II RS patients concern the teactive site of antithrombin
(P12. P10, P2, P1 and P1") Type II HBS mutations are located mainly
on the A, C and D « helices, sites that have been proposed to be
mvolved 1 hepatm binding (21) Mutations producing pleiotiopic
effects (type [T PE} interestingly all are located i stiand 1C close to
the C-tetmunal end of the protem, this tegion has been shown to be
essential both tor the stability of the protein and tor the transmission of
conformational changes that endow the protemn with 1ts antithrombin
actvity (both 1 the piesence and absence of hepatin) (22) Since the
publication of the fust 1evision of the mutation database several teports
on novel mutations 1 the antithrombin gene have been published
(23-27)

Recurient mutations are found 1n all types of antithrombin deticien-
cy, but especially in the type II HBS From the 21 distinct repeat
mutations 9 mvolved a CpG dinucleotide (hotspot for mutation) Only
preliminary mformation 1s available (16) that addresses the 1ssue of
whether these recurrent mutations are the result of independent
mutations or of a founder effect (1dentity by descent)

PC Deficiency

PC s a vitamm K dependent plasma glycoprotemn which 1s the
ptecutsor of the serme protetnase Activated Protein C (APC) PC 1s
synthesized in the liver as a single chain molecule (62 kDa) Single
chain PC 15 converted into a two chan molecule by temoval of a
dipeptide (A1gl57 - Thri58) probably in the Golgr In plasma most of
the PC 1s 1n the two chain form (41 kDa heavy chain and 21 kDa light
chain), the concentration ot PC i plasma 1s 65 nM and 1s reduced
duning treatment with otal anticoagulants

PC 1s a multimodula: piotemn the ammo terminal light chain
contains a y-carboxyglutamic acid rich domarn (Gla-domain) and two
Eprdermal Growth Factor like domains (EGF domains) These domains
have been tound to be wvolved m the tormation of Ca**-induced
contormational changes, binding to phospholipid surtaces, the activa
tron of the molecule and 1ts mtetaction with other protens (such as 1ts
cotactor PS), while the carboxyterminal heavy chain contains the serine
proteinase morety ot the molecule

Duting coagulation PC can be activated by thiombin via cleavage ot
the Arg169-Leul70 bond This reaction (which s notmally very slow)
can be greatly accelerated by the binding of thrombin to thiombo-

modulin, a transmembriane protein receptor present on the membrane of
endothelial cells  The APC. thus formed. nactivates the cofactors,
factor Va and VIIla, by selective proteolytic cleavages To do this
efficiently APC needs to form a complex with PS on a suitable mem-
brane surface Apart from these anticoagulant properties. APC also has
antthibrinolytic properties and anti-inflammatory effects More detatled
information on structural. brochemical and functional aspects of PC can
be found 1 recent review articles (23-30)

Human c¢DNA clones have been 1solated and sequenced (31, 32)
Also the structure of the gene (PROC) has been 1esolved (33, 34) 1t
contains 9 exons and 8 1ntions on 11 kb of genomic DNA The gene
transcript 18 1795 bp It contams a 5° untianslated region of 74 bp a
protein coding region (exons 2-9) and a 3’ untranslated region of
204 bp The gene has been mapped to the chiomosome 2q13-ql4
region (35)

A number of DNA sequence polymorphisms are known to occur 1
the PC gene, both m the promotor region and 1n the coding region
(36, 37) None of these variations leads to an amino acid dimorphism
All these polymorphisms have been formatted for detection by PCR
This 15 also tiue for the two restriction fragment length polymorphisms
(RFLPs), reported by te Lintel-Hekkert et al that are located ~7 kb
5’ to the PROC gene (38)

PC deficiency 15 a heterogenous disorder (37, 39) A phenotypic
subclassification has been proposed that 1s based on the results of func-
tronal and immunologic PC assays In type I PC deficiency there 1s a
concordant reduction m PC activity and PC antigen, while m type I PC
deficiency there 1s evidence tor the presence of an abnormal PC mole
cule (1educed PC activity normal PC antigen) A further classification
of the type II PC deficiency can be made by compaiing the results of
different functional tests (clotting test versus chromogenic test)

In May 1995, the first update of the data base of PROC gene
mutations was published on behalt of the Subcommuttee on Plasma
Coagulation Inhibitors of the SSC ISTH (37) The database contains
331 entries dertved fiom 315 umelated probands In total 160 different
mutations were reported that had resulted m type I or type II PC
deficiency Suipusingly ~60% (n = 132) of the mutations (n = 28)
causing type I PC deficiency are missense mutations Probably these
amino acid substitutions lead to changes m the nteractions with other
1esidues and thus interfete with protemn folding, a condition associated
with rapid intraceliular degradation of the protein Missense mutations
Jeading to type Il PC deticiency predomimantly are located in surface
and solvent accessible ateas of the protemn that are ielevant for the
function of the protein (like propeptide cleavage, calcium binding, acti-
vation, nteraction with thrombomodulm, active site, substrate binding)
(40, 41) Further, theie are mutations m the promoter and 5" untranslat-
ed tegion, splice site abnormalities. small deletions and insertions
(eventually leadmg to a prematuie termination codon) and nonsense
mutations that also are responstble for type I deficiency

About 30% of the unique events occur tn CpG dinucleotides and are
C—Tand G~ A tranvitions Interestingly, 18 transitions m 16 differ-
ent CpG dinucleotides form about 40% of all the entnies 1 the
1995 database At present thete 15 insutficient itormation to
distinguish recurrent events from events that ate 1dentical by descent

PROC gene mutations have been teported now for 18 true homo-
zygotes (9 of these had severe climcal symptoms) and 17 compound
heterozygotes (8 with sevete clinical symptoms) PROC gene mutation
analysts has not however solved an impottant clinical and eprdemiolog
1cal ssue that ot chucally recessive and domunant forms ot PC
deficiency (see below)  The 1999 database alieady hists 14 ditferent
mutations that have been found m both these tvpes of PC deliciency
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Tuble 2 PROS gene sequence variations in patients with phenotypie PS
deficiency
Exon Codon, sequ mutat Predicted mutation Bef
1 -25, InsT -25, Leu — Leu (64)
frameshift, stop
2 -2, GoT -2, Arg — Leu (68)
2 -1, G-A -1, Arg — His (68)
2 22, C-oA 22, Cys — stop (68)
2 26, A-C 26, Glu — Ala (68)
2 31, T-G 31, Phe — Cys (68)
2 37, C-T 37, Thr - Met (68)
3 43, delA 43, Lys — Asn (144)
frameshift, stop
4 49, GoA 49, Arg — His (68)
5 82, delT 82, Pro — Pro, (145)
' frameshift, stop
5 103, C-A 103, Thr —» Asn (68)
6 155, A-=G 155, Lys — Glu (69)
8 204, A-G 204, Asp — Gly (68)
8 208, G-»A 208, Glu — Lys (68)
8 217, A=G 217, Asn — Ser (146)
8 220, delG 220, Gly— Giu (146
frameshift, stop
8 224, CG 224, Cys — Trp (68)
8 224, T-C 224, Cys — Arg (68)
9 261, delT 261, Leu — Trp (65)
frameshift, stop
9 267, delG 267, Gly — Gly (65)
frameshift, stop
10 335, G—A 335, Asp — Asn (68)
10 340, G-T 340, Gly - Val (85)
12 448, G-T 448, Gly — stop (146)
13 467, TG 467 Val - Gly (65)
14 547-548, del AC frameshift, stop (1486)
14 565, ns T 565, Val —» Val
frameshift, stop
14 570, T-C 570, Met - Thr (148)
14 578, nsC 578 Pro — Leu (65)
frameshift, stop
15 636, AT 836 stop — Tyr (64)
new stop at 649
intrond G- A exon 4+1 (1486)
introne  G—o A exon 545 (68)
ntronj G- A exon 10+1 (146)
mntron) G- A exon 10+5 (64)
PS Deficiency

PS 15 a vitamun K dependent plasma glycoprotemn (70 kDa) It 15
svathesized 1n the liver, but also 1n endothelial cells, megakaryocytes
and Leydig cells m the testis The concentration of PS in plasma 1s
25 pg/ml and 15 reduced during treatment with oral anticoagulants

PS 1s a multimodular protein, it contains a y-catboxyglutamic 11ch
domain, a thrombin senstttve region, four epidermal griowth factor like
domamns and a carboxyterminal 1egion which 15 highly homologous to
the sex hormone binding globulin (SHBG) PS setves as a non-enzy-
matic cotactor of activated protein C (APC) m the mactivation ot
factors Vaand VIIla probably by tacilitating the formation of cnzyme-

654

substrate complexes on the surface of phospholipid/platelet mem-
branes This APC-cotactor activity 1s destroyed by one ot three proteo-
lytic cleavages 1 the so-called “thrombin-sensitive region” (A1g49
Arg60. Arg70) In plasma PS circulates both tree (407) and ma 1 1
storchiometric complex with Cdb-binding protemn (60%) The latter
comprises 7 identical o chans (70 kDa) and one single  cham
(45 kDa) which are linked to each other in the carboxyterminal region
by disulphide bonds The B chain contains the PS binding site Two
1egions 1 PS have been repoited to be involved m binding of the C4b
binding protemn (Gly605 to lle6 14 and Gly420 to His434) Only the free
form of PS has APC cofactor activity More recently 1t has been
reported that PS 1tself also has anticoagulant activity under well-
detined conditrons 1t may nhibit (in an APC-independent way) the
activity of both the tenase (IXa-VIIla) and prothrombinase (Xa-Va)
complexes, some reactions being independent of the presence of
C4b-binding protein (42-44)

A novel functional aspect of PS has been 1evealed recently fiom
studies teporting on 1ts binding to the receptor tyrosine kinase known as
Rse/Tyro 3 (45) and to a specific receptor on vascular smooth muscle
cells This might mdicate that PS also 1s involved 1n the regulation of
cell proliferation More detailed mformation on structural, biochemical
and functional aspects of PS can be found 1n a recent 1eview article
(47)

Human PS ¢cDNAs have been isolated and sequenced (48-50) From
the cDNA nucleotide sequence the amino acid sequence of human PS
has been dernved Two highly homologous PS genes have been identi-
fied and sequenced (51-53) The PROS o1 PSa gene 1s the active gene
it consists of 15 exons which aie spread over 80 kb of genomic DNA
and has been mapped to the chromosome 3 pl1 1-3 pl1 2 1egion (54)
The PSP gene shows 96 5% homology with PROS 1n exon sequences
and the positions of the mtrons are virtually 1dentical to those 1n the
PROS gene However the PSP gene 1s a pseudogene. 1t contains only
exons 2-15 and contams a large variety of detrimental aberiations
(a splice site mutatton, a frame shift mutation and three stop codons)
With the use of a rate RFLP the pseudogene has been located within
4 cM of the PROS gene (55) Several DNA sequence polymotphisms
have been reported in the PROS gene (48 49, 56) Some of these have
been very usetul for tracking PS deticiency through famulies, for
prenatal diagnos:s and for evaluating the possibility of allelic exclusion
1 the case of the study of reveise transcuipts of platelet PROS mRNA
(57.58)

Discusstons on the subclassitication of PS deticiency have vet to be
finalized Cuwitently. two of the three proposed subclassification
systems ate still 1n use, the system proposed by Comp n 1990 (59) and
the proposal recommended by the SSC ISTH in Mumch, July 1992
Consistent with the subclassifications used for other hereditary dets-
cienctes, type I deficiencies/detects 1esult m a reduction of total PS
antigen (and of free PS antigen and PS activity) Type II, o1 in Comp ¢
notatron type IIb, defines the presence of a tunctionally abnoimal PS
molecule (total PS antigen notmal. tiee PS antigen noimal but PS
activity reduced) Type IIT PS deticiency (o1 in Comp $ notation type
{Ta) 15 detined by normal total PS antigen but 1educed fiee PS antigen
and activity Although this phenotype seems to be 1ather prevalent, 1t 15
not yet clear whether 1t 15 caused by a hereditary defect and af <o
whether 1t 15 linked to the PS locus Recently Zoller et al repoited that
both type [ and type Il phenotypes are reflections of the same genotype
(60) Furthermore, Duchemin et al 1eported among type UI PS deti-
clencies an unusual high liequency (22%) of a mutation previously
described as a rate polymotphism (61) It concerns « T > C transition
m codon 460 resulting 1n the teplacement ot Ser460 by Pro in the



consensus sequence for the N-linhed glycosylation of Asnd58 (PS
Heetlen} (62) The tiequency ot the PS Heerlen allele in the general
population 5 03% and not ditfetent from that i thrombophulic
patients (0 7%) At present 1t 1s not clear why this genotype 15 s0
frequent among type I PS deficiencies

The genetic analysis of the PROS genes of symptomatic PS deticient
probands has been hampeted and delayed by the structural complexaty
of the PROS gene and the exstence ot the highly homologous pseudo-
genc A fturther complication 1s the unexpectedly low yield of success-
{ul genetic analyses In thiee sepatate studies mutations were only
tound m 50 60% ot the pattents. although all coding and flanking
1egions had been amplified and sequenced (63-65)

Only two large deletions in the PROS gene have been tepoited as a
cause of a type [ PS deticiency (66. 67) Agam. the majonty of genetic
lestons causing a type [ deficiency ate single nucleotide substitutions
msertions and deletions So far 33 unique events have been 1epoited
see Table 2, but this number will increase 1apidly 1n the near futwe At
piesent these numbets ate too low to make any futther analysis Four
different mutations have been reported that cause a type 11 PS deficien-
cy (68, 69), two 1n the propeptide, one 1n the fist EGF domain and one
n the second EGF domain Table 2 gives a summaty of all the PROS
gene mutations tepotted to date 1n symptomatic PS deficient patients
In 1995, in Jetusalem, the Subcommuttee on Plasma Coagulation
Inhibitors of the SSC ISTH decided to publish the first database ot
PROS gene mutations in 1996/1997

Factor V Arg506 to Gln

Factor V 15 a single chain plasma glycoprotewn (300,000 kDa) It 1s
synthesized 1n the liver and 1 megakaryocytes Human plasma has a
concentiation of 20 nM of this procofactor, while 1ts concentiation m
platelets 15 4 pg/10° platelets Duting blood coagulation factor V 1s
converted mnto factor Va by (metzo) thiombin and/ot factor Xa Throm-
bun-activated factor V 1s formed atter cleavages of the Aig709-Se1710,
ArglO18-Thi1019 and Aigl545-Ser1546 bonds It 1s composed of an
amino tetmnal fragment (heavy chain 105 kDa) and a catboxy terminal
tragment (light chain 74 kDa) non-covalently linked via a tightly bound
Ca* 1on Factor Va serves as a nonenzymatic cofactor 1 prothrom-
binase (factor Xa. phospholipids, Ca®) by mcreasing the catalytic
efficiency approximately 2000-fold Factor Va light chan 1s 1eported
to contamn the phospholipid binding site, while the heavy chaimn site 15
matnly 1esponsible fot the cotactor activity

Factor Vais nactivated by proteolytic degradation of 1ts heavy chain
by APC. this inactivation 1s mote etficient in the presence of phospho-
lipids and Ca®* and 15 according to some an oideted and sequential
event with a first cleavage at Arg506 and subsequent inactivating
cleavages at A1g306 and A1g679 (70) Othets demonstiated that two
1andom cleavages (mainly at A1g506 and A1g306) ate involved and that
both conttibute to the mactivation of tactor Va (71)

Mote recently it was repotted that factor V 15 not only a procotactor
1 the prothiombinase 1eaction but also a cofactor m the activation of
factor VIIIa by APC (72) More information on the stiucture and {unc-
tion of human factor V can be tound 1n a tecent teview (73)

Patttal and ovetlapping human factor V ¢cDNAs have been isolated
from HepG2 and human (fetal) liver cDNA libraiies (74-76) Fiom the
nucleotide sequence, the complete amino acid sequence of factor V was
dertved It conststs of 2196 amino actds and shows a chatactenstic do-
main stucture (A-As-B-A-C\-C,) that 15 also found m factor VIII
The chatacterization ol the human factor V gene was iepoited 1 1992
v Cupe et af (77) Twenty live exons and 24 intions span apptoxi-

mately 80 kb genomic DNA The nucleotide sequence ot all coding and
flanking regions has been determuined The factor V gene has been
mapped to chiomosome [ (1g21-25) and 1 closels hnked to the anti-
thiombin gene (78) A number of nucleotide sequence vartations in
human factor V cDNAs have been identified (74-76  79) but with sone
exceptions (79 30) the allete trequencies have not been reported The
microsatellite matker DIS61 has been mapped within 4 ¢M of the
factor V gene locus and has been used successtully tor tracking the
tactor V gene 1n a family with hereditary APC-R (3)

In 1994 the single point mutation 1n the factor V' gene was idenutied
as the genetic detect causing the phenotype ot APC-R i the vast major-
ity of atfected mdividuals (3 5 81) Itimvolves a G — A transition of
nucleotide 1691 m exon 10. which predicts the svnthesis of a variant
tactor V molecule (factor V 500A1g to Gin o1 factor V Leiden)

The mechanisin by which the mutation leads to the phenotype ot
APC-R 15 still subject of detaled biochemical studies However 1t 15
clear that the replacement of A1g506 by Gin will prevent cleavage ot
factor V(a) at this site by APC and by that delav the mactivation of
tactor Va (82, 83) erther by preventing the contoimational change
necessary for the mhibitory cleavage at Arg306 o1 bv preventing the
kinetically mote tavourable mhibitory cleavage at A1g306

So far the factor V 506A1g to Gln mutation 15 the only genetic defect
dentified i APC-R families It has a ielatively high fiequency n
Caucasian populations (up to ~6%) but a much lower frequency 1n the
Japanese and other Eastein populations (~0%) (84) Prelumnany
evidence fo1 a founder etfect in the spread of this disoider was obtained
trom the tesults of haplotype analysis of 53 Dutch cartiels of the
mutation (3)

Other Candidates?

Thete ate a numbet of other genetic detects o1 1volated deticiencies
that have been implicated m contibuting to the t1sh ot thrombosts in
tamilies with thiombophilia In most cases these have been based on
observations m case-fanulies Sometimes genetic defects have been
wdentified but no data on genotype-phenotype relationships ae
available as yet (85) In the next paragraphs the vaious candidates will
be biefly discussed

Hereditary dhsfibrmogenenma 15 detected by a prolonged plasma
thiombin ttme Chintcal symptoms vary from none nuld bleeding to
venous ot aiteral thiombosts The phenotype mav follow 1ecessive o1
dominant mhentance Recently the evidence tor a causal telationship
between an 1solated dystibrinogenenua and venous thrombosts has
been cnitically teviewed and discussed by a wotking paity of the SSC
Subcommittee on Fibunogen ot the ISTH (86) In that mvestigation
5 tamulies (tiom 5 different countiies) were 1dentified in which apait of
the proband. two o1 more family members had both the detect and
thrombosts In all five cases the genetic defect had been 1dentitied (two
mutations 1 the Aa chamn two mutations m the Bf chan and one
mutation i the <y chain of fibtinogen) In one famils only homozvgotes
for the mutation (tibrinogen Naples) wete chnically atfected Theela-
tionship between the defect m the hibiinogen molecule and the
phenotype of thiombophilia ts stl pootly understood  Further studies
aie hampeted by the low hiequency of dvstibiinogenemia m cohoits ot
patients with thiombosis (0 8%} (86)

Thrombomodulin (TM} 1 another component of the PC ant
coagulant pathway (47) It 15 a tansmembiane protemn synthesized by
endothelial cefls which acts as o teceptor tor thrombin and as cotactos
ol thrombin m the activation of PC By analogy with PC and PS dehi-
cences one would expect that deticiencies of or defects i thiombo
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modulin may be associated with an increased risk of thiombosts
Unfortunately plasma 15 not an abundant source of TM and therefore
cannot be used tor the laboratory diagnosis of TM detects Analysis of
the TM genes 1n cohorts of symptomatic probands with a tamily
history of thrombophiha did not reveal any alteration in the coding and
flanking regions of the gene (0/30) 1n one study (Reitsma PH & Berti-
na RM unpublished observations) while four ditferent mutations
(4/87) were dentitied by a second group (85 87) To date there 15 stull
very limited intormation of the co-segregation of these mutations with
thrombophilia in the families of the probands

Recently mild Inperhomocyvsteinemia was found 1in 19% of patients
with juvemle venous thrombosis and famuly studies showed that
most cases this phenotype was nherited (88) Two large patient-control
studies have shown that hyperhomocysteinenua 18 a nsk factor for
tecurrent thiombosis (89) and for thiombosis in unselected patients,
among whom elevated levels were present 1n 10% (90) Sevete hyper-
homocystememia has a population prevalence of ~1 300 000 and 15
most frequently caused by homozygous cvstathionne B svathase
deficiency Homocystemne 15 a sulphydryl amino acid denved fiom
metabolic conversion of methionine Its itracellular metabolism
occurs through remethylation to methionine or transulphuration to
cysteine Cystathionine B-synthase 1s involved 1n the transulphuiation
pathway A small number of cases of severe hyperhomocystetnemia are
caused by homozygous deficiency of methylenetetiahydi ofolate reduc
tase Gene defects in both of these metabolic enzymes are implicated 1n
mild hyperhomocystemnemua (91, 92) A recently descubed mutation
with thetmolability of methylenetetrafolate reductase may i the homo-
zygous state be a sigmficant and frequent cause for mild hypethomo
cystememia (93)

Plasminogen deficiency and dysplasminogenenua have been repoit
ed frequently to be associated with thrombophilia  However, family
studies reveal that i most families with a type I plasminogen deficten-
cy (paralle] reduction of plasminogen activity and antigen) only the
proband suffers from thrombotic disease (94) In a recent retrospective
analysis of 20 famulies, heterozygotes of a type I plasminogen deficien-
cy wete found to experience significantly more thrombotic events
(although rather late n life) than their normal farily members (95)
The frequency of plasminogen deficiency 1n the general population
seems to be slighter lower (0 4%) to that m cohorts of patients with
thrombosts {1 3%) (96, 97) Dysplasminogenemia or type 11 plasmino
gen deficiency (reduced plasminogen activity, normal antigen) asso
clated with substitution of Ala601 by threonine 1s a common variant in
the Japanese population and seems not to be associated with thrombo
sts (98) Studies of plasminogen deficiency at the DNA level are still
Very tare

In a model in which 1t 1s expected that 1educed plasmimogen levels
may cause thrombophilia it seems reasonable to propose that an mnher-
ited elevated Histudine Rich Ghcopiotein (HRG) level m plasma 1s al-
50 a sk factor tor thrombosts HRG (a non enzymatic protein) forms
a 1] complex with plasminogen 1n plasma (via binding to s lysine
binding sites) and thus 1educes the free plasminogen concentration to
around 50% (99) Complex tormation with HRG mterferes with the
binding of plasminogen to tibrin Although several families with
thrombophilia and high HRG levels have been repoited (100 10D
there 1 still no tormal evidence for 1ts assoctation Surprisingly, recent-
ly two families have been teported where a partial deficiency ol HRG
seems to be assoctated with thrombophilia (102 103)

Another potential 1isk factor of thrombosts, defictency of the [issuc
Fuctor Pathway Inlubitor (TFPI) has been mvestigated but no muta-
tion 1in TFPI genes ol 30 symptomatic probands of families with thiom-
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bophilia (Reitsma PH & Bertina unpublished obsersations) could be
found Other potential candidate 15k tactors tor thrombosts are hepa
1n cofactor 1 deficiency and B, ghveoprotenn [ defictency Laboratorv
analysts of large groups of patients with thiombophilia and of controls
revealed however, that the fiequency of heterozygotes for these
defects among patients and controls 15 very similar (0 6% and 6%
respectively) (104 105) Nevertheless a few families have been ieport
ed m which an 1solated heparin cofactor Il deficiency seems to segre-
gate with the thrombophihia (106 107) In two families with a type 1I
heparin 11 cotactor deficiency the lesion 1n the gene was 1dentified
(teplacement ot Arg 189 by His) (108) This mutation 15 thought to
etfect the dermatan sulphate binding site and 1s analagous to certam
defects n type II HBS antithrombin deticiency that etfect the heparin
binding

A ast genetic defect that has been discussed during the last years
with respect to 1ts possible association with thrombophilia 1s a partial
factor Xli deficiency Original studies from Mannhalter et al suggested
a high fiequency of heterozygotes for factor XII deficiency 1n cohorts
of thrombophilic patients (109) Subsequent studies have not supported
these findings (110)

Finally there 1s a phenotype that recently has been identified as a 115k
factor for thrombosis 1n large patient-control studies elevated factoi
VIII levels (111) The hereditability of this phenotype and the eventual
underlymng molecular defects have not been reported so far

Epidemiology of Inherited Thrombophiha

Prevalence of Hereditary Thiombophilia

Venous thrombosis has an overall annual incidence of <{ n 1000 It
1s 1are 1n the young, and becomes more frequent with advancing age
The true prevalence of hereditary thrombophilia is not yet known 1t
seems clear that we do not know all genetic abnormalities causing a
tendency to venous thrombosis, since even i patients from families
selected on the basis of a high numbet of unexplained thromboses 1n
only about half an underlying defect will be found (112) This indicates
that the prevalence of hereditary thrombophilia in the general popula
tion will be higher, possibly up to two fold than estiumates from large
prevalence studies on the known genetic defects A high prevalence of
hereditary thrombophtlia will make this an important factor m the over-
all mcidence of thiombosts This may also be assessed by taking the
ptesence of a positive family history into account Among unselected
consecufive patients with deep vein thrombosis a tamuly history was
reported by one out of every four patients (1 13) Even though a positive
famuly history may occur by chance as venous thiombosis 15 not & 1are
disorder, these figures indicate that genetic causes are prominent 1n the
etiology of venous thiombosis

The prevalence of deficiencies of PC and antithrombin has been
mvestigated 1 a very lage study of almost 10,000 blood donors
(114-117), Table 3 Repeated testing of the levels of these protemns
coupled with family studies and DNA analysis led to estimates of | in
500 tor PC deticiency and 1 1n 5000 for type [ antithrombin deficiency
This 15 1n the same 1ange of the findings of a previous study among over
5000 blood donots where 1 1n 250 were considered PC deficient (118)
Although some caution 15 needed 1 nterpreting data based on studses
among blood donots who are a sell sclected sample from the general
population thesc scem to be fair estumates  \ccepting the approximate
prevalence of PC deficiency to be | 350 the prevalence ol severe
{homoczygous or compound hetetozygous) deticiency will be [ 700 X
1 700=49 X 10> Ottspring from related paents wiil of coutse have
much higher 115k ot sevete deficiency The prevalence of severe anti-



Tablc 3 Prevalence of the maor
thrombophilic clotting bnormahitics

PC PS Antithrombin APCR
dehiciency dehiciency deficiency
Healthy mdniduals
Tatetal (n=9669 (114 LI 02%+ 002!
Milctich et al (n=5422) (118) 0 4%
Svensson and Dahlbick (n=130) (119) IA
Rosendaal et al (n =474 (h 3%+
Ridher et al (n=704) (120) 6%+
Consccutive panents with fust DVT
Heyboeretal (n=277) (113 3¢ 2% %
Kosteretal (n=474) (12)) 3%+ 1% [
Rosendaal etal (n=471) (H 20¢%+
Thiomboplulic patients
Brietetal (n=113) (147) 8% 13% 1%
Scharter et al (n=[58) (148) 9% 6% %
Ben Tal et al (n=107) (149) 6% 3% 7%
Taberno et al (n=204) (150 1% 1% 05%
Gnffinetal (n=25)(112) 32%

+ DNA confirmed 'type I Antithtombin deticiency

thiombin deficiency 1s hkely to be 100 1000 less than sevete PC
deficiency There are no studies of sufficient size on PS deficiency
among healthy individuals on which a reliable estimate ot 1ts
prevalence can be based

For APC-R, the groups that have been studied are not as large as
1 the blood donor studies However since the prevalence of this
abnormality 1s an oider of magmitude highe: than the other mhibitor
deficiencies the estimates aie as teliable The estimates tor Caucasians
range trom 3 to 7 percent (4 119 120), and for several studies aie based
on genetic tnvestigation (4, 120) Since these estimates ate also based
on self selected individuals without a history of cardiovascular disease
or venous thiombosis they are under 1athet than over-estimates The
prevalence at barth ot homozygous factor V 506Gin mutation has been
estimated at ~1 5000 (4)

Among consecutive patients with objectively confiimed deep vein
thiomboszs, detictencies of PC PS and antithrombin combined account
for ~5% APC-R 15 present n 20 percent of consecutive patients with
deep-vein thiombosts (4, 121)

Several studies have focused on selected patients with venous
thiombosis and usually tound a higher pievalence of deficiencies ot
PC, PS and antithrombin than has been tepoited among unselected
consecutive patients Different ciitenia were used m selecting the
pattents for these sertes some authors mcluded patients who expert-
enced a first thrombosis at a young age others studied individuals with
recurrent thrombotic events or thiombotic events that occurted 1n the
absence of any of the classical ush factors for venous thrombosts, while
some included individuals with o positive tamuly lustoty Because ot
these heterogeneous inclusion criteria the prevalences that have been
1eported 1n these studies should not be compared too closely The
prevalences that have been repotted among selected patient groups for
deticiencies of PC PS and antithrombin are mostly between 5 and
10%, much higher than the prevalences found i the population studies,
and also somewhat fugher than the tiequency among consecutive unse
lected patients These higher prevalences in patients with thiombosts
than 1n healthy individuals and 1n thrombophilic mdividuals as com
pared to unselected patients also mdicate that these deficiencies indeed
lead to venous thiombosts and venous thrombophilia. APC R appeats
to account for halt of all cases ot hereditary thiombophtlia and clearly

emetges from Table 3 as the most important cause ot heieditary throm-
bosis and pethaps of venous thrombosts in general

Risk of Venous Thiombosis

The sk of venous thrombosis for individuals with clotting factor
gene abnormalities has largely been mvestgated by two approaches
tirst by studies m family members of probands with one of these
abnormalities and second bv population-based studies {case contiol
studies) These diffeient appioaches do not necessarily vield the same
information The foimer are based on famulies m which the hereditabil-
ity of the abnormality has been shown bv including only tamilies with
one ot more individuals with the clotting abnoimality apart fiom the
proband who ts both symptomatic for thrombosis and has the clotting
defect In the analysis typicallv the occurrence of thrombosis 1s
compared between the fanulv members with and without the clotting
factor abnormality while the proband 1s excluded from the analvsis
Since hereditability 1s a prerequisite 1 studies of this design thev aie
most fitting to duectly answer guestions concerming risks of genenc
disorders  In population based studies patients with thrombosis
ate compated to healthy individuals with 1egaid to the prevalence ot
clotting factor abnotmalities These case control studies yield relatve
risk estimates which mdicate how much higher the 11sk of thrombosis
15 tor an individual with a paiticular nsk factor compared to an 1nd:
vidual without that factor Since onlv individuals are included and not
families, no direct statements about hereditabihity result from these
studies Furthetmoie case control studies can only yield estimates ot
relative 1isks not of absolute (hite tume) rishs

When consecutive patients are included 1 a population-based studs
{with population-controls) the results associating & particular sk
factor with thrombosts apply indiscriminately to all mdividuals with
that abrotmality 1n the populatton The resuits from tamily studies e
based on [amilies that stood out and were tecogmsed because of a
conspicuous high frequency of thrombosts  strictly speaking these
1esults only apply to famulies detected i a stmilat way [n other words
population-based studies yield an average nsk lor individuals with a
partictlar abnormality wheteas lamily studies are conducted among
those with highet tisks Sincee s fikels and has now been shown to be
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true for APC-R that many tamilies with thrombophilia displav more
than one genetic abnotmalitv one should exercise extreme caution 1n
apphying results from family studies to unselected mdniduals o1
results trom population-based studies to thrombophilic tamilies If an
individual 1s sdenufted as carrying a thrombogenic abnormality by
means of a study among the general population m all Tihelihood he
onlv carmes that one abnormality 1f he 15 tound as proband of a famuly
with thrombophuihia he might well carry two o1 mote and 1f he 15 an
unselected patient with thrombosis he mav well be one of both

Annthiombin Deficiency

When the data tiom all the available famuly 1eports of antithrombrn
detictency are combined 1t appeas to conter a higher risk of thrombo
sis than deticiencies of PC and PS Thiombosis 1s not uncommon
betoie age 16 and about halt of the patients from these tepoited
tamilies expetienced a first thrombotic event before age 25 (122 123)
Antithrombin deticiency especially has a much higher nisk of thrombo
sts m pregnancy than deficiencies of PC or PS (124) The tifty told
difference 1 the prevalence among patients with a tirst event of deep
venous thiombosis and the prevalence 1n a healthy population (113
114 125) also suggests a higher thrombotic risk m antithrombin defi
ciency than 1 PC deficiency, although such a difference could not
be substantiated 1n a population-based study (125) There 15 some
debate whether the mote severe form of thrombophilia caused by anti-
thiombin deficiency might also 1esult i incieased mortality (126 127)
n some pedigrees fatal thromboses have been obsetved (128) but
historic studies of Dutch pedigrees no excess mortality was evident
(24 129

PC Deficrency

Since 1981 (130) many famhes with heteditary protemn C deficien
cy have been 1eported The risk of thrombosis appeats not to be difter-
ent for the ditferent types of protemn C deticiency (tvpe I low plasma
level and type II low activity) not for the laige number of mutations
wdentitied in PC deficiency (37) In famuly studies 1t has been shown
that famify members who are PC deticient have an increased risk of
venous thrombosis (about 8 10 fold) and that by age 40 about half ot
them will have experienced at least one thrombotic event (131, 132) In
a population-based study (125), a relatnve uisk estimate of 7 has been
repotted which (surprisingly i view of the comments made above) 1s
very similar to the relative risk derrved from famuly studies The preva
lences teported 1n unselected patients with fust thrombotic event (3%)
(113 125y and healthy mdividuals from the genetal population (0 2%)
(117) also support a 1elative risk of this size or slightly higher

These data all apply for heterozygous PC deficiency 1n which PC
«ctivity on average 15 50 percent of notmal The taie homozygous
patients with no PC activity in plasma has a much highet risk ot
thrombosts and develop puipwia fulminans shoitly atter birth (see
below)

PS Deficicney

Since 1984 (133 134) many famulies have been ieported with
venous thrombophilia and PS deficiency It 15 not clear whether the
thice ditferent subtypes that have been desciibed (types [ 11 and TID
conter stmilar 115ks ot thiombosts Tt s very dithicult to airve at sk
estimates for PS deliciency since the prevalence m the genetal popula
tion 15 unknown there aie no repotts from ftamuly studies formally
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assessing the relative rish the molecular basis i many cases remarns
unclear and several tamulies with APC-R appeat to have been misclas
sified as PS defictent (type 1) (135) In one population based case con-
trol study the prevalence of individuals with repeatedly low levels of
PS did not differ between cases and controls which does not support an
assoctation of PS detictency and venous thrombosts (125) It 1s difficult
to 1econctle this finding with the reports from several families as well
as the higher prevalence of PS deficiencv i selected patients with
thiombophihia than 1n unselected patients with a tust event (Table 2}
Although the available evidence generallv leads to the conclusion that
PS deficiency ncreases the risk of thrombosis this evidence 1s much
less solid than for PC deficiency Homozvgous PS deticiency has been
tepoited and while extremely rare appeats to be as severe as homo
zygous PC deficiency (see below)

APC R/Factor V 506Ai g to Gln

In a study 1n 34 tamulies with APC R the Iife ttme risk of thrombo-
s1s was clearly higher 1n tamily membets with this phenotype than
those who did not (119) Atage 50, about 25 percent of individuals with
APC-R had experienced at least one thiombotic event (119) This is
lower than the frgures reported for families with PC deticiencs (132) 1t
should be borne 1 mind, however, that these families with APC R wete
not selected on the sevenity of thrombophiha as was the case in famuly
studies of PC deficiency In a population based case control study
APC-R was found 1n 21 percent of patients with a first episode ot deep
vein thiombosts and 1n f1ve percent of controls which led to an estimate
of the relative 115k associated with APC-R of 7 (121) This 1ish estimate
15 very similar for that found for PC deficiency

Because of 1ts high allele frequency homozygous catiers of the
tactor V A1g506 to Gln alleles are not uncommon The homozygous
abnotmality appears much less sevete than homozygous PC deticiency
since seveial of the homozygous patients have remained thiombosis
fiee well into adult life (4 136) Stull the 115k of thiombosis tor those
homozygous for the mutation 1s higher than ior those heterozvgous
(10-fold higher), estimated at 90 fold increased compared to individu
als without the mutation (4)

Combiwned Abnormalies

Deficiencies of PC, PS and antithiombin ate 1are while APC R 15
very common Because they aie so iare these former deficiencies have
been studied mostly 1 referred and highly selected families In these
selected families ¢ g with PC deficiency, high risks of thiombosis
have been obseined (PC deficiency 1s then said to be climcally
dominant), much higher than 1n relatives of patients homoz: gous toi
PC deficiency (PC deficiency ts then said to be climcally tecessive)
(118) This discrepancy 1n clinical expression cannot be explamed by
different mutations underlymg PC deticiency (37) The most plausible
explanation for the difference m clinical exptession m PC deticiencs
atses from the view that more than one abnoimality may be tequired
to cause thrombosis, see Fig 2 In patients with homozvgous PC
deficiency, two wdentical detects are present so that theu heterozy gous
ielatives will often have just one defect which carites a smaller nisk
[ndividuals with heterozygous PC deticiency from tnulies with
stiking thrombophilia among heterozygous cattters might be expected
to have additiondl abnormalities conttibuting to the tisk 1t has been
shown that APC-R may be such a second 11sh factor and this explaims
why m tamily studies among selected famibies with thiombophilia the
15k of thrombosts among non deficient family membets was highes



than 1n the general population (132) many of them had APC R (137)
In this study 1t was shown that the combination ot PC deticiency and
APC-R conteried a higher risk than each of these abnormalities
separately Similar conclusions have been drawn tegarding the n
creased sk ot thrombosis following interaction of factor V 3064rg to
Gln mutation with the other inhibitor deticiencies PS and antithrombin
deticiencies (138 140) The situation with combined factor V 506A1g
to Gln and antithrombin mutation s further compiicated by their close
genetic proximity In some tamilies co segiegation of two genetic
detects can occur resulting in high thrombotic usk to all atfected indi-
viduals (139)

Acquired tish factors ate important n the development of thrombo-
sts Unfortunately thete are few reported studies that contamn quan-
titative information It has been shown that the rish of thrombosis 15
turther increased among women with PC deficiency who use otal
contiaceptives (141), and 1s geatly incieased among APC-R women
who use oral contraceptives (142) The 1isk 15 1eported to vary with the
type of progestagen used (143)
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