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Summary. Congenital defects of platelets or plasma
proteins involved in blood coagulation generally lead to
bleeding disorders. In some of these disorders, patients
with a severe phenotype are prone to spontaneous
bleeds with critical consequences. This situation occurs
more commonly in haemophilia A and haemophilia B
and to a certain extent in severe forms (type 3) of von
Willebrand disease. Defects in other plasma coagulation
proteins and platelet factors are relatively rare, with an
incidence of £1: 1–2 million. Molecular genetic studies
of the human coagulation factors, especially factors VIII
and IX, have contributed to a better understanding of
the biology of these genetic disorders, the accurate

detection of carriers and genetic counselling, and have
also fostered new therapeutic strategies. This article
reviews the evolution of genetics over the last five
decades as a tool for bleeding disorder investigations,
the recent advances in molecular techniques that have
contributed to improved genetic diagnosis of this
condition, and the development and utility of profi-
ciency testing programmes and reference materials for
genetic diagnosis of bleeding disorders.
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Blood clotting is a host defence mechanism that, in
parallel with the inflammatory responses, not only helps
to protect the integrity of the vascular system but also
promotes repair after tissue injury. This process involves
a series of orderly steps including components of the
vasculature, platelets (primary haemostasis) and coag-
ulation proteins (secondary haemostasis), leading to the
formation of a platelet plug and culminating in the
formation of a stable fibrin clot. Congenital defects of
platelets or plasma proteins involved in this process
generally lead to lifelong bleeding disorders [1,2].

Haemophilia A and haemophilia B, both of which are
X-chromosome linked and caused by a defect of
coagulation factor (F) VIII or FIX, are more common
[3–5]. Other bleeding disorders, with the exception of
von Willebrand disease, are relatively rare (Table 1).

Molecular genetic diagnosis of bleeding disorders
remains an important and integral part of the evaluation
of this condition. There are two different approaches to
the genetic evaluation of bleeding disorders: analysis of
single nucleotide polymorphism (SNP) or microsatellite
short tandem repeat (STR) markers in the gene of interest
to track the defective chromosome in the family (linkage
analysis), or identification of the disease-causing muta-
tion in the patient’s coagulation factor gene (direct
mutation detection) [6,7]. Before embarking on genetic
testing, it is imperative that detailed clinical evaluation
and conclusive phenotypic diagnosis be available.

In this review, the authors trace the evolution and the
applications of molecular genetics in bleeding disorders.
The current protocols available for genetic testing is a
convergence of intense research and development of
genetic tools over the last 50 years (Prof. Tuddenham)
and which has benefited immensely from the availability
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of a vast repertoire of bio-informatics and molecular
biology tools over the last decade or so (Dr. Anne
Goodeve). With a steady growth in the number of
laboratories that offer genetic testing for disorders of
haemostasis worldwide, the availability of rigorous
external quality assessment programmes (Dr. David
Perry) and reference materials to run such programmes
(Dr. Elaine Gray) have helped to maintain the quality
and integrity of reporting data during the genetic testing
of various bleeding disorders.

Development of genetics as a tool in bleeding
disorder investigations during the 50-year
development of the WFH

Edward Tuddenham

Since 1962 is the starting point of this short history,
one asks oneself, ‘What was it like back then?’
Personally I had been accepted into Westminster
Medical School and was studying mathematics during
what is now called ‘the gap year’. Although I was in
London, the famous 60s passed me by almost com-
pletely. Genetics as a science was still in its formal era
as defined by Haldane in the Croonian lecture of 1948.
He predicted with astonishing prescience that DNA
and biochemical studies would take over; yet despite
the publication of the structure of DNA by Watson and
Crick in 1952 and subsequent progress on the genetic
code, what came to be called molecular genetics had

not by 1962 penetrated beyond the specialized labora-
tories working on nucleic acids, much less to the
clinical genetics departments. Linkage of phenotypes
was still the only way to track a gene in kindred
segregating a genetic disorder such as haemophilia.
This had already been achieved in 1937 by Haldane
and Bell, who linked haemophilia to colour blindness,
the first definite linkage of any two traits in man. Of
course this was not of much practical use, but by 1962,
no progress had been made in defining haemophilia
beyond separating haemophilia A from haemophilia B
by specific coagulation factor assays. Very slowly,
molecular genetics began to penetrate clinical genetics.
But the first major advance in haemophilia genetics
after 1937 was the demonstration by Zimmerman and
Ratnoff in 1970 that the ratio of FVIII activity to
FVIII-related antigen was predictive of carrier status
for haemophilia A. I became interested in haemophilia
in 1969, and in 1976, I set out to purify factor VIII.
What follows is my journey into the genetics of
haemophilia A, during which I and my colleagues
made clinically relevant advances based on the molec-
ular genetics of the F8 gene. A parallel journey was
undertaken by Brownlee, Gianelli and others studying
haemophilia B and the F9 gene. The story of von
Willebrand disease genetics is highly complicated and
can only be done justice in a separate essay.

My first foray into linkage, published in 1984, was to
show that a polymorphic DNA probe DX13 was linked
to haemophilia A and could be used for carrier
determination, albeit with the caveat that meiotic
crossover could vitiate the linkage and therefore accu-
racy of the prediction [8]. The same year with Genen-
tech, we had cloned the F8 gene and established the
complete sequence at both protein and cDNA levels
[9,10]. The following year, Jane Gitschier, who had
mapped the F8 locus [3], found a polymorphism in the
region of exon 18, which we quickly showed could be
used for allele tracking in potential carrier females of
haemophilia A [11]. This polymorphism was immedi-
ately put to work in the antenatal diagnosis of haemo-
philia A by chorionic biopsy analysis [12]. The F8 locus
proved to have very few polymorphisms susceptible to
analysis by restriction fragment length polymorphism
analysis (RFLP), the only practical tool we had to detect
them at that time. One further polymorphism was
found with the help of the Genentech team, the so-
called XbaI RFLP, which is located in intron 22 of F8
[13]. All these RFLPs were laboriously analysed by
means of Southern blotting with labelled probes from
the F8 gene. Even so, with just three RFLPs, many
females were uninformative. So, with John McVey and
my new research group at Northwick Park, we set out
to find a different type of polymorphism created by
short tandem repeats whose number varied (STR). In
1991, we found a highly informative STR in intron 13
[14], which together with a second STR in intron 22

Table 1. General characteristics of bleeding disorders.

Disease/

deficiency Prevalence

Gene

symbol

Gene location

on chromosome

No. of

reported

mutations*

Bernard Soulier

syndrome

1:1 million GPIBA 17p12 36

GPIBB 22q11.2 24

GP9 3q21 21

Glanzmann

thrombasthenia

1:1 million ITGA2B 17q21.32 147

ITGB3 17q21.32 110

Wiskott-Aldrich

syndrome

1:1 million WAS Xp11.4-p11.21 369

Von Willebrand

disease

VWF 12p13.3 522

Fibrinogen 1:1 million FGA 4q28 100

FGB 4q28 59

FGG 4q28 85

Prothrombin 1:2 million F2 11p11 57

Factor V 1:1 million F5 1q23 142

Factor V + VIII 1:1 million LMAN1 18q21.3-q22 34

MCFD2 2p21 19

Factor VII 1:500 000 F7 13q34 263

Factor VIII 1:5000 F8 Xq28 2307

Factor IX 1:25 000 F9 Xq27.1-q27.2 1104

Factor X 1:1 million F10 13q34 112

Factor XI 1:1 million� F11 4 202

Factor XIIIA 1:1 million F13A1 6p25.3-p24.3 114

Factor XIIIB F13B 1q31-q32.1 19

*Data from Human Gene Mutation Database, http://www.hgmd.org/.

Accessed February 4, 2012.
�Homozygous factor XI deficiency.
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discovered in 1994, gave an informative result for over
90% of potential carriers [15].

The next advance was in methods for sequencing of
the coding region of F8 based on PCR, to find the
underlying mutations [16]. This opened up the possi-
bility of having a unique marker for the defective allele
in every family segregating haemophilia A. At first, with
the expensive and laborious sequencing methods avail-
able, it was necessary to screen using techniques that
could show altered behaviour in a small fragment,
which was then sequenced [17]. The advent of first
generation sequencing machines made it feasible to
sequence an entire coding region without a screening
step. It meant that we could find a mutation in one-to-
two weeks. As a result of this sequencing, it soon
became evident that there was no plausible disease-
causing mutation in about half the severely affected
cases. Jane Gitschier returned to the F8 gene to show
that, in such cases, there was an inversion involving
either of two copies of an intronic gene F8A located
within intron 22 and an extragenic copy of F8A located
400 kb upstream [18].

The international haemophilia A database, which I
started in 1991 [19] to improve understanding of the
correlation between mutation and phenotype, went
online in 1996 [20]. From a critical analysis of the
mutations published up to that date, we discovered that
some mutations had a highly variable phenotype and
that there was a stronger risk of inhibitor development
for some types of mutation than others [21]. The
database has grown steadily and as of 2004 listed over
1000 unique mutations. This is set to increase massively
with the next update and overhaul of the site in 2012.

The most recent technical advance in detection of
foetal DNA in maternal blood now allows the status of
a foetus to be determined as early as week 11 of
gestation [22]. In the next 50 years, genetic tools will
come to dominate not only diagnosis but treatment of
the haemophilias, which after all are the classic example
of genetic disorder in man.

Genetic analysis in bleeding disorders

Anne C. Goodeve

Many recent enhancements to processes used in genetic
analysis of inherited bleeding disorders are available.
They are reviewed here following the pathway from
patient referral to reporting of results.

Sample analysis

Computer-based laboratory information management
systems (LIMS) can provide a complete system of
‘paperless’ sample management. All patient referral
documentation can be scanned and stored electronically,

work lists can be generated for testing to be undertaken,
and results can subsequently be recorded within the
LIMS. Genomic DNA can be prepared from blood and
other tissues using a variety of automated extraction
procedures. Bar-coding of individual samples and of the
plates in which they are analysed facilitates recording
storage location and ensures that the correct samples are
transferred between containers during analysis.

Several genetic analysis techniques are available, gen-
erally utilizing genomic DNA as template. PCR amplifi-
cation of promoter, exons plus flanking intron and 3¢
untranslated regions can be streamlined through use of
single amplification conditions, with some DNA polyme-
rases facilitating amplification of a range of template sizes
and GC contents under single amplification conditions.
PCR primers tailed with common sequences (e.g. m13)
facilitate DNA sequence reaction set up, enabling any
amplicon from any gene to be sequenced using single
forward and reverse primers. Mutation scanning tech-
niques such as high resolution melt curve analysis (HRM)
[23] are also amenable to high throughput analysis.
Robotic sample processing eliminates inter-user variation
in pipetting, resulting in more consistent DNA sequence
whilst enhancing sample throughput. Following DNA
sequencing, application of sequence analysis software
enables rapid identification ofvariants thatdiffer fromthe
reference sequence (RefSeq). Large deletions and dupli-
cations can be identified using multiplex ligation-depen-
dent probe amplification (MLPA) [24,25], micro-array or
mutation-specific gap-PCR [26]. F8 intra-chromosomal
inversions amplified through long or inverse PCR can be
analysed using gel electrophoresis or, for smaller ampli-
cons, by fragment sizing using a DNA sequencer. Previ-
ously ‘missing’deep intronicmutations thataffect splicing
can be detected by reverse transcription (RT)-PCR from
mRNA, gel electrophoresis andDNA sequencing [27,28].
Sequence-variant interpretation software integrates path-
ogenicitypredictiontoolsforaminoacidsubstitutionsand
for splice variants along with literature searching for
previously reported variants. For amino acid substitu-
tions, these are based on different algorithms for their
potential impact on protein structure/function using
assessment of physical properties, along with their evolu-
tionary conservation. Mutations potentially affecting
splicing are analysed by panels of algorithms analysing
presence and relative strength of splice motifs. Locus-
specific mutation databases, the Human Gene Mutation
Database (HGMD) [29], and the single nucleotide poly-
morphism database (dbSNP) [30] catalogue and help
facilitate pathogenicity interpretation of previously re-
ported variants. Newly recognized sequence variants
underneath PCR amplification primers can be sought
with each new release of dbSNP using tools including
SNPCheck [31]. Primers can then be redesigned where
necessary using online software to prevent mono-allelic
amplification resulting in allele dropout and mutations
potentially being missed. [32] Reference genetic materials
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are available for common mutations through the UK
National Institute for Biological Standards and Control
(NIBSC) [33] and can be used to validate assay perfor-
mance. LIMS use can facilitate reporting of the results of
genetic testing to the referring clinician through ready
availability of all patient documentation on the computer
screen and through integration of standard report tem-
plates with specific details of testing undertaken and its
results. Reports generated can be passed between
scientists electronically for content verification, and
where secure electronic document transfer is possible,
for electronic reporting back to the referring clinician
without the requirement to print and post the report.

Standardization

Guidelines from bodies including the UK Clinical Molec-
ular Genetics Society, the European Molecular Genetics
Quality Network (EMQN), and the Swiss Society of
Medical Genetics recommend standard practice in sev-
eral areas including validation and verification of molec-
ular genetic tests, DNA sequencing, quality control and
pathogenicity prediction of sequence variants as well as
for disease-specific issues. EuroGenTest maintains a
guideline listing [34]. Laboratory accreditation to na-
tional or international standards ensures that common
standards of practice are maintained. while quality
management software facilitates organization and regu-
lar review of laboratory management and standard
operating procedure documents. Use of standard Human
Genome Organisation Gene Nomenclature Committee
(HGNC) gene names [35], along with Human Genome
Variation Society (HGVS) sequence nomenclature [36]
and reference to a specified RefSeq, reduces errors in
documenting variants identified by different laboratories.
External quality assessment (EQA) for genetic analysis is
available for a limited number of bleeding disorders
(currently haemophilia A, haemophilia B and von Wille-
brand disease) through bodies including the UK National
External Quality Assessment Survey (NEQAS) for Blood
Coagulation. Participation in regular surveys leads to
improvement in clerical and genotyping accuracy and in
the completeness of sequence variant interpretation in
genetic analysis reports [37]. Generic EQA for DNA
sequence analysis and interpretation is also available
through bodies including EMQN. Sharing best labora-
tory practice and provision of backup laboratory analysis
when problems arise is made possible by participation in
laboratory networks e.g. the UK Haemophilia Centre
Doctors’ Organisation (UKHCDO) Genetic Testing
Network [38].

The future

Next generation DNA sequencing will shortly start to
contribute to identification of exonic and currently

‘missing’ intronic and transcriptional sequence variants,
enhancing the range of bleeding disorders that can
readily be analysed, while helping to reduce analysis
costs.

The NEQAS Haemophilia Molecular Genetics
Quality Assurance Scheme

David J Perry, Tony Cumming, Anne Goodeve,
Marian Hill, Ian Jennings, Steven Kitchen and Isobel
Walker

Molecular genetic analyses in families with haemophilia
and other inherited bleeding disorders is a common
laboratory investigation. The results of genotypes are
unequivocal with no borderline values, but a failure to
correctly identify a mutation or to misinterpret its
significance can have major implications for an individ-
ual, his/her family and offspring. In contrast to pheno-
typic testing in which strict quality control is adhered
to, in the field of haemophilia, molecular genetic testing,
many/most laboratories do not appear to participate in
any external quality assurance (EQA) schemes. How-
ever, experience from other genetic EQA schemes has
highlighted that errors, both in the correct identification
of mutations and in their subsequent interpretation,
may occur [39–42].

The UK NEQAS Scheme for molecular genetic
testing in haemophilia

In 1998, the UK National External Quality Assessment
Scheme for Blood Coagulation (UK NEQAS BC) estab-
lished a pilot quality assurance scheme for molecular
genetic testing in haemophilia. The scheme was designed
to assess genotyping, clerical accuracy and the interpre-
tation of genetic analyses in individuals with inherited
bleeding disorders. In the original pilot schemes, the
presence or absence of the F8 intron 22 inversion was
examined. Results from three initial surveys highlighted
problems with the quality of samples when used to
screen for the intron 22 inversion and in part reflected
difficulties with these analyses by Southern blot analysis
or by long-range PCR at this time. The scheme was
re-launched in 2003 and subsequent exercises have
included F8 linkage studies as well as mutations within
the F8, F9 and VWF genes [37].

The Scheme

The scheme is open to laboratories from all countries
and currently 22 laboratories, primarily but not exclu-
sively from Europe, participate. Participants in the
scheme are provided with a clinical scenario (Fig. 1) and
either whole blood or DNA isolated from previously
established cell lines and asked to seek a familial
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mutation in a limited part of the relevant gene, to report
on the mutation in the patient, its presence/absence in
relative(s) and the implications for each individual
analysed. Reports are assessed in three areas: clerical
accuracy, genotyping and interpretation (Fig. 2). Two
exercises per annum are circulated with a 6-week
turnaround time. Reports are assessed by a panel of
scientists/clinicians with expertise in this area. To date,
19 exercises have been circulated covering a wide

variety of mutations [including inversions events, mis-
sense and nonsense mutations, and small deletions]
within the F8, F9 and VWF genes.

Results to date

A laboratory report is a summary of any investigations
that have been performed and the subsequent interpre-
tation of these results in the light of any phenotypic and

Fig. 1. Clinical data provided to the laboratories participating in hemophilia genetic analysis EQA module.
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family data that were provided. It is important to
remember that in many cases, laboratory reports will be
read and the contents acted upon by individuals who
may not be experts in the field of molecular haemostasis
and therefore the reports should be easily interpretable
and ‘stand alone.’ Novel mutations should, for example,
include an indication as to why they are considered
pathogenic, and how the possibility that they could
represent polymorphic variants was excluded. In addi-
tion, mutations should adhere to conventional methods
both for nomenclature and for numbering [36].

In the NEQAS scheme, scoring for each report
(Fig. 2) is based on:
1. Clerical accuracy: was the patient correctly identified,

was the clinical question, the disorder and its
severity clearly stated?

2. Genotyping: what methods were employed for the
analyses and what was the extent of the analysis;
was the presence (or absence) of a mutation cor-
rectly identified and the predicted consequences of
this mutation on protein structure (briefly) explored;
was the mutation present in a homozygous,
heterozygous or hemizygous form?

3. Interpretation: Was the interpretation based on all
data provided and derived from the results of
mutational analysis; was this interpretation accu-
rate and did it answer the clinical question?

The assessment template is similar but slightly differ-
ent for each exercise and the key points for each exercise
are decided in advance of the assessment. All reports are
scored anonymously, but a unique laboratory number is
assigned to each laboratory so that rapid identification

of consistently poorly performing laboratories can be
identified and highlighted to the NEQAS BC Steering
Committee.

Of the 19 exercises that have been circulated,
common reasons for failure or for losing points in the
assessment include:
1. A failure to include sufficient unique identifiable

patient data.
2. A failure to correctly identify the mutation.
3. Incorrect numbering of the mutation.
4. Incorrect interpretation of the significance of the

mutation for the patient and their family members.

Summary

The aim of any EQA scheme is to highlight problems
and deficiencies in laboratory procedures. In the UK,
laboratories undertaking genetic studies in patients with
inherited bleeding disorders are required to participate
in an EQA scheme and it is a requirement for member-
ship of the UKHCDO Haemophilia Laboratory Net-
work and for accreditation through CPA (Clinical
Pathology Accreditation (UK) Ltd.).

Since its inception, the NEQAS QA Scheme for
Haemophilia Genetics has seen a significant improve-
ment in the quality of laboratory reports. Reports are
confined to a single page; participants now regularly
include essential information, adhere to international
recommendations on gene and mutation nomenclature
and include relevant reference sequences and literature
references. Reports are more ‘stand alone’ so that
genetic information and its interpretation may follow

Fig. 2. Reporting format distributed to participants of the haemophilia EQA program.
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the patient more readily. The scheme has therefore
improved consistency of reporting standards across
participating laboratories.

The value of this scheme is highlighted by the last
exercise (Exercise 19) in which four laboratories,
several of which were new participants to the scheme,
failed to correctly identify the presence of a F8 intron 22
mutation in a heterozygous female. Their participation
in the EQA scheme and the subsequent feedback will
help incorporate corrective measures in their genetic
testing protocols.

Reference materials for genetic tests in
haemophilia and allied bleeding disorders

Elaine Gray

The frequency of genetic testing is increasing and the
accuracy of these tests is of paramount importance to the
diagnosis and treatment of patients and the counselling of
affected families. Haemophilia A is a hereditary genetic
bleeding disorder occurring in about 1 in 5000 male
births, with intron 22 inversion mutation of the F8 gene
accounting for 50% of cases of severe haemophilia A.
Genetic analysis of the intron 22 inversion is challenging,
involving technically demanding methods such as South-
ern blotting and long-range PCR [43,44].

External quality assurance schemes have shown
that errors in genotyping for this mutation do occur
[37]. Most laboratories use as their in-assay control
DNA samples extracted from patients known to carry
the intron 22 inversion mutation. However, these are
not well characterized and are usually only available
in limited amounts. Few certified and commercial
genetic reference materials for haemophilia and other
bleeding disorders are available.

The National Institute for Biological Standards and
Control (UK), under the auspices of the World Health
Organisation (WHO), therefore investigated the possibil-
ity of providing a panel of robust and stable genetic
reference materials to improve theaccuracyof genotyping
for the intron22mutation.Thispanelof fourpreparations
wasproducedfromgenomicDNA(gDNA)extractedfrom
immortalized cell lines produced by Epstein-Barr virus
transformation of lymphocytes from blood samples of
consented donors. The samples were obtained from two
normal individuals (male and female), an intron 22
inversion-positive female carrier and an intron 22 inver-
sion-positive male. An international collaborative study
involving fourteen laboratories, employing a total of six

different methods with three different underlying princi-
ples, evaluated the suitability of the proposed panel of
gDNA samples as the 1st International Genetic Reference
Panel for Hemophilia A Intron 22 Inversion, Human
gDNA.Withtheexceptionofonelaboratorythatreturned
erroneous results, all other participants were able to
genotype every coded sample correctly. All errors con-
cerned the intron 22 inversion-positive female carrier
DNA, which was genotyped as a normal individual. With
three incorrect results in166tests, theoverall error rate for
this study was 1.8%. These data indicate that errors in
genotypingcanoccurandthevastmajorityof laboratories
can use these materials to obtain the correct result. They
also show that the panel is suitable for use as reference
materials for normal females, normal males, intron 22
inversion-positive female carriers, and intron 22 inver-
sion-positive affected males. With the exception of one
laboratory that did not run known patient samples as in-
assay control, all other labs employed appropriate assay
control, thereby confirming the commutability of the
panel.

In 2008, the World Health Organisation (WHO)
established this stable reference panel of genomic-
DNA (gDNA) (NIBSC Code, 08/160) to support the
genetic testing of intron 22 mutation [45]. This panel
has been distributed worldwide and has proven to be
useful in aiding laboratories to set up and validate their
methods. The success of this panel establishes the basis
for the future production of genetic reference materials
for bleeding disorders.

Conclusions

With the advent of molecular genetic techniques, it is
obvious that several aspects of care for patients with
bleeding disorders have improved substantially over the
last five decades. Along with accurate genetic diagnosis
of haemophilia and other bleeding disorders, molecular
genetics has further enhanced our understanding of the
functional biology of proteins involved in blood coag-
ulation, elucidated the basis of inhibitor development
and informed new therapeutic approaches such as
development of newer clotting factor concentrates and
gene therapy.
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