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The cloning and isolation of the human factor VIII (FVI1I1)
and factor IX (FIX) genesin the 1980s has lead to an in-
creased understanding of the genetic and hence the molecu-
lar basis of haemophiliaA and B respectively. These stud-
ies are of considerable benefit for accurate carrier detec-
tion and prenatal diagnosisin families with haemophilia,
and provideinsightsinto the rel ationships between genetic
defectsand clinical manifestations.

Haemophilia A

The Factor VIl Gene

TheFVIII geneis 186 kb in length situated on thelong arm
of the X chromosome at X28. It consists of 26 exons and
25 introns. The processed mRNA is about 9 kb in length
and predictsaprecursor protein of 2351 amino acids, which
inturnleadsto amature FV 111 protein of 2332 amino acids.
The largest intron, intron or IVS 22, is unusual in that it
contains a CpG island associated with two further genes
caled F8A and F8B!'2. Thelatter istranscribed in the same
direction as FVIII from an exon in intron 22 but then in-
cluding exons 23-26 of the FV1I1 gene. The function of its
transcribed product is unknown. F8A consists of an
intronless gene encoded entirely from within intron 22 in
the opposite direction to FVIII. The presence of two fur-
ther copies of this gene some 500 kb telomeric to theintron
22 copy™ has considerable significance sinceintrachromo-
somal recombination between these homol ogous sequences
isthe cause of almost 50% of cases of severe haemophilia
A. The function of the F8A gene transcript is at present
unknown.

The FVIII Protein

FVIIl isalarge plasma glycoprotein, stabilised in plasma
by its non-coval ent association with von Willebrand factor
(VWEF). Where this association is disturbed, asin type 2N
von Willebrand’ sdisease (VWD) by mutationsin the VWF
gene, plasmaFVI1I levelsare reduced, presumably through
its decreased half-life. This condition can be confused in
maleswith mild haemophilia A&,

The mature FVIII protein of 2332 amino acids con-
sistsof aseriesof repeating domainsinthe order A1,A2,B,
A3,C1,C24. There is close homology between FVIII and
FV except in the B domain (encoded by exon 14), which
shows no significant homology to any known protein se-
quence. In fact, B-domainless FV1I1, produced by genetic
engineering, hasnormal FVII1I activity and isbeing studied
as atreatment of haemophilia®. Certain sequences within
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the FVI11 molecule areimportant for itsrolein blood coagu-
lation and include proteolytic cleavage sites at amino acids
372 and 1689 6], the VWF-binding region of about 40 amino
acidswithin domain A2, and the phospholipid-binding sites
withinthe C1 and C2 domains.

The Genetic Basis of Haemophilia A

Anincreasing number of nucleotide changeswithin the gene
in individual s with haemophilia have been reported. Some
of the changes are polymorphisms and, while also occur-
ring in the normal non-haemophilia population, can be of
considerable usein family studiesto track the haemophilic
FVI1II genein affected families. Ethnic variationsin alele
frequencies mean that the useful ness of these polymorphisms
varies throughout the world. The highly informative CA
repeat polymorphisminintron 13 and the (GT)n(AG)nre-
peat in intron 22 are apparently equally informative world
wide, though there are variations in the frequency of the
different alleles™.

The exponential increase in the number of reported
causative mutationsin haemophiliaA (and haemophiliaB)
since the mid 1980s is directly related to developmentsin
DNA and RNA analysistechnology. Southern blotting has
been generally replaced by PCR-based DNA amplification
methods starting from both DNA itself and following re-
verse transcription from mRNA. This latter procedure
utilises the small amount of ectopically expressed FVIII
MRNA found in circulating leukocytes. Screening for dif-
ferencesin DNA sequence between haemophilic and nor-
mal FVI1II genes has been greatly facilitated by the rapid
mismatch detection methods. These procedures allow for
PCR amplified sequences to be directly compared and in-
clude methods based on chemical cleavage of the DNA and
on gel electrophoresis of the sequences under specialised
conditions, often as DNA heteroduplexes containing nor-
mal and putative abnormal DNA. In Sheffield thetechnique
of CSGE (conformation sensitive gel electrophoresis) has
proved to be particularly useful in the detection of FVIII
gene mutations and polymorphisms®. When differencesare
found, the respective region of the“abnormal” DNA isse-
guenced either manually or, increasingly, by automated pro-
cedures.

Southern blotting techniques are still valuable in de-
tecting large gene deletions or insertions and for detecting
theintron 22 inversion mutation.

Aninternational database of mutations detected inin-
dividuals with haemophilia A has been created by
Tuddenham and colleagues and is now accessible on the
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World Wide Weh®! at http://europium. mrc. rpms.ac.uk/. Up
to 1998 536 patient entries were reported, of which 304
were unigque molecular events

FVI11 Gene Mutations in Haemophilia A

Gene deletions

Déeetionsarearbitrarily divided into large (>200 bp) or small
(<200 bp) and at present there are over 80 large deletions
reported on the database, ranging from less than 1 kb to
complete gene deletions. They almost always result in se-
vere haemophilia A, with over 30% developing inhibitors
to FV 111 after replacement therapy . The few reported cases
of milder disease probably result from in-frame splicing of
MRNA toyield atruncated FV 11 moleculewhich has some
biological activity!*12,

Small deletions can vary from single bases to up to
200bp. They generally result in frameshifts and the result-
ing termination or STOP codon. Rarely, deletions of acodon
triplet or triplets have been reported to give rise to milder
forms of the disease. Of considerable interest isthe report
by Young and colleagues®® of a single T deletion within
exon 14 of apatient with mild haemophiliaA, resulting in
the sequence AAAAAAAATAA being replaced by Ax10.
Theoretically this deletion should result in a frameshift
mutation and severe disease. However detailed sequencing
of cloned PCR sequences of DNA and mRNA from this
region of the gene in both normals and from the patient
clearly show that asignificant number of mMRNA transcripts
are found in which an inframe situation exists. Thisis by
the formation of an Ax8 or Ax11 sequence, presumably by
dlippage during transcription of the repetitive sequencein
the patient. It isalso possible that the abnormal mRNA se-
guence is misread at tranglation to produce some normal
FVIII protein (ribosomal frameshifting). Although these
transcriptswould contain an amino acid deletion or replace-
ment it isargued by the authors that such FV111 molecules
should have FVIII activity, particularly since the region
encoded by exon 14, the B domain has no known roleinthe
biological activity of the protein and can be del eted without
affecting thisactivity (seeabove). Severa of thesingle base
pair deletions reported on the database occur in nucleotide
repeat sequencesin exon 14 and, although there are no clear
genotype/phenotype discrepancies as reported above, the
level of inhibitor development in these individualsis less
than 5%, compared to over 30% in patients with termina-
tion codons caused by nucleotide transitions or
transversiond®¥. It is therefore entirely possible that such
individuals can produce small amounts of aFVIII protein,
sufficient to create immunological tolerance to transfused
FVIII, but insufficient to modulate the genotypically-ex-
pected phenotype .

Gene Insertions

Fewer gene insertions than deletions have been reported.
ThehaemophiliaA database contains 24 reports at present,
two of which are large (2.1 and 3.8 kb) LINE seguence
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insertionsin exon 14 of the FVI111 gene™. LINE elements
areretrotransposon sequences found throughout the genome.
Most of the other insertions are single bases often within
existing repeat nucleotide sequences and presumable aris-
ing from misreading of the original sequence during DNA
replication.

Missense mutations

These are generally single base substitutions and as such
lead to amino acid changes or termination (STOP) codons.
By 1998 there were 182 such unique changes reported on
the database. Changes within the exon/intron boundaries
will give rise to altered or absent intron splicing. Several
mutations occur on the data base many times and reflect
either afounder affect or cytosineto thyminetransitions at
CpG sites, now recognised to be “hot spots’ for mutations
within the human genome..

Amino acid substitution can result in either low or un-
detectable FVI11 biological activity in plasma. This can be
accompanied by similar levels of FVIII protein (measured
antigenically using specific antibodies) resulting in the* so-
called” cross-reacting material reduced or negative pheno-
type (CRM-red or CRM-ve). This presumably resultsfrom
the production of abnormal FVIII protein which is either
inherently unstable, poorly expressed or has a very short
plasmasurvival time, Cases of CRM+ve haemophiliaA can
arise where there are normal circulating plasma levels of
FVI1I antigen, but the biological activity isreduced or even
absent. In caseswhere the mutation isknown, littleisknown
of the reason for the CRM status. In fact direct phenotype/
genotype correlation’s in missense cases are rare and are
restricted to mutations affecting specific cleavage sites es-
sentia for the normal activation or inactivation of FVI1I or
to specific binding regions of the protein, e.g. tyrosine to
phenylalanine at amino acid 1680 disrupts VWF binding,
which normally requiresthe sulphation of thetyrosineresi-
due at thislocation. Two cases where mutations would af -
fect N-glycosylation sites at amino acids 1566 and 1772
have been reported, both of which resultinaCRM+ve phe-
notype with little or no biological activity.

FVIII gene rearrangements
Studies by Naylor et al 617 and those of Lakich et al [*®
showed that in about 50% of patients with severe
haemophilia A there was an inversion and transl ocation of
part of the FVI111 genefrom exon 1 to exon 22 to aposition
some 500 kb telomeric to the remainder of the gene (exons
23t026), which remained at itsusual location. Thisreloca-
tion and concomitant inversion isbelieved to be aresult of
homol ogous recombination between the regions of the X-
chromosomeincluding and surrounding the 3 copies of the
F8A genereferred to above. This event occurs specifically
between the copy within intron 22 (the int22 homol ogous
region) and either thedistal or proximal copiesand resultsin
inactivation of the gene, so causing severe haemophiliaA.
Detection of these rearrangements generally relieson
the use of Southern blotting using a specific probe for the
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int22 homol ogous region, which of course also bindsto the
other homologous F8A-containing regions¥. Distal rear-
rangements are the most common (80%), with proximal re-
arrangements representing about 15%, and asmaller group
of rearrangements (< 5%) involving apparent extra and/or
partial copies of the homologous region outside the FVII1
gene. A recently described PCR based technique for the
detection of the FV111 geneinversionsrequiresthe amplifi-
cation of large >10 kb DNA fragments?”,

Theresult of aninternational consortium{?! have shown
that theint 22 inversion (asthese rearrangements are gener-
aly called) occurs throughout the world in haemophilic
populations in 40-50% of severe haemophiliacs. Interest-
ingly, in sporadic cases of haemophilia A caused by this
inversion, over 90% of mothers carry the defect, and al-
most exclusively the affected gametes are supplied by anor-
mal male, i.e. the patient’s normal grandfather(??. Overall
the distal inversion is responsible for about 35% of all se-
vere haemophilia A and the proximal inversion for 7%.

Haemophilia B

The FIX Gene and Protein

Thefactor IX genewas cloned in the early 1980sislocated
at Xg27 and spans 34 kb of DNA and has 8 exons. The
complete gene has been sequenced®. The primary FIX gene
tranglation product contains 461 amino acids, from which
the prepro 46-amino acid leader sequenceis cleaved to al-
low release of the mature 415 amino acid single chain pep-
tide from the hepatocyte into the blood. The functional do-
mains of the FIX protein are to a great extent encoded by
specific exons. Thus exons 1 and 2 encode the signal pep-
tide and most of the propeptide and glutamic acid (gla) do-
main. The propeptide also provides a recognition site for
the vitamin K-dependent gamma carboxylase whichisre-
sponsible for gamma carboxylation of thefirst 12 glaresi-
dues of themature FIX protein??. Exon 3 encodesthefinal
part of the propeptide and a hydrophobic stack domain.
Exons 4 and 5 encode the epidermal growth factor-like do-
mainswhich areinvolved in calcium, platel et and activated
factor V11 bindingi?29, The FIX activation peptideis en-
coded by exons 7 and 8 and includes the catalytic domain
of His 221, Asp 269 and Ser 365.

The Genetic Basis of Haemophilia B

Analysisof the FIX gene has utilised the same methods as
employed inthe analysis of the FV 111 genefor haemophilia
A. Sincethe geneitsalf ismuch smaller, the coding, exon-
intron boundaries and the 5¢and 3¢non-coding regions are
relatively easy to analyze, and direct sequencing of PCR
amplified material isoften performed. However, mismatch
detection methods can be successfully employed”.

A number of polymorphic dialelic sequence changes
have been reported” and have proved very useful in link-
age studiesfor carrier detection and prenatal diagnosis. Sig-
nificant ethnic variations in allelic frequencies have been
observed, though the 5¢Msel and 3¢Hhal polymorphisms

Bangkok, Thailand  October 24-28, 1999

appear to beinformativein most populations.

Therelatively easy of analysis of the FIX genein pa
tientswith haemophiliaB hasresulted in alarge number of
causative mutations being detected. In fact analysis of the
FIX gene has often served asamodel system for geneanaly-
sisin general. By 1998, 1713 entries were recorded on the
HaemophiliaB Mutation Database World Wide Web site at
http://mww.umds.ac.uk/mol gen/haemBdatabase. Thesein-
cluded 652 unique molecular events.

FIX Gene Mutations in Haemophilia B.

Deletions and Insertions

About 3% of haemophilia B is caused by large deletions/
rearrangements of the FIX gene (29 reported at present not
on the database). Interestingly about 50% of these have
developed inhibitors to FIX following replacement
therapy®. Thereisno rearrangement equivalent to that seen
inthe FVI1I genein haemophiliaA in haemophiliaB. One
hundred thirty-two short deletions and insertions (30 bp)
have been reported.

Missense mutations

In 1998 the database contained nucleotide changes which
would result in 389 amino acid substitutions and 55 STOP
codons, 60% and 8%, respectively, of all unique reported
mutations. Fifty-eight percent of these changesinvolve CpG
dinucleotides, a recognised hot-spot for mutations within
the human genome. In all, amino acid substitutions have
been reported at 360 of the 461 amino acid residuesin the
primary FIX trandation product. Many of these changes
have confirmed the functional importance of particular
amino acids, e.g. the carboxyglutamyl residues in the gla
domain.

Itisnow clear that asignificant proportion of individu-
als with mild haemophilia B have the same mutation. In-
deed in North America four mutations (Gly60Ser,
Arg248GIn, Thr296Met and 11€397Thr) areresponsiblefor
about 30% of all cases of mild disease. Thisis due to a
small number of founder mutations?,

Promoter Region Mutations

The FIX gene promoter is probably one of the best under-
stood promoters in the human genome. In particular 18
unique nucl eotide changes have been reported in a 5¢flank-
ing region of 40 nucleotides around the predominant tran-
scription start site. These mutations occur in patients with
the haemophiliaB L eiden phenotype, in which aspontane-
ous steady increase in plasma FIX levels occurs after pu-
berty with associated decrease in clinical symptoms, and
have been shown to be at locations that contain binding
sequences for liver-enriched transcription factors, includ-
ing C/EPB and HNF4.

Carrier Detection and Prenatal Diagnosis in Haemophilia

Carrier detection and prenatal diagnosisin haemophiliais
effectively performed in many |aboratories throughout the
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world by genetic analysisof the FVI11 and FI X genesinthe
families of affected individuals. Gene tracking using in-
tragenic diallelic or multialelic linked DNA polymorphisms
has formed the basis of these procedures. However, increas-
ingly sophisticated technology now allows for the detec-
tion of the causative mutationsinthe FVI11 and FIX genes
in practically all cases of haemophilia A and B. This pro-
vides for precise carrier detection and prenatal diagnosis
without the problems associated with linkage polymorphism
analysis, which caninclude multiplefamily member analy-
sis and possible non-informativeness. Mutation detection
also provides a greater understanding of the haemophilia
phenotype and clinical situation. While the presence of a
common FVI11 geneinversion and rearrangement in about
50% of patientswith severe haemophilia A meansthat this
isthefirst analysis performed in such patients, those with-
out this mutation and all patients with haemophilia B re-
quire, in practice, use of procedures to analyze the com-
plete functional gene, sinceit is clear that causative muta-
tions can occur at almost any site within the FVII1 or FIX
genes.
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