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1. INTROBUCTION

In 1977 WHO published in its Bulletin a Memorandum on Methods for the
Detection of Haemophilia Carriers. This was produced follewing a WHO/WFH
Meeting of Investigators held in Geneva in November 1976, and has served as a
valuable reference article to all interested in the genetics of haemophilia.

The analyses discussed were based on phenotypic assessment, which, at that time,
was the only procedure available,

The molecular biclogy revelution in genetics has, during the 1980's, made
enormous contributions to our understanding of the molecular basis of the
haemophilias and allowed for precise carrier detection and prenatal diagnosis,
WHO and WFH held a joint meeting in March 1990 to consider the Prevention and
Control of Haemophilia, and recommended that WHO should organize, in
collaboration with WFH, a meeting of experts to update the 1977 WHO/WFH
Memorandum "in view of the recent explosive development of DNA technology and
their continuing simplification®,

2. ASSESSMENT OF THE PROBLEM

2.1 The carrier gtate jn haemophilja:

(1) Clinical and genetic considerations

Carriers (females) of haemophilia usually inherit their
abnormal factor VIII or factor IX gene from either of their parents,
Sirce they have a second normal X-chromosomal gene from the other
parcut the clotting factor level is around 50% of normal which is
sufficient for normal haemostasis.

Bleeding symptoms do occur, however, in carriers if their
clotting factor level is in the range of mild haemophilia, below
40%. This may be due to homozygosity, Turner's syndrome, other
chromosomal abnormalities, extreme lyonization, or the coinheritance
of a variant von Willebrand factor allele (i.e.,: von Willebrand’s
disease Normandy). With the increasing success of patient
associations, the chances of carriers marrying patients might be
expected to rise, but until now, homozygosity has been distinetly
rare, just as the unlikely coincidence of Turner's syndrome and
carriership. Occasional true heterozygous carriers with low
clotting factor levels due to extreme lyonization, however, are
known in all major haemophilia centres. Within the perspective of
this document, this is relevant for invasive procedures for prenatal
diagnosis and for the management of delivery,

Worries about the risk of haemophilia affecting their
offspring are the motive for possible carriers to seek advice. The
first step in this genetic counselling procedure is to find out why
the consultand thinks that she might carry the gene. This may lead
to any of three conclusions: she iz not a carrier, she is an
obligatory carrier, she is a possible carrier.

Carriership is excluded if haemophilia oceurs in the paternal
family without her father himself being affected. Carriership is
obligatory if her father has haemophilia or if she has maternal
relatives with haemophilia as well as an affected child., In these
situations each newborn son has a 50% chance of being affected. If
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the consultand has more than one son with haemophilia without other
affected relatives, she may be either a true heterozygote, or a
mosaic,'® In the case of somatic or germ line mosaicism the
recurrence risk of the disease in subsequent newborn sons depends on
the propertion of ova carrying the abnormal gene, which is difficult
to establish. Carriership is possible if the consultand has
affected relatives on the maternal side and no affected children, or
if she has one affected son and no other affected relatives. In the
last case, there are four possibilities: the consultand may have
inherited the gene through the silent maternmal line, which makes her
a true heterozygote; she may be a mosaic; the affected son may
have received the abnormal gene from a mutation in the single ovum
that he originated from; or, the affected son may himself be a
somatic mosaic with a large proportion of factor VIII or IX
producing cells carrying the mutation.?’

After this first step, the genetic counsellor proceeds with
rigorous pedigree analysis, clotting factor assays and DNA studies
in order to minimise uncertainty and to set the stage for decision
making about prenatal diagnosis. These phases will be dealt with in
detail below,

(ii) Psychological considerations

Every woman who considers carrier testing for haemophilia, has
a2 multitude of sociological and psychological influences which might
affect her perceptions of the personal implications of poszible
carrier status., Some influences may be created by the ethnic and/or
religious background of the individual, A particular society’s
perception of a woman who carries the gene for haemophilia may
certainly influence whether or not a woman at risk chooses to be
tested. Decisions to undergo carrier testing may also be dependent
upon the degree of anxiety about haemophilia and its complications,
as well as the availability and safety of treatment. Women who live
in countries where treatment for haemophilia is inadequate, may be
very interested in carrier detection and prenatal diagnosis, and
therefore a more aggresgive approach to testing may be successful.

Preconceived notions about the clinical aspects of the disease
will be formed as a result of the degree of, and content of contact
with male haemophilic relatives, Women who have male relatives with
more clinically severe disease, with inhibitors, or AIDS, may be
more inelined to seek out carrier testing. This is especially true
if an individual has been able to closely observe the effects of the
dizease on themselves and their family over time. Women who are
related to those with milder clinical disease, or who have more
distantly related haemophilic relatives, may have different
perceptions regarding carrier testing. In the caze of mild clinical
disease in the family, women may see no need for carrier testing
because of perceptions that haemophilia will not have a large
personal impact. Those with more distantly related haemophilic
relatives may be eager to pursue testing because of a perceived low
risk, but may be unprepared if positive results are obtained.

It is important that formal counselling be done before
laboratory tests are even considered, in order to resolve conflicts
that may exist between a woman’s desire to learn of her carrier
status and the implications of possible results. It should be
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emphasized that the results of carrier testing may also be that the
woman is not a carrier of haemophilia. The anxieties a woman might
have regarding genetic testing, may also be complicated by the type
of testing available and the requirements of such, as well as the
reliability of the tests invelved. The possibility of inconclusive
test results, or results that are not highly accurate may deter some
women from choosing to be tested.

The psychological impact of other family members must also be
considered when counselling. Some sisters, daughters, and mothars
of haemophilic males may have ambiguous feelings about their
decisions regarding carrier testing. They often consider the
effects of their own decisions regarding genetic testing on their
male relative(s), and may not always make decisions based on their
own needs, Family members will become an important part of
counselling if they are called in for blood sampling, In this case
a family counselling session should be offered., Involvement of
spouses or long term partners in counselling sessions is also
Important, so that the couple can make mutually beneficial decisions
regarding testing. The partner’'s perceptions of haemophilia, and
the degree of reproductive risks he is willing to take, will play an
important role in this procens. Some women wait to undergo ecarrier
testing until they are pregnant. They may be referred by their
obstetricians, or they may zlect to undergoe testing because of
extreme anxiety. Carrier testing under these conditioens is very
stressful for the patients and medical persommel. The women seek
rapid, accurate diagnosis of the carrier state so that decisions can
be made about prenatal testing at the appropriate time. Therefore
carrier testing during pregnancy is not recommended, rather it
should be done prior to this time.

Many women who choose to undergo carrier testing may petceive
themselves as either carriers or non-carriers prior to actual
laboratery testing, This perception may influence how an individual
assimilates the results of her laboratory testing, therefore it is
an important issue to discuss during counselling., Those who assume
that they are non-carriers will be supported by negative results,
but may feel shock and surprise if given positive results. Those
who assume that they are carriers may be relieved when given
negative results, but they may alsc feel guilty for "escaping® their
family’s genetic burden, and they may have difficulty coping with
their new status if life decisions have been made based on their
assumptions of carrier status. Any woman who receives positive
results will need a great deal of support, as they then must deal
with the reality of their carrier status within the context of their
family and their scciety,

Prenatal diagnosis:
(i) Clinical and genetic considerations

In families at risk of having a child with haemophilia,
assessment of carrier status and counselling regarding prenatal
diagnesis should ideally be carried out before conception. Pregnant
carriers requesting prenatal diagnosis should be counselled as to
the available options, including the techniques for fetal tissue
sampling, their limitations and potential complicatiens. If the
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fetus is affected, the options of (i) continuing with the pregnancy
and either keeping or adopting their child, and (ii) terminating the
pregnancy, are reviewed,

Diagnostie Centres

Prenatal diagnosis should be undertaken in centres with full
genetic, haematological and cbstetric expertise.

Diagnostic Testz

In the early days of prenatal diagnosis of the haemophilias
(until the mid 1980’'s) the policy was to perform amniocentesis at 16
weeks followed by fetal bloed sampling at 20 weeks for phenotypic
diagnosis in male fetuses. Subsequently, with the application of
recombinant DNA techniques to the analysis of placental biopsy
material, parents were offered the advantage of first trimester
diagnosis, with the additional benefit that in the presence of a
mzle fetus only one invasive test was required. However, fetal
blood sampling for phenotypic diagnesis is still the preferred
method in patients presenting in the second trimester of pregnancy,
and it is necessary for those patients who are not informative for
any of the available DNA probes, for those requiring confirmation
where normality is based on a linked probe, and those who have
sporadic haemophilia or lack key relatives. Second trimester
diagnosis may also be the preferred option for those patients
wishing to avold invasive testing for female fetuses because fetal
sexing can now be performed by ultrasoncgraphy at 16-20 weeks.

Termination of Pregnancy

Traditionally, termination of pregnancy in the first trimester
was performed under general anaesthesia by dilatation of the cervix
and evacuation of the uterine contents. In the second trimester
termination invelved induction of labour and delivery of the fetus.
Recently with the more widespread uptake of second trimester
dilatation and evacuation, one of the potential advantages of first
trimester diagnosis (less traumatic termination), may not be valid.

(ii) Psychological considerations

Prematal diagnosis of the haemophilias holds a multitude of
psychological considerations for the woman and her partner as well
as the wider family and the community as a whole. Parental
anxieties arise from (i) the risks of having an affected child with
lifelong morbidity, (ii) attending a hospital and having a
potentially painful invasive test, (iii) miscarrying as a result of
invasive testing, (iv) receiving an abnormal result, (v) making a
decision on whether to continue or terminate an affected pregnancy,
{(vi) undergoling a termination, with its potential short-term and
long-term complications. The parents are also subjected to further,
either real or perceived, pressures. The wider family, especially
affected members, close friends, and even their doctors, may hold
strong views concerning quality of life and attitudes to
termination. Prevailing, cultural, religious and moral values
within a society may impose additional stresszes on the parents.
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Awareness of these problems and psycholegical support at each
step of prenatal diagnosis, constitute the basis of a good
diagnostic centre,

3. PRESENT STATUS OF GENETIC DIAGNOSIS FOR HAEMOPHILIA

3.1 Assessment of carrier status:

(i) Family data - risk assessment

A pedigree of the family has to be carefully drawn with
accurate information on the males being affected with haemophilia or
not. If meore than one haemophiliac exists or has existed in the
family, the case is familial. If the haemophiliac is the only known
case in the family it is considered as isolated. These two types of
families have to be dizcussed separately.

Familial Cases

Haemophilia A and B are X-linked, recessive disorders. The
segregation probabilities are thus 50% for a carrier femsale to
transmit the X-linked gene to each child, male ot female, while the
haemophilic male will have only normal sons and carrier daughters.

Study of the pedigree alone will identify some females as
obligate carriers. An obligate carrier is defined as a woman who:

“ has a father who is a haemophiliac (with the rare exception of
him being a somatic mosaic);

- has more than one haemophilic son (identical twins excluded)
or one haemophilic son and a daughter who has given birth to a
haemophilic son;

- has 2 haemophilic son and a well documented haemophiliac on
the maternal side of the family.

Obligate carriers have a probability of 1.0 for carriership
and need no further investigation,

Females in the pedigree who are not obligate carriers are to
be considered as possible carriers. If a consultand is a possible
carrier her probability of carriership calculated from pedigree data
should be done in two steps. In the first step only information
from the pedigree anterior te her is used, and the pedigree from the
consultand to the nearest maternal relative who is a haemophiliac or
an obligate female carrier is examined. For each step vertical or
horizontal in the pedigree from this person, a probability of 0.5 is
taken and these factors are multiplied together to arrive at the
probability of the consultand being a carrier,

Thisz iz i]llustrated in the pedigree in Fig. 1. 1:2 is an
obligate carrier since she has given birth to a son with haemophilia
and a daughter whe has a son with haemophilia. 1II:4 is one step
horizontal to the haemophiliac (or one step vertical to the obligate
carrier) and thus has a probability of 0.5 for carriership. III:2
is one step horizontal and one step vertical to the haemophiliac (or
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two steps vertical to the obligate carrier) and thus has a

probability for carriership 0.5 x 0.5 = 0.25.

If the consultand has male descendants her probability for
carriership has to be modified by taking these into consideration.
If the consultand has healthy male descendants her probability of
heing a carrier is diminished.

The probability for III:2 being a carrier according to the
anterior family history is 0.25. She has given birth to twe healthy
sons. The next step is to calculate the likelihood that III:? would
have 2 normal sons, separately for rthe two possible cases that she
is or is not a carrier. If she is a carrier the likelihood that her
2 sons would be healthy is (0.5)2 = 0.25, since each son has =&
probability of 0.5 of not receiving the abnormal gene. If she is
not a carrier the likelihood that her two sons would be normal is
12 = 1. These two likelihoods expressed as odds for carriership
give (0.5)¢ ; 12, i.e.,, 0.25 : 1.

In order to modify the probability of 0.25 obtained from the
anterior pedigree by taking inte consideration the odds obtained
from the pedigree of the descendants, the former probabilitcy must be
expresszed ag odds; 0.25 : 0.75 =1 : 3, The odds in the anterior
and descendant pedigree is multiplied to arrive at the final odds
for carriership obtained from pedigree data; 0.25 x 1 : 1 x 3 =
0.25 : 3. The odds for carriership can then be transformed again
inte a probability according to the formula: odds a ;: b corresponds
to the probability according to the formula; P = a/(a+b);
0.25/¢0.25 + 3) = 0.08, Expressed in words, the fact that IIT:3 has
given birth to two healthy sons reduces her probability of
carriership from 0.25 to 0.08.

These calculations are illustrated in Table 1 with the general
formula applying to a consultand having n sons. With one normal son
(n=1), the final probability is reduced from 0.25 to 0.14, with two
normal {(n=2) zons it iz reduced to 0.08 etc.

Isolated Cazes

An isolated case of haemophilia may result from transmission
of the haemophilia gene through asymptomatic females in whom the
gene has remained undetected; from a new mutation in the mother,
resulting in her being a carrier, or a new mutation in the
haemophiliac (=true de novo mutation)., The existence of somatic
mosaicism and germ line mosaicism has also to be taken into
consideration.<.3

The true proportion of de novo mutations will depend upon the
mutation rate in males versus females (v/u). If it is higher in
males, a high proportion of mothers of isolated cases will be
carriers. If it is higher in females, many isolated haemophiliacs
will be the result of true de novo mutations. The sex ratio of
mutation frequencies in haemophilia has not been definitely
established. Most studies show a higher mutation frequency in the
male than in the female. In haemophilia A v/u has been estimated as
5.0 and 9.67% in two recent studies. In haemophilia B it has been
estimated as 119. Even if these figures are cautiously interpreted,
most mothers of isolated haemophiliacs are carriers. For practical
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purposes one can approximate the genetic probability to be 0.85 for
carriership in mothers of an isolated case.

(ii) Phenotypic asseszment of haemophilia A and B
Glozsary of Terms

Factor VIII:C (factor VIII coagulant activity) - the coagulant
activity of factor VIII as assessed from the normalising effect on
the activated partial thromboplastin time (APTT) of plasma
containing less than the 1% of the normal factor VIII:C
concentration.

Factor VIII:Ag (factor VIII antigen) - the factor VIII protein
as assessed by immunoassays,

vWF:Ag (von Willebrand factor antigen) - the von Willebrand
factor protein as assessed by immuncasgsays.

Factor IX:C (factor IX coagulant activity) - the coagulant
activity of factor IX as assessed from the normalising effect on the
APTT of plasma containing less than 1% of the normal factor IX:C
concentration,

Factor IX:Ag (factor IX antigen) - the factor IX protein as
azsegsed by immunoassays.

Substrate plasma is plasma devoid of factor VIII:C or IX:C,
respectively, and used in the coagulation assay.

Test plasma is the plasma sample taken from an individual to
he tested,

Local working standard plasma is a pool of plasma used as a
"eontrol" plasma. It should be calibrated in international units
(IU).

Laboratory Standards

Factor VIII:C. All factor VIII:C estimations must be assayed
by comparison with an international standard and expressed as
international units (IU) of factor VIII ceagulant activity. One IU
of VIII:C 1s by definition the factor VIII coagulant activity in one
millilitre of "fresh normal human plasma". The IU is defined by the
"International Standard for Blood Coagulation Fsctor VIIT Plasma
Human" {(at present 90/550), which is available from the National
Institute for Bioleogical Standards and Control, London, UK.

In the local laboratory, pooled citrated plasma from at least
20 healthy donors, having an age and blood group distribution
comparable to those of the local population from which test subjects
are drawn, may be used as the working standard. Every new batch of
thiz local standard plasma has to be calibrated against the
international standard plasma or an "intermediate" standard which
has been calibrated against the international standard. When
calibrating, the standard plasma should be tested three times in
triplicate and a conversion factor be calculated for local U
VIII:C/ml to IU VIII:C/ml. A new working standard should be
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prepared every 2-3 months to minimize inaceuracy due to
deterioration in storage. The standard must be stored at -70°C,

Factor VIII:Ag. The local working standard calibrated against
the international standard as described above is to be used ag
standard,

vWF:Ag. The local working standard should be prepared
according to the guidelines above and calibrated against the
international standard for vWF (at present 5th British Standard for
Blood Coagulation Factors, plasma human 91/516),

Factor IX:C. The local working standard should be prepared
according to the guidelines above and calibrated against the
"International Standard for Bleood Coagulation Factor IX Human
Plasma" (at present the 5th British Standard for Blood Coagulation
Factors, plasma human 91/516). This standard may also be used for
Factor IX:;Ag measurements.

Sampling of Blood

Both carriers and contrels have to be in good health at the
time of sampling since inflammatory states, liver and other diseases
and certain drugs may influence the concentrations of the
coagulation factors.

The syringes and tubes used should be of plastic or
siliconized glass. Vacuum tubes may be used. The anticoagulant
should be 0.11 or 0.13 M sodium citrate, 1 volume to 9 volumes of
blocd., The tubes should be turned upside down immediately 2-3 times
after sampling. Centrifugation for at least 20 minutes at 2000 g
should be performed as soon as possible. The plasma should not be
hemolyzed. If plasma is not analyzed immediately it should be
frozen at -70°C and not stored more than a few months.

The results of VIII:C and VWF determinations will not be
confounded if carriers are pregnant until the 22nd week of gestation
or taking oral contraceptives at the time of blood sampling,0-12
The age (haemophilia A and B) and blood group (haemophilia A) has to
be considered in both carriers and controls.’3 %% The data on the
effect of age on IX:C concentrations are ambiguous; no effect was
found by Graham et al. (1979),% whereas Orstavik et al. (1985)' in
& population of twins found a significantly higher value in the
senlor twins., Oestrogen-containing drugs, like oral contraceptives,
result in higher concentrations of both IX:C and IX:Agl?.

Coagulant Assays

VIII:C should be measured by a one-stage clotting assay or
chromogenic substrate method.

The one-stage method is based on the test sample's ability to
correct the APPT in plasma which has a <1% VIII:C.'® The one stage
assay usesf a partial thromboplastin, such as cephalin, as a
substitute for platelets in the test plasma (phospholipids),
Activation of the contact phase can be accomplished by substances
such as celite, Phospholipid /activator reagents differ with
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respect to phospholipid content, the presence of oxidation products,
their procoagulant potency and precision.!?

The chromogenic substrate assay for measuring VITII:C has been
shown to have a correlation of 0.92-0.98 to one stage-clotting
assays.?d In a comparison between different VIII:C assays, the
chromogenic substrate assay was found to have the highest
precision,?!

VIII:Ag can be measured by various immunoradiometric (IRMA) or
enzyme-linked immunosorbent (ELISA) assays.?? Most of these as5ays
are two-site solid phasze assays using polyeclonal or monoclonal
antibodies as the solid phase and a radio- or enzyme- labelled
tracer, Some reports have favoured VIII:Ag measurement over VIII:G
for carrier detection, while other reports have came to the opposite
result.?.2 The local experience with the different methods may
favour one ower the other, but there ig no universal advantage of
using VIIT:Ag instead of VIII:C or vice versa.

VWEF:Ag can be measured quantitatively with two different
methods; Electroimmoassay (EIA)2® and IRMA or ELISA.26 EJA are
performed by the "rocket technique®.2’ IRMA and ELISA techniques
are usually performed as two-site solid phase assays and several
modifications exist. In a first step, tubes or microtiter wells are
incubated with poelyclenal or monoclonal antibody against vwWF. 1In a
second step the plasma to be tested is incubated in various
dilutions. In the third step radiolabelled or enzyme-linked
antibody is added as a tracer and measured after incubation and
washing procedures., The dose-response curves of the working
standard and the test samples must be parallel in order te calculate
the VWF concentration in the sample tested. The standard working
plasma should be calibrated against the international standard or an
"intermediate" standard. EIA is as satisfactory a method as IRMA or
ELISA in detection of carriers of haemophilia A and the experience
at the loecal laboratory should make the choice,®*

IX:C can be measured by one-stage or two-stage assays based on
the same principles as VIII:C assays. The same precautions
concerning sampling, working standard plasma, international standard
plasma and test plasma are applicable to IX:C assays., A chromogenic
substrate method which uses a factor Xa substrate, has been
described based on the conversion of factor IX in plasma to IXa by
addition of a semi-pure factor XIa in the presence of calcium.?®

IX:Ag can be measured by various immunological assays, the
most reliable being IRMA and ELISA.2%.3% When these techniques were
introduced it was found that haemophilia B could be classzified into
many subgroups according to the amount of IX:Ag present, CRM+
(cross reacting material positive) had normal IX:Ag, CRMP reduced
amounts and CRM- undetectable IX:Ag. In the CRMR group two
subgroups can be identified; one where the factor IX activity and
antigen are reduced to the same depree (IX:C/IX:Ag approx. =l1), and
one group where IX:C is =significantly more reduced than the IX:Ag
(ratio IX:C/IX:Ag <0.5), Haemophilia B- is a designation of CRM-
patients and CRM® with IX:C/IX:Ag ratio of approx., 1. Haemophilia
B+ are CRM+ patlents and CRM® with IX:C/IX:Ag ratio <0.5.
Haemophilia Bm are CRM+ or CRMR patients who have a prolonged
one-stage prothrombin time when using ox-brain thromboplastin in the



WHO/HDP /WFH /92 , 4

page 12

assay.”! Haemophilia B Leyden refers to CRM- and CRMP patients where
the deficiency of IX:C and IX:Ag is only transient, After puberty
the levels increase with an average rate of 0.04-0.05 1U/ml each

32
year,

The average concentrations of IX:C or IX:Ag are lower in
haemophilia B- carriers than in non-carrier women. Both
concentrations are influenced by the random inactivation of one of
the X-chromosomes (Lyon-phenomenon) .33 Haemophilia B+ carriers alse
have lower concentrations of IX:C, though their IX:Ag may vary
widely as a result of the Lyon-phenomenon.? No consensus exists on
the most effective way of classifying carriers of different types of
haemophilia B. Measurement of IX:Ag offers only limited predictive
improvement, mainly in haemophilia B+ families according te Kasper
et al. (1977)% and Pechet et al. (1978).3¢ oOrstavik et al.
(1979)3, on the other hand, found that IX:Ag was of diseriminant
value in both haemophilia B- and B+ families. In another study the
most efficient way of classifying haemophilia B- carriers was
univariate diserimination based on IX:Ag. For haemophilia B+
carriers bivariate linear discriminant analysis using both IX:C and
IX:Ag gave the best results.' 1In this paper univariate linear
dizcriminant analysis is advocated for haemophilia B, using IX:C
measurements (see below).

0dds Ratios Based On Laboratory Data

On average, carriers of haemophilia A or B have about 50% of
the normal levels of factor VIII or IX. Due to considerable overlap
between the levels in carriers and normal women it is usually not
possible to establish carrier status on these laboratory data in an
unambiguous way. Therefore, the laboratory data are used to
caleculate an odds ratio favouring carriership: an odds ratio "X"
means that the laboratory findings in the consultand are X-times
more likely to be found in & carrier than in a non-carrier. The
subsequent use of Bayes’ rule allows one to combine this odds ratio
with the probability of carriership derived from the pedigree
analysis and to obtain a "final" probability of carriership. In the
1977 WHO memorandum®’ four ways have been described to caleulate
odds from laboratory data., Currently, however, the preferred method
for haemophilia A is bivariate linear discriminant analysis based on
factor VIII:C and von Willebrand factor antigen measurements
accommodating the effects of age and ABO blood group.?, For
haemophilia B, univariate linear discriminant analysis is advocated
using factor IX:C measurements and applying a correction for the use
of oral contraceptives.'®3 Although the estimation of factor IX
antigen levels may be advantageous in some cases3*, the routine
application of this assay does not seem to be justified,?,36,38

Both in haemophilia A and B, laboratory data are obtained in
reference groups of carriers and non-carriers using exactly the same
methods, reagents and standards as used for prospective consultands.
Also the subjects used for reference purposes should be as similar
as possible in all respects to the consultands. This used to
require the recruitment of about 30 obligatory carriers and an equal
number of non-related but very similar women. Since DRA-technelogy
now allews one to definitely prove or disprove carriership one may
use the laboratory data on previously dizgnosed consultands for
reference purposes. At all times, however, one should be aware that
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age, blood type, severity of haemophilia, pregnancy, use of oral
contraceptives, and probably other factors may exert an influence on
the outcome of the laboratory tests, Consequently it is important
to note whether the reference subjects and prospective consultands
are similar in these respects. Furthermore, the laboratory data
usually need to be transformed such that the distribution of the
data for the reference groups are normal or at least non-skewed,

In Tables 2 and 3 we have provided one aE?roach for
haemophilia A using the universal discriminant®® which obviates the
need to study a reference group of carriers, and one approach for
haemophilia B applicable to both CEM positive and CRM negative
forms.'® Considering the primary position of DNA analysis in
carrier diagnosis we feel that these straightforward approaches
should be sufficient in most cases. The calculations can be easily
carried out in a spreadsheet type computer programme.

Combining Pedigree and Laboratory Data

The pedigree probability of carriership (P) has to be
transformed te the corresponding odds (a:b) according to the formula
a:b = P:(1-P). The probability P = a/(a + b). In famjlial
haemophilia the anterior pedigree itself supplies a probability of
the consultand being a carrier. If descendants exist one can modify
the anterior probability with the odds of being a carrier derived
from the descendant pedigree. In this method, the anterior
probability is first transformed to odds before combining the two
(Table 4).

The odds of being a carrier from the laboratory data, as
calculated above, is multiplied with the pedigree odds to arrive at
a combined odds. This is then again transformed into a probability
by the formula P « &/(a + b). The example in Table &4 illustrates
the ealculatiens,

(11i) The Genctypic Assessment of Hsemophilia A and B:
Genetic Linkage Using Intragenic Polymorphism Analysis

The Genes Encoding Factor VIII and Factor IX

The factor VIII gene is situated at the telomeric end of the
long arm of the X chromosome at band Xg28. The gene encompasses 186
kbp of genomic DNA (approximately 0.1% of the DNA sequence on the X
chromosome) and comprises 26 exons ranging in size from 69 bp to 3.1
kpb.®¥ Recent studies indicate that three different transcripts
result from the processing of this gene. The normal factor VIII
mRNA of 9 kbp is accompanied by two smaller transcripts of 1.8 kbp
and 2.5 kbp, both of which appezr to originate from intron 22 of the
gene., The significance of these two alternative products is
currently unclear. The factor IX gene is situated at band Xq27,
approximately 40 megabases centromeric of the factor VIII locus on
the X chromosome. The gene is approximately 33,5 kbp long, ,
comprises § exons and encodes an mRNA of 1.4 kbp.4?

Introduction to Genetic Linkage

The mutations that result in haemophilia A and B are
heterogeneous and in most instances involve changes of single
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nucleotides.41%2 These two factors in two large genes have made the
direct detection of haemophilic mutations a difficult challenge. As
a result, many laboratories continue to assess the genetic status of
potential carriers of haemophilic mutations through the use of
indirect genetic markers of the factor VIII and factor IX genes.
These genetiec polymorphisms represent natural variations of the
genome sequence which occur in the general population and which can
be used as convenient landmarks to track mutant genes through
famjilies (Figs. 2 and 3).

When the polymorphisms oceur within the gene of interest
(intragenic polymorphisms), the likelihood of the polymorphic marker
becoming unlinked from the mutation through genetic recombination is
related to the size of the gene, To date, there are no reports of
intragenic recombination events in either haemophilia A or B and
thus one can assume that genetic diagnosis based on the analysis of
an intragenic polymorphism in these conditions is extremely
accurate.

This discussion will summarize information concerning the
types of polymorphisms ocecurring within the factor VIII and factor
IX genes and their utility in genetic diagnostic studies,

Types of Sequence Variation Within the Factor VIXI And Factor IX
Genes

In order to be able to track individual copies of the factor
VIII and factor IX genes, it is essential to have available
polymorphic sequences which will differentiate between the two gene
copies present in females. The presence of heterozygosity or
informativeness for a polymorphism is a pre-requisite which must be
satisfied if genotypic studies are to be effective. In addition, as
alluded to above, the polymorphic sequence should either be within
the gene with which the disease is segregating or close encugh to
ensure that the possibility for genetic recombination between the
polymorphism and the disease mutation is minimal. The final point
to re-emphasize is that although some polymorphisms may be in
allelic association (linkage disequilibrium) with particular
mutations, the polymorphisms themselves represent phenotypically
neutral sequence variation that is found in the general peopulation,

Two types of polymorphic sequence exist within the haemophilia
genes (Fig. 4 and Tables 5 - 8).

The most frequent and simple examples are the bi-allelie
polymorphisms resulting from single nucleotide substitutions which
either ereate or abolish restriction endonuclease sites (restriction
fragment length polymorphisms; RFLPs). The limitation of these
bi-allelic systems is that the maximum level of heterozygesity or
informativeness is 50%. One bi- allelic insertion/deletion
polymorphism also exists in intron 1 of the factoxr IX genme.

Two multi-alleliec intragenic polymorphisms have been
identified to date in these genes. These CA dinucleotide repeat
sequences occur within introns 13 and 22 of the factor VIII gene.
The intron 13 repeat with eight alleles regorted has a
heterozygosity rating of approximately 80% 5. In light of the fact
that the overall frequency of sequence polymorphism in the human
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genome is probably in the order of 1 nucleotide in avery kilobase
the scarcity of polymorphisms in both of the haemophilic genes and
in factor VIII in particular is noteworthy.

The Extraction of DNA

High molecular weight DNA is most often obtained from blood
leukoecytes by treatment with proteinase K followed by :
phenol:chloroform extraction. The preferred anticoagulant for blood
collection is either EDTA or sodium citrate. In light of its
interference with subsequent test procedures heparin is not
recommended as an anticoagulant for these studies. The transport of
samples from one centre to another can be sccomplished in a number
of ways. Ideally, DNA should be extracted at source and then sent
through the regular postal system, either in aqueous solution (10 mM
Tris/1 wM EDTA), precipitated in ethanol or following
lyophilization. If DNA extraction at source is not fessible, the
antlcoagulated whole blood should be decanted inte polypropylene
tubes, individually packaged in plastic or polystyrene containers
and sent on dry ice via courier service to the testing laboratory.
Whole bleood samples can either be stored at -70°C without additional
manipulations or leukocyte pellets csn be prepared prior to storage.
In most instances using standard extraction protocols, between 200
and 500 pg of DNA will be obtained from a 10 ml blood sample.
Abbreviated DNA extraction protocols have been proposed in the
preparation of materiz]l for the polymerase chain reaction and these
methods will result in material of adequate quality in most
instances.

Analysis of the Polymorphic Sequences

The two molecular genetic techniques used to identify DNA
polymorphisms are those of Southern blotting* and the polymerase
chain reaction (PCR).%” The former method has been in use for more
than a decade and involves a relatively labour-intensive schedule
comprising the capillary transfer of endonuclease-digested DNA
fragments from an agarcse gel to a membrane support and the
subsequent probing of the membrane with a radiclabelled DNA fragment
representing the sequence of interest. Studies utilizing Southern
analysis require a minimum of 5 ug of high molecular weight DNA for
testing and take at least five to seven days to produce results.

The polymerase chain reaction has now replaced Southern bletting in
many instances, This technique utilizes synthetic oligonucleotide
primers to select for specific sequences of interest which are then
amplified in vitro to produce a targeted product which is present in
more than a million fold its original concentration. The power of
this method has resulted in several advantages including the ability
to work with very small starting quantities of DNA (less than 1 HEY,
inereased simplicity and biosafety (non-radioisotopic methods) and
the completion of tests within 48 hours,

Most of the polymorphisms in the factor VIII and factor IX
genes can now be studied through the analysis of DNA which has been
amplified in vitre by PCR.%%7  The only reason to establish
Southern Blotting for haemophilia genetic diagnosis is for the
analysis of the Xbal and BglI polymorphisms in the factor VITI gene.
Assessment of the Xbal polymorphic genotype by PCR is complicated by
the co-amplification of homologous sequences adjacent to, but
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outside of the factor VIII gene. This complexity can be resolved by
Southern analysis.%8

The principle requirements for analysis of these intragenic
pelymorphisms are as follows., A reliable source of amplification
primers, a programmable temperature cycling apparatus (Thermal
Cyeler) and suitable vertical electrophoresis equipment. The only
pelymorphisms which can be studied by PCR but which require
radioisotopic detection are the highly informative factor VIII
intron 13 and introm 22 CA repeats, The analysis of these variable
sequences requires end-labelling of one of the amplification primers
with either gamma *P or gamma 3°S, ATP with subsegquent
autoradiography.

Following DNA extraction, the PCR amplification of these
various sequences takes approximately three hours, after which the
amplified products are digested with the appropriate restriection
enzyme and analyzed by polyacrylamide gel electrophoresis. As with
all PCR studies, the complication of sample contamination with
extraneous DNA must be guarded against. Most laboratories perform
their PCR studies in a designated clean area and use a dedicated set
of equipment (including positive displacement pipettes) and supplies
to minimize the risk of DNA carry-over. In addition, the inclusion
of a "no DNA template” blank tube in each experiment provides a
further safeguard against this problem. Finally, although the
endonuclease digestion of most PCR products will proceed to
completion uneventfully, the inclusion of previously genotyped PCR
amplified samples in each test run ensures that all components of
the endonuclease reaction have been added and are functional. In
addition, the inclusion of an invariant endonuclease site within the
amplified fragment further assists in evaluating the digestion
process.

Haemophilia A - testing strategy

The strategy for polymerphism analysis in any particular
family must take into account factors including the site of the
polymorphism, the heterozygosity rating of the marker and the ethnic
origin of the family. This latter consideration will be addressed
in detail later in this section of the text.

The recently described intron 13 CA Repeat polymorphizm
appears to be informative in approximately 80% of females and thus
represents the logical starting peint for analysis of factor VIII
polymorphisms (Figure 5).

This sequence can be amplified in a "multiplex" PCR with the
other, Intron 22, CA repeat and the twe sequences analyzed
simultanecusly. The fact that these sequences require the use of
radicolabelled amplification primer and electrophoretic separation of
the products on a DNA sequencing gel, may however, result in some
laboratories reserving the analysis of this marker for those cases
in which the two other frequent Bell and Xbal polymorphisms are
uninformative. Fortunately, these four markers are not in allelic
association (linkage disequilibrium) and more than 95% of females
will be informative for one or more of these polymorphisms. The
remaining families should be tested with the Bgll marker and with
the intron 7 polymorphism which will be informative in approximately
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10% of females who are homozygous for the absence of the Bell
polymorphic site.

Haemophilia B

The combined use of the Taql, XmnI, Ddel, Khal and MnllI
polymorphisms will provide informative results in approximately 85%
of females in haemophilia B genotype testing. Unfortunately, ‘
however, all these bi- allelic polymorphisms are in some degree of
allelie association and there is no hypervariable’sequence within or
close to factor IX. Therefore, there will =till be between 10 and
15% of families with haemophilia B in whom intragenic polymorphism
analysis is uninformative and where either linked extragenic markers
will have to be investigated or direct mutation detection will be
necessary.

Advantages of Genotype Assignment with Polymorphism Testing

Where a prior family history of haemophilia exists, and an
intragenic polymorphism is informative, diagnostic results with an
error rate of less than 1% are attainable, The methods are
stralghtforward, rapid and inexpensive to perform. Thus, in many
families requesting genetic diagnosis of haemophilia, the use of
intragenic polymorphism analysis represents the diagnostic strategy
of choice,

Limitations to the use of polymorphism testing in haemophilia

Although in many instances, the use of an informative
intragenic polymorphism will provide highly accurate genetie
diagnosis of haemophilia, there are, nonetheless, some limitations
to this diagnostic strategy.®’ All of these drawbacks relate to the
fact that the haemophilic mutation itself i{s not identified by these
methods .

The Requirement for Family Sampling

Polymorphism linkage analysis requires the participation of a
winimun number of key individuals from a haemophilic family., At
least one affected male should be available for testing to identify
the polymerphic allele which is associated with the mutation in the
family requesting diagnosis. With the recent catastrophe of HIV
infection in the haemophilia population, this initial requirement
may be compromised by early deaths of haemophilic males. However,
even in the instances where all affected males in the family are
deceased, the recovery of DNA from stored pathological samples for
analysis by PCR still makes polymorphism testing feasible.

In addition to getting all appropriate family members to agree
to participate in genetic testing, it is alszo vital that all stated
family relationships (particularly paternity) are correct.

Families With An Isolated Affected Haemophiliac

Sporadic cases of haemophilia comprise approximately 30-50% of
the total haemophilie population., In these families, because
polymorphism analysis does not identify the haemophilic mutation
directly, it is not possible to ascertain at which level of the
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pedipgree the mutation arese. In fact, past studies have indicated
that approximately 85% of mothers of isolated haemophiliacs are
carriers but in individual diagnostic cases, unless the coagulation
studies of the mother are strongly suggestive of her being a
carrier, it is probably unwise to attempt the diagnosis of a
haemophilic allele by polymorphism testing, Therefore, in these
families, polymorphizm studies can only be used to exclude
transmission of the haemophilic mutation.

The Requirement For Heterozygosity and Possibility of Genetic
Recombination

As detailed above, for polymorphism linkage studies to yield
useful information, it must be possible to differentiate between the
two X chromosomes in key females through the presence of polymorphice
heterozygosity. In the study of haemophilia A with intragenic
markers, this requirement is now achieved in more than 95% of
families due in large part to the intron 13 CA repeat polymorphism.
In the analysis of the factor IX gene where a similarly
multi-allelic sequence does not exist, some 10-15% of families will
still require diagnostic studies with linked extragenic markers to
achieve informative results. In these latter studies, the
pessibility of genmetic recombination between the polymorphic site
and the haemophiliec mutation adds an additional uncertainty to the
pPrecision of genetic diagnosis.

(iv}) Ethnic wvariation
Factor IX Polymorphisms

In Caucasians, the use of =iw intragenic Factor IX gene RFLP
sites allows linkage of the gene in approximately B80% of families,5?
These sites are Taq I, Xmn I, Dde I, Msp I, BamH I as well as the
residue 148 (Thr/Ala) base change (Mnl I). However, there is marked
ethnic variation in the incidence of heterozygesity for these sites.
In Blacks, both the 5' BamH I and the intron 3 BamH I sites are
useful, with heterozygosity rates of 0.46 and 0.22 respectively,d!
In comparison, informativity at these sites iz rare in the Caucasian
populations.?"52 The incidence of heterozygosity for RFLP sites of
different ethnic groups are given in Table 9. Orientals, such as
Chinese®® and Japanese® Filipinos™ as well as Malays®® were found to
have a low incidence or absence of these common polymorphisms. Thus
prenatal or carrier testing by this approach is virtually impessible
in these people. An Msel RFLP in the 5' flanking region of the
Factor IX gene has been recently described, however, and shown to be
informative in South-east Asian populations.

Extragenic Polymorphisms

The recently described extragenic Hha I polymorphic site,
located & kb 3' to the factor IX gene’’ is however more polymorphic.
The heterozygosity rate in Caucasians was 0.48 and that in Chinese
was 0.28. For the Chinese, this appeared to be the only useful RFLP
for linkage of the haemophilia B gene.®® Since this site is still
relatively close to the gene, it is less likely to be suspectible to
recombinant events. To date, no case of recombination with factor
IX has been reported using this site.
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Linked Intergenic Polymorphizms

An 8st I RFLP at locus DX899 can be detected by probe
pX58dITIc.*® This polymorphism gives rise to two alleles of 5.9 kb
and 8.8 kb respectively, with a frequency of (.43 for the former.
The polymorphic locus DXS99 is mapped to Xq26-q27 and tightly linked
to the factor IX gene. The precise genetic distance between this
locus and the factor IX gene has yet to be determined, but thus far,
no recombination had been detected in 39 informative meiosis, giving
a lod score of 9.79 at & « 0.0, with 95% confidence limit of @ =
0-0.06. Since this marker and the FIX loci do not appear to be in
linkage disequilibrium,®® the analysis of this Sst I RFLP at DX599
in conjunction with the six intragenic sites in the factor IX gene
should increase the diagnostic efficlency to 90% of females at risk.

Linkage Disequilibrium of Factor IX Polymorphisms

In Caucasians, the Tagq I, Xmn I, Msp I and Mnl I RFLPz show
marked linkage disequilibrium (allelic association), thus the use of
all four sites would only increase the diagnostic efficiency to 55%
as opposed to 45X when using the Taq I site alone’.59.60 (Tahle II).
However, Dde I and 3’ Hha I polymorphisms showed mich less
disequilibrium and the combined use of these two sites and the Tagq I
site inereases the heterozygosity rate to almost 76%.57.59

In the American Blacks, the linkage disequilibrium between Tag
I and Msp 1 is less marked, While the intragenic BamH I + alleles
and Msp I - alleles showed disequilibrium, the 5’ BamH I, Dde I and
Zmn I sites appeared to be in equilibrium, The combined use of
these latter sites showed an observed frequency of heterozygosity of
87% for Black females (versus — 60% in Caucasians).5?

No linkage disequilibrium was observed between the Hha I locus
at the 3' end of the factor IX gene and the other intragenie loci,¥’
thus it is likely that this polymorphic marker will be extremely
useful for facter IX carrier testing. This has certainly been the
case for Orientals,?? vho lack heterozygosity for the common
intragenic RFLP sites.

Factor VIIT Polymorphisms

As with facter IX, the incidence of factor VIII RFLPs differ
significantly in various racial groups;$"? thus before a prenatal
diagnesis programme can be instituted in a particular region, the
RFLP's for that population should be gtudied, to decide the most
suitable =ites for use,

Table 10 summarizes the incidence of Bcl I, X¥ba I, Bgl I and
Hind IIY polymorphisms in the factor VIII gene in various ethnic
groups. The positive incidence of Bgl I polymorphism is higher in
Chinese than in other races. Of particular interest is that in
American Blacks, the rates of the (+) site for Bel I and Hind III
polymorphisms are the reverse of what is observed in other ethnic
groups.® Table 10 also shows the female heterozygosity rate. The
Bel I dimorphism is more informative in Mediterraneans, Indians and
Japanese (42-471) compared to Caucasian, American Blacks, Chinese
and Malays (31-39%). The Hind IIT and Xba I RFLPs showed similar
heterozygosity in the various groups tested, whilst the Bgl I RFLY
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iz most useful in American Blacks (38%), but useless in Chinese
(0%2).

No data is currently available concerning the ethnic
variability of allele frequencies for the intragenic CA repeat
polymorphisms.

Linked Intergenic Polymorphisms

The physical mapping of the q28 region of the X chromoscme has
revealed that the loci DX552 and DXS15 are 1-2 Mb centromeric to the
factor VIIT gene. The highly polymorphic St 14 probe detects a
polymorphism within the cluster MN12, cpX67, and DX13.% The two
extragenic RFLPs, Bgl I1/DX13% and Taq I1/5t 14% are both closely
linked to the haemophilia A locus. The Bgl II RFLP detected by the
DX13 probe shows two alleles, 5.8 kb (allele 1) and 2.8 kb (allele
2) respectively. In an initial study in Caucasians, 50% of the
females were found te be heterozygous and no cross-over was observed
between the DX13 and haemophilia A locus amongst 42 X-chromosomes
studied.®® In an Italian population, 60% of obligate carriers were
heterozygous, with an equal incidence of alleles 1 and 2. One
recombination was observed amongst 31 mejosis, giving a
recombination fraction of 0,045 and LOD score of 2.1.67 Ethnic
variation was observed with this RFLP. In the Japanese, of 108
chromosomes analyzed, the frequencies of alleles 1 and 2 were 0,16
and 0.84 respectively, with a 27% heterozygosity rate,%8

The Taq I RFLP detectable with the St 14,1 probe gives two
independent systems of alleles.% System I has eight alleles (1 to
8) ranging from 6.6 to 3.4 kb in length, and system IT has two
alleles, "A" (5.5 kb) and "B" (4.1 and 1.4 kb respectively)., A
sunmary of the data relating to the frequency of the different Taq I
alleles shows that the incidence of alleles 7 and 8 were higher,
whilst those for alleles 3 and 4 were lower in Chinese than
Caucasians. No alleles 1 and 2 were detected in the Chinese®® and
Japanese .®® Other than thiz, the Japanesze appeared to be sgimilar to
the Caucasians as far as other allelic frequencies in the Taq I/5t
14 polymorphisms are concerned.®® In all three ethnic groups, the
heterozygous rate for alleles 1 to 8 were similar (0.712 to 0.798).
Whilst in Chinese, the incidence of A and B alleles were 55% and 45%
respectively (see Table 11).

Caution should be exercised when using intergenic linked
probes for diagnusis because of the possibility of meiotic
recombination.®® 70 With the §t 14.1 probe, reports from world
literature suggested a genetic disease of 3 cM, and this should be
taken into account during genetic counselling. The use of the DX13
probe would be even more prone to error, as the cross-over rate with
the factor VIII gene is thought to be about 4.5%.7

Linkage Disequilibrium of Factor VIII Polymorphisms:

There is a strong linkage disequilibrium between the intron 18
Bel I, intron 19 Hind III and introm 25 Bgl I sites.&™ fThus
little additional information will be gained in using more than one
of these three sites. In contrast, the Xba I site in intron 22 is
often informative in females who are homozygous for the Bcl I
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site.”® Even though the Bel I and Xba I sites are not in complete
linkage equilibrium, with a disequilibrium coefficient of 0.0722-
0.1627 in various ethnie groups reported, the combined use of these
two sites would significantly increase the informativeness of 79% in
Japanese, 64-69% in Caucasians and 52% in Chinese females
respectively 68,68,72 In certain pepulations, multiple Xba I
polymorphisms have been described, eg Chinese*® and Canadian.?
Although these other polymorphisms may well be non-facter VIIJ
sequences which are detected by the factor VIII intron 22 probe
(p482.6), they are closely linked to the factor VIII gene and the
combined use of all the Xba I and Bel I RFLPs would increase the
detection rate to 67% in Chinese.

Due to the highly polymorphic nature of the St 14,1 probe, the
combined use of the two intragenic (Becl I and Xba I) and one
extragenic (Taq I/5t l4.1) polymorphisms should allow carrier
detection or prenatal diagnosis in 96-100% of females at
rizk 82 ,67,68

(v) Direct mutation detection in the haemophilias
Introduction

Linkage analysis for carrier detection and prenatal diagnosis
of haemophilia has widely appreciated benefits including, rapidicy,
relative technical simplicity, wide availability and definitive
diagnostic results in a high proportion of cases. However it has
certain ipherent drawbacks and limitations which have been
previously described,

In prineiple, all these defects of linkage analysis may be
circumvented by identifying the specific mutation in a given
kindred. It is then sufficient merely to check the putative carrier
or fetus at risk for the relevant defeet. 1In addition,
identification of mutations provides scientifically interesting
information that may give clues on structure and function of factor
VIII and IX, on mechanisms of mutation or on phenotype/genotype
aspects such as the risk of inhibitor formation,

The obvious drawbacks of mutation analysis in haemophilia A
and B are that the two genes involved are large and complex and the
mutations therein extremely heterogenous, as expected for X-linked
sub-lethal disorders. However methods for rapid screening of large
regions of DNA for small lesions have been developed in the past 5
years which now make this appreach feasible in expert laboratories.
These methods were first applied to the smaller gene, factor IX,
with impressive results in several centres. For example, a project
to identify all the mutations causing hsaemophilia B in the U.K.
population is now well advanced with successful identification of a
causative gene lesion in 160 out of 161 patient DNA's analyzed so
far (Giannelli - personal communication). The methods used for
haemophilia B analysis comprise Southern blotting with a full length
cDNA probe which detects deletions down to ebout 1.5kb. This yields
diagnostic information in about 1% of cases. For more detailed
analysis, enzymatic amplification of each exon is performed using
the polymerase chain reaction (PCR) followed by chemical cleavage
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mismatch detection (CCD) (see Appendix 4). A positive signal from

GCD is confirmed by direct sequencing.

Mutation snalysis in haemophilia A has to cope with the fact
that the 26 exons of the factor VIII gene are distributed over 186
kbp of genomic DNA and exon 14 i= over 3 kbp in length. Southern
blotting after digestion of genomic DNA with the enzyme Tagl yields
diagnostlc information in -5% of cases due to the somewhat higher
incidence of large deletions in haemophilia & and the occutrence of
mutation hotspots in 5 Taql sites. Currently three screening
methods are being used to screen enzymatically amplified exons and
flanking regions of the factor VIII gene. Higuchi and
colleagues’™ ™ have applied denaturing gradient gel electrophoresis
and reported on their results in 29 mild or moderate cases and 30
severe cases. Forty-five oligonucleotide primer sets were required
to amplify 99% of the coding region and 41 of 50 splice junctions.
The disease preoducing mutation was found in 25 out of 29 mild or
moderate cases (B5%) but in only 16 of 30 severe cases (53%). Even
allowing for incomplete coverage of splice junctions there iz a
clear implication that a high propertion of mutations causing severe
haemophilia A lie outwith the previously accepted essential regions
of the factor VIII gene. This highly interesting finding has been
confirmed using an alternative approach (see "developments in direct
defect detection® below). Consequently until these unidentified
mutations are located there is going to be a limitation on the
effectiveness of even direct defect detection, underlining the
continuing importance of phenotype assays and polymorphism analysis
in carrier and fetal diagnosis.

Another powerfu] and technically simpler approach to mutation
screening is based on the property of single stranded DNA to form
self assoclated loop structures that are highly sequence dependant.
The conformation adopted strongly influences rate of migration of
single stranded DNA in non-denaturing polyacrylamide gel
electrophoresis, enabling detection of sequence polymorphiszm (or
mutation). The screening method exploiting these phenomena is
called Single Stranded Conformational Polymorphism (SSCP) analysis
(see Appendix 6). A comparison of SSCP with CCD for mutation
detection in faetor VIII exons 1 to 14 has yielded essentially
identical sensitivity (Tuddenham - unpublished observations), so
thiz method may become more widely utilized., Finally direct
sequencing of awplified DNA is used to identify any specific
mutation, Methods based on the use of streptavidin -coated magnetic
microbeads with biotinylated primers yvield very clear and
reproducible sequencing results (see Appendix 5) from PCR amplified
DNA.

Data - Haemophilia A

A compilation of mutations in the factor VIII gene updated to
August 1991 has been published in Nucleic Acid Research.®! Eighty
one different peint mutations, six insertions, seven small deletions
and 60 large deletions are catalogued. Information where available
iz also provided for F.VIII coagulant and antigen level, clinical
severity and inhibiter status. A unique number has been assipned to
each patient for future identification. Thirty-eight percent of
point mutationsz are located in CpG dinucleotides. This frequency is
biased by screening with Taql which identifies five such szites, but
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an unbiased estimate from Higuchi’s data’ is similar at 32%.
Recurrent mutation in CpG dinucleotides has occurred in at least 16
sites, where identity by descent can be excluded on RFLP haplotype
or extreme geographical separation. Recurrence at non-CpG sites
also ocecurs, for example at Arg 2307Leu, found in American, German
and Japanese patients,

This international database will be updated anmually and
published in NAR. New cases for inclusion should be submitted to
Dr S. Antonarakis, The John Hopkins University, Baltimore, USA or Dr
E. Tuddenham, MRC Harrow, UK. The haemophilia A database has been
submitted to the Genome Database (Welch Medical Library, 1830 East
Monument Street, Baltimore, MD 21205 USA) and will be accessible
there from by electronic means. In future as the number of patients
successfully analyzed increases the only practical means of updating
and retrieval will be via computerised databases, organised
nationally and internationally. Appropriate security of infeormation
access will be built into these systems.

Data - Haemophilia B

A compilation of point mutations, short deletions ang
insertions in the factor IX gene has been produced by Giannelli et
al (1991 - 2nd edition) publizhed in Nucleic Acids Research. 4?

The data tabulated includes levels of factor IX clotting
activity and antigen, inhibitor status but not clinical severity.
Three hundred and eighty-eight mutants are listed, representing 206
different molecular alterations. These are distributed across the
entire coding region from the signal peptide to coden 411, only five
residues before the Stop codon. Eight examples of mutations in the
promoter region giving rise to the Leyden phenotype are recorded.
Twenty-nine examples of mutations affecting RNA pProcessing have been
observed. One hundred and seventeen examples of mutations
associated with normal levels of a non-functional factor IX protein
have now been identified providing a wealth of potential infermstion
on structure and function of factor IX.

This information has now been incorporated into the EMBL
database, providing on-line access to updates.

The UK national register of mutations in haemophilia B is
being maintained by Dr Gianmnelli at Guy’s Hospital, allowing carrier
and antenatal diagnosis to be performed by mutation specific
analysis. This may be a model for other national mutation
databases,

Dr Ljung (Malmo) has established a Swedish national database
for haemophilia B. Out of 44 mutations analyzed to date, 14
deletjon or nonsense genotypes were found, smongst which five
patients have inhibitors. Thirty missense mutations were
characterised, amongst which were no patients with inhibitors. This
eXxemplifies the potential for important clinical correlations
arising from mutation analysis.

(vi) The application of polymorphism analysis and direct defect
detection in developed and developing countries
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The aim of molecular penetics in haemophilia studies is to
identify the genetic lesion which causes the disease