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Introduction

ABO-incompatible  transfusion preceded Landsteiner’s
discovery of human blood groups, but persists more than
100 years later as an important cause of adverse events due
to human error [1-3]. Haemovigilance systems in Europe and
North America target ABO-incompatible blood transfusion
[1,2,4]. In Japan, Red Cross blood centres collect haemovig-
ilance data, but specifically target transfusion-transmitted
virus infections and immune phenomena such as allergic
reactions, transfusion-related acute lung injury, and transfusion-
associated graft-vs.-host disease [5]. Therefore, the actual
incidence of ABO-incompatible blood transfusion in our
country has been uncertain. In order to investigate and guide
methods of prevention, consecutive national surveys were
initiated by the Japanese Society of Blood Transfusion (now
the Japanese Society of Transfusion Medicine and Cell
Therapy) [6,7].

Materials and methods

The Japan Society of Blood Transfusion developed anonymous
questionnaires, targeting 777 hospitals from January 1995 to
December 1999, and 1355 hospitals from January 2000 to
December 2004. Data were analysed and reported in 2000
and in 2005. The first survey solicited cases arising from
whole blood (WB), red cell concentrate (RCC) and fresh frozen
plasma (FFP) transfusions at 777 hospitals, each having at
least 300 beds. The scope of the second survey expanded to
include cases arising from platelet concentrate transfusions,
and targeted 1355 hospitals, including 777 of the same
hospitals targeted in the first survey and 578 additional
hospitals with fewer than 300 beds, where at least one trans-
fusion specialist was working. Not only accidents but also
incidents (errors without adverse reactions) were solicited. In
regard to transfusion oversight, blood transfusion management
systems and laboratory testing outside of core hours were
investigated in firstsurvey (Tables 1and 2). To these, the second
survey added utilization of electronic equipment for blood
transfusion management and product testing (Tables 3
and4).

Results

A 74-4% response rate was achieved in the 1995-99 survey,
corresponding to 578 of 777 hospitals. A 61-2% response rate
was achieved in the 2000-04 survey, corresponding to 829
of 1355 hospitals. From 578 participating hospitals in the
first survey came 166 case reports, vs. only 60 case reports
from the 829 hospitals participating in the second survey
including six cases reported from hospitals with fewer 300
beds (Table 5). These cases include those without adverse
reactions. Nevertheless, the number of fatalities reported in
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Table 1 ABO-incompatible blood transfusion questionnaire form 1 of the
first survey (1 January 1995 to 31 December 1999)

I. Did the ABO-incompatible blood transfusion occur in the past 5 years
(1 January 1995 to 31 December 1999)?
(The targets are whole blood, red cell concentrates, and fresh frozen plasma;
and platelets concentrates should be excluded.)
(1) Yes (Please give details using investigation form 2 on the next page.)
(2) No
II. Questions on system of blood transfusion management
1. Number of hospital beds: Select from the following:
(1) 300 to less than 400 beds
{2) 400 to less than 500 beds
(3) 500 to less than 600 beds
4) 600 to less than 700 beds
5) 700 to less than 800 beds
6) 800 to less than 900 beds
7) 900 to less than 1000 beds
8) More than 1000 beds
. Amount of transfused blood components during the last fiscal year:
Select from the following:
(1) 3000 to less than 10 000 units
(2) 10 000 to less than 20 000 units
(3) 20 000 to less than 30 000 units
(4) 30 000 to less than 40 000 units
(5) 40 000 to less than 50 000 units
(6) More than 50 000 units
. Section that manages blood supply:
1) Blood transfusion service
2) Laboratory
3) Pharmacy
4) Others
4. Pretransfusion testing out of core hours:
(1) Duty by laboratory technician
(2) The doctor takes charge
(3) Laboratory technician's system of on call
(4) Others
5. Doctor accredited by the Japan Society of Blood Transfusion:
(1) Yes
(2) No
6. Laboratory specialist accredited by the Japan Society of Blood
Transfusion:
(1) Yes
(2) No
7. Hospital transfusion therapy committee:
(1) Yes
(2) No
8. Please describe any special method to prevent of ABO-incompatible blood
transfusion in your hospital.
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each survey was nearly equal: nine in the first survey and
eight in the second. In the second survey, the mean number
of transfused blood components reported from 540 hospitals
during survey period was 14 855 bags, but in first survey
the exact number of transfused blood components was not
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Table 2 ABO-incompatible blood transfusion questionnaires form 2 (case report) of the first survey (1 January 1995 to 31 December 1999)

1. Content of case:
(Please describe details and the reason for the discovery of ABO-incompatible blood transfusion.)
2. Persons concerned who made a mistake:
(1) Doctor
{2) Nurse
(3) Laboratory technician
(4) Others ()
. Time period:
(1) Regular (daylight) hours
(2) Out of core hours
4. Was it an urgent blood transfusion?
(1) Yes
(2) No
. Site of blood transfusion:
(1) Ward
(2) Operation room
(3)icu
(4) Emergency room
(5) Others
6. Blood product:
(1) Whole blood
(2) Red cell concentrates
(3) Fresh frozen plasma
ABO type:
Blood type of biood preparation
Patient's blood type
Amount of blood transfusion (ml):
How long did it take you to become aware of ABO-incompatible blood transfusion from the beginning of transfusion?
10. Did you explain the situation to the patient and family?
(1) Yes
(2) No
(3) Uncertain
11. Was there any symptom of shock?
(1) Yes ‘
(2) No
(3) Unknown
12. Was there any sign of haemolysis?
(1) Yes
(2) No
(3) Unknown
13. Was there any sign of disseminated intravascular coagulation?
(1) Yes
(2) No
(3) Unknown
14. Was there any sign of renal insufficiency?
(1) Yes
(2) No
(3) Unknown
15. What kind of treatment was performed?
16. Outcome:
(1) Death
(2) Survival with adverse effects
(3) Survival without adverse effects
17. Improvement plan concerning ABO-incompatible blood transfusion prevention adopted after the case occurred:
18. Others
(If you think there is anything eise pertinent to this case, please describe the details.)
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Table 3 ABO-incompatible blood transfusion questionnaire form 1 of the
second survey (1 January 2000 to 31 December 2004)

Table 4 ABO-incompatible blood transfusion questionnaire form 2 (case
report) of the second survey {1 January 2000 to 31 December 2004)

1. Did the ABO-incompatible blood transfusion occur in the past 5 years
(1 January 2000 to 31 December 2004)?
(The targets are whole blood, red cell concentrates, fresh frozen plasma, and
platelet concentrates.)
(1) Yes (Please give details using investigation form 2.)
(2) No
Il Questions on system of blood transfusion management
1. How many beds does your hospital have?
() beds
2. How many units of total biood transfusion products were administered
over 5 years 1 January 2000 to 31 December 2004?
Whole blood
Red cell concentrates
Fresh frozen plasma
Platelets concentrates
3-8. Same as those of the first survey
9. Do you electronically verify patients and blood products before
transfusion at bedside?
(1) Yes
(2) No
(3) Only in a part of the ward
10. Isa computer-based ordering system used to request the blood supply?
(1) Yes
(2) No
(3) its introduction is scheduled
11. Is the ordering computer system used to request the pretransfusion
testing?
(1) Yes
(2) No
(3) lts introduction is scheduled
. Isa computer-based system used for the stock-taking and managing the
delivery of the blood products?
(1) Yes
(2) No
(3) Its introduction is scheduled
13. Is an automatic blood transfusion testing machine used?
(1) Yes
(2) No
(3) Its introduction is scheduled

( ) units, ( ) bags
( ) units, ( ) bags
( ) units, ( ) bags
( ) units, ( ) bags

1

N

collected. The number of reported cases of ABO-incompatible
blood transfusion according to the number of hospital beds
isshownin Fig. 1. A decrease in the number of reported cases
was recognized in large hospitals, defined as having more
than 700 beds. Table 6 shows the numbers of reported cases
according to the type of blood product. A decrease of RCC
minor mismatch and FFP was more remarkable than that of
RCC major mismatch. Outcomes in patients receiving RCC
major mismatch included nine deaths in the first survey and
eight in the second. The cause of death includes the possibility
of underlying disease in nine of 17 cases according to the
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1-18. Same as those of the first survey
19. Did it occur before introducing the portable digital assistant to blood
transfusion confirmation at the bed side?
{1) Yes
(2) No

Table 5 Analysed data

First survey Second survey

1 January 1995 to
31 December 1999

1 January 2000 to
31 December 2004

Survey period

Target hospital 777 1355
> 300 beds 777 7772
< 300 beds 0 578
Response (%) 578 (74-4) 829 (61-2)
> 300 beds 578 (74:4) 502 (64-2)
< 300 beds 327 (557)

Reported cases®

WB + RCC + FFP® RCC + FFPY  pCt

> 300 beds 166 48 6
< 300 beds 0 4 2
Total 166 52 8

777 hospitals the same as those targeted in the first survey.

®Reported cases including those without adverse reactions.

“Cases arising from whole blood (WB), red cell concentrate (RCC), and fresh
frozen plasma (FFP), including those arising from unknown components.
9Cases arising from RCC and FFP, including those arising from unknown
components.

“Cases arising from platelet concentrate.

Table 6 Number of reports according to the type of blood product

First survey®  Second survey®

Whole blood major mismatch 3 0

Whole blood minor mismatch 2 0

Red cell concentrate major mismatch 48 22

Red cell concentrate minor mismatch 38

Fresh frozen plasma 71 19

Platelet concentrate Not reported

Unknown 4 2

Total 166 60

21 January 1995 to 31 December 1999.
®1 January 2000 to 31 December 2004.

contents of cases in questionnaire form 2. In six of the
remaining eight deaths, unambiguously due to ABO-incompatible
transfusion, the patients were of group O blood type. Data
from the second survey suggest a risk of ABO-incompatible
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Table 7 Pretransfusion testing out of core hours

First survey®

Second survey®

> 300 beds (%) > 300 beds (%)

< 300 beds (%)

Duty of laboratory specialist 347 (60-35) 476 (751)
Laboratory specialist on call 163 (28-35) 147 (23:2)
The doctor takes charge 43 (7+5) 4(0-6)
Others 22 (3-8) 7(11)
Total 575 (100) 634 (100)

26 (13-9)

157 (83-9)
2(11)
2(11)

187 (100)

21 January 1995 to 31 December 1999.
®1 January 2000 to 31 December 2004.

transfusion as 1:200 000 and a risk of the death as 1:
3 000 000. The status of pretransfusion testing out of core
hours is shown in Table 7. Electronic correlation of patients
and blood products seems to have had limited implementa-
tion in 1999, when the first survey was executed, but was
reported in 8:8% of facilities in 2004 when the second survey
was executed.

Main causes of transfusion error

Identification error between patient and blood product
The main cause of transfusion error was misidentification
between patient and blood product: 55% of cases (91 of 166)
in the first survey, and 45% (27 of 60) in the second (Table 8).
RCC major mismatch comprised 36 cases in the first survey

and 14 cases in the second survey. Among the reported cases,
no technology-based identification systems were in place.

Phlebotomy error )
Phlebotomy errors were reported in 2% of cases {four of 166)
in the first survey, and 3% {two of 60) in the second. All
phlebotomy errors were emergency situations where the
blood typing and cross-matching were performed on the
same specimen.

Prescription error

Prescription errors were reported in 11% of cases (19 of 166)
in the first survey, and 13% (eight of 60) in the second. In
these cases, blood component orders of an incorrect ABO
blood group were sent to the laboratory. Fresh frozen plasma
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Table 8 Main causes of transfusion error

First survey”  Second survey®

Identification error 91 27
Phlebotomy error 4 2
Prescription error® 19 8
Testing error by doctor 21 10
Laboratory error outside of core hours 12

Laboratory error during core hours 5

Other . 14 3
Total 166 60

#1 January 1995 to 31 December 1999.
®1 January 2000 to 31 December 2004.
“Blood components orders of incorrect ABO blood group.

or platelet concentrate orders of an incorrect ABO blood
group sent to the laboratory were undetected by laboratory
methods due to the omission of the minor cross-match. No
reported prescription error was associated with an RCC major
mismatch.

Testing error by doctors

Testing errors by doctors were reported in 13% of cases
(21 of 166) in the first survey, and 17% (10 of 60) in the
second. In hospitals where these errors arose, laboratory
services for blood transfusion were not available.

Laboratory error outside of core hours

Laboratory errors outside of core hours were reported in
7% of cases (12 of 166) in the first survey, and 10% (six of
60) in the second. These errors included technical testing
errors in 10 cases, issuance of the wrong units in four
cases, and use of the wrong patient sample for testing in
one case, and, in four cases the details of errors were not
reported.

Laboratory error during regular (daylight) hours
Laboratory errors during regular (daylight) hours were
reported in 3% of cases (five of 166) in the first survey, and
7% (four of 60) in the second. These errors included technical
testing errors in three cases, clerical error in transcription in
one case, issuance of the wrong units in two cases, and use
ofthe wrong patient sample in three cases.

Other errors

In the first survey: a wrong blood type was displayed at the
bedside in one case; 11 cases had no reports about the main
cause; and in two cases, a main cause could not be clearly
discerned. In the second survey, two ABO-incompatible bone
marrow transplant recipients received the wrong blood,
and in one other case, incompatible FFP was taken from an
operating room refrigerator.

© 2009 The Author(s)

Discussion

Based on data from the second survey, the risk of ABO-
incompatible transfusion and that of death is about half of
those reported by Serious Hazards of Transfusion (SHOT) [1].
In Japan, at least 8000 hospitals transfuse blood, perhaps
more if the smallest hospitals are counted, but this investiga-
tion focused on the hospitals responsible for about 80% of
the blood products transfused in Japan. The Japanese Red
Cross (JRC) is the only supplier of allogeneic blood components
used in Japan. The collection of allogeneic blood by a hospital
transfusion service is rare and permitted in emergency cases
if the JRC has failed to supply the blood products to hospitals.
The total amount of all blood components supplied by the
JRC corresponded to the total amount of blood components
transfused in Japan. In the fiscal year of 2004, when the
second survey was done, the total amount of blood components
supplied by the JRC Blood Center was 16 668 784 units, and
the total amount of blood components transfused in the
829 hospitals which responded to the second survey was
7 962 317 units, with about 47-8% of blood components
supplied by the blood centre.

ABO-incompatible blood transfusion arises from human
error [8]. Eighty per cent of ABO-incompatible blood trans-
fusions were reported from the clinical setting of a ward or
operating room and 20% were reported from a laboratory.
No reported errors were associated with blood banking
procedures of the JRC. There were no mislabelling of units or,
weak A or B antigens typed as O. This underscores the value
of an incident reporting system that collects data from
hospitals, and provides analytical feedback to each facility
[9-11]. Identification errors between patients and blood
products provoke most RCC major mismatch transfusions.
Preventive efforts are important because these errors are
eminently preventable. Many hospitals had their own trans-
fusion procedural manual, including the final identification
between patients and blood products in the clinical area. In
many cases, procedural deviations occurred, including half
of the hospitals that maintained their own procedures.
Following the first survey, a standardized blood transfusion
procedure manual emphasizing the final identification
between patients and blood products was developed by the
Japanese Society of Blood Transfusion, and this procedure
has been widely propagated through distributing a poster
showing the procedural manual by the Japanese Society of
Blood Transfusion and JRC [6]. The second survey collected
only about 30% as many identification errors as were
reported in the first survey, even with the participation of an
additional 251 hospitals. It may be that the dissemination of
a standard procedure contributed to a decrease in identification
error. This was the main intervention undertaken to reduce
the incidence of ABO-incompatible transfusion after the first
survey. However, incorrect blood recipient identification at

Journal compilation © 2009 International Society of Blood Transfusion, Vox Sanguinis (2009) 97, 240-246



246 Y. Fujiietal

the patient’s bedside persists as the main cause of ABO-
incompatible transfusion. Education programmes may be
helpful to the extent that they reach all staff involved in
transfusion. This is challenging under the best of circumstances,
and more so where staff tumover is high. It thus behooves us
to monitor employment trends in the healthcare sector.
Technological interventions also have the potential to
interdict human error, provided that the technology is not
bypassed for reasons of expediency or lack of understanding
[12-15]. The introduction of electronic correlation of patients
and blood products has progressed in large-scale hospitals.
Pretransfusion testing out of core hours is another problem.
In 7-5% of hospitals in the first survey, laboratory services for
blood transfusion out of core hours were not available, thus
forcing clinicians into the role of laboratory professionals.
The number of facilities where a doctor performs pretransfu-
sion testing outside of core hours decreased from the first
survey, and the number of faciliies where laboratory staff
perform all testing increased. Even so, laboratory staff who
do not routinely perform transfusion-related testing are
likely to be more error prone than those who are devoted to
the blood bank or transfusion service. These were the main
differencesbetween the two surveys.

The second national survey of ABO-incompatible blood
transfusion was completed 5 years after first survey. Ideally,
investigative data should be collected continuously and
reported at least annually, as occurs in other countries with
formal haemovigilance systems [1,2]. We aspire to blend the
Japanese experience described herein with international
best practices described elsewhere, with the ultimate goal of
mitigating the needless morbidity and mortality arising from
human error.

A part of this research was supported by the Ministry of
Health, Labor and Welfare.
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Thromboembolism, including myocardial infarction, cere-
bral infarction, and pulmonary embolism, is frequently
induced by a variety of stressors. Indeed, mental, and
physical stressors decrease fibrinolytic activity [1] and
contribute to the occurrence of thrombotic complications.
We have already reported that plasminogen activator
inhibitor-1 (PAI-1) expression is dramatically induced by
restraint (immobilization) stress, a typical physicopsycho-
logical stress [2], with maximal induction in the adipose
tissue in vivo, a change contributing to the development of
tissue thrombosis [3]. PAI-1 regulates fibrinolysis by
inhibiting plasminogen activation and elevated levels of
plasma PAI-1 are observed in a variety of thrombotic
conditions. In obese humans, increased plasma PAI-1
levels correlated with the amounts of visceral fat, sug-
gesting that adipose tissue is the primary source of PAI-1 in
this condition [4]. Statins, 3-hydroxy-methylglutaryl
coenzyme A reductase inhibitors, have been widely used
for the prevention of cardiovascular diseases primarily with
their lowering serum cholesterol levels. Statins also exert
pleiotropic and beneficial effects on the coagulation and
fibrinolytic systems [5], which are regarded to be inde-
pendent of cholesterol-lowering action.

The study described below demonstrated that pitavastatin
attenuated the upregulation of PAI-1 gene. in restraint-
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stressed mice. Twelve to sixteen-month-old male C57BL/6 J
mice were administered orally 10 mg/kg/day of pitavastatin
or atorvastatin for 3 weeks before the animals were received
restraint stress. The dosage of agents we used is regarded to
be much excess in comparison with clinical dose because
rodents metabolize stating more rapidly than humans.
Restraint stress, plasma collection, RNA extraction and
quantitative RT-PCR assay were performed, as described
previously [3]. PAIi antigen levels in plasma were quan-
tified by a sandwich ELISA, as described previously [6]. All
procedures were carried out according to the protocol
approved by the Animal Care and Use Committee of Nagoya
University. Twenty hours of restraint stress to mice caused a
substantial induction of PAI-1 antigen in plasma and of PAI-
1 mRNA in the liver and adipose tissues, which have been
regarded as major sources of PAI-1 [3]. PAI-1 antigen in
plasma was dramatically elevated after a 20 h-restraint
stress, but this increase attenuated by 40% in mice pretreated
with pitavastatin (Fig. 1, left panel). Free PAI-1 activity
measured by t-PA binding assay was also elevated by stress
and its increase was attenuated by pretreatment with pita-
vastatin in paralle] with PAI-1 antigen level (not shown).
Although t-PA antigen levels measured by ELISA were
elevated after restraint stress, the degree of elevation (by
2-fold, not shown) was much smaller than PAI-1 induction
(by 7-fold), showing that a prothrombotic state was induced
by restraint stress. Pitavastatin also suppressed the induction
of PAI-1 mRNA by restraint stress in the liver and adipose
tissues about 60% of the control (i.e., pitavastatin naive)
mice (Fig. 1, middle and right panels), while atorvastatin did
not (not shown). As plasma cholesterol levels were not
affected by statins in these mice (not shown), pitavastatin
may suppress the upregulation of PAI-1 gene independent of
its cholesterol-lowering action in restraint-stressed mice. It
has been reported that statins reduce the PAI-1 expression by
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Fig. 1 Twelve to sixteen-month-old mice were administered pita-
vastatin (10 mg/kg/day) for 3 weeks (n = 6, respectively), followed
by 20-h-restraint stress. As a control group, non-stressed mice and
20-h-stressed mice without pitavastatin administration were prepared
(n = 6, respectively). The plasma was collected and measured for
PAI-1 antigen (ng/ml) by ELISA assay. Liver and adipose tissue were

suppressing the formation of geranylgeranylated proteins
required for the proper synthesis of PAI-1 [7], and this may
be one of the mechanisms by which pitavastatin attenuates
the PAI-1 induction in restraint-stressed mice.

Several differences are observed in the pleiotropic
effects of statins. Pitavastatin may more strongly suppress
the molecular responses against stress insults, which
include the induction of cytokine-induced nuclear factor-
kB (NF-xB) and the production of oxidative stress markers
in the ischemic model, in comparison with atorvastatin
[8, 9]. The expression of PAI-1 gene is. upregulated
by oxidative stress markers (e.g., 4-hydroxynonenal and
8-hydroxy-2'-deoxyguanosine) [10] and NF-xB, both of
which could be induced by stress-related inflammatory
cytokines (e.g., TNF-o). Taken together, it is speculated
that pitavastatin may attenuate the stress-induced PAI-1
expression through the inhibition of TNF-o-induced
NF-kB activation and its anti-oxidative effect. Although
there have been some reports on the inhibitory effect of
atorvastatin on PAI-1 expression in vitro or ex vivo [11],
this agent may have less anti-oxidant potential and less
ability to block NF-xB activation than pitavastatin [12],
resulting in the lack of suppressive effect on the stress-
induced PAI-1 expression. Finally, the finding in this study
suggests that pitavastatin contributes, in part, to the pre-
vention of thrombotic cardiovascular diseases associated
with physicopsychological stress although further studies
are required to elucidate its mechanism.
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Hemophilia A is an X-linked recessive bleeding disorder
with a worldwide prevalence of approximately 1 in 5,000
males. Hemophilia A is caused by a deficiency or func-
tional defect in coagulation factor VII (FVIID), and its
clinical severity is inversely related to residual FVII
activity (FVIL:C). Patients with less than 1, 1-5, and
5-30% FVIILC are classified as having severe, moderate,
and mild hemophilia A, respectively [1]. The gene
encoding FVIII (F8) is located in the most distal region of
the long arm of the X chromosome (Xq28) and spans
186 kb [2]. The molecular basis underlying hemophilia A
is well characterized, and various causative defects, such as
point mutations, insertions, deletions and other genetic
abnormalities, have been found in the F§ gene of hemo-
philia A patients. Among them, a large genomic inversion
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disrupting F§ at intron 22 (F8-int22 inversion) is found in
about half of severe hemophilia A cases including Japanese
[3-5], and an inversion at intron 1 (F8-intl inversion) is
found in 1-5% of cases [6, 7].

Hemophilia A affects males, and is transmitted by het-
erozygous females who are denoted as carriers. They are
usually asymptomatic, because their proportion of somatic
cells with an inactivated normal X chromosome is
approximately equal to the proportion with an inactivated
mutated X chromosome [8]. However, there are several
potential genetic mechanisms leading to the phenotypic
expression of very low FVIIL:C in female carriers as
hemophiliacs. Thus, in rare cases, severe hemophilia A can
occur in females homozygous (e.g., consanguinity) or
compound heterozygous for mutations in F8 [9, 10],
through X chromosome abnormalities such as monosomy
X (45 X, Turner syndrome), and due to skewed X inacti-
vation in a heterozygous female carrier [11, 12]. In this
study, we investigated the genetic mechanisms of F8
defects to elucidate the molecular pathogenesis responsible
for severe hemophilia A in a Japanese female. The study
was approved by the Ethics Committee of the Nagoya
University School of Medicine, and genomic DNA samples
from all participants were isolated from peripheral leuko-
cytes by phenol extraction as described previously [13],
after informed consents were obtained.

The patient was a 21-year-old female and suffered from
bleeding symptoms, such as easy bruising and joint
swelling, since she was 2 years old. She was diagnosed as a
severe hemophilia A (FVIIL:C < 1% and FVIIL:Ag < 5%),
and received FVIII concentrates as replacement therapy.
However, she had developed hemophiliac arthropathy in
her left elbow joint. Her elder brother suffered from similar
bleeding symptoms and had also been diagnosed as a
severe hemophilia A (FVIII:C < 1% and FVIILAg < 5%).
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The mother was a hemophiliac carrier (FVIIL.C = 48%
and FVIII:Ag = 61%). The levels of von Willebrand factor
antigen and ristocetin cofactor activity in all family
members tested including the patients were within the
normal range. A DNA sample from the father was not
available. Chromosomal analysis of the patient revealed a
normal female 46, XX karyotype with no structural
abnormalities (data not shown).

The pedigree of the patient’s family is shown in Fig. 1.
First, we analyzed inversions of F§-int22 and F8-intl by
the inverse shifting-polymerase chain reaction (IS-PCR)
approach [14], and found that the patient was heterozygous
for F8-int22 inversion type I mutation (data not shown).
We detected the same F8-int22 inversion in her brother
monozygously and in her mother heterozygously. These
results indicated the F§-inf22 inversion found in the patient
to be inherited from her mother. We also tested for the
F8-int22 inversion in their DNA by Southern blotting [15]
as well as by single-tube long-distance PCR (LD-PCR)
[6, 16], and obtained consistent results with the IS-PCR
data (data not shown).

Female carriers with a heterozygous abnormal F8 gene
show generally about 50% of FVII:C due to random inac-
tivation of the X chromosomes with a rate equivalence. The
patient was diagnosed as a hemophilia A carrier with the
F8-int22 inversion in terms of genotype, but with a severe
hemophilia A phenotype. Because the skewed X chromo-
some inagtivation in a heterozygous carrier is known to be a
cause of X-linked recessive disorders in females [8], we

Father Mother
FVIIL:C=110% FVIL:C=48%
4
18
G
22

i
! Brother

FVIIL:C<1.0%

O Patient

FVIIL:C<1.0%

MAOA-pVNTR (Xp11.23) *
HUMARA CAG repeat (¥q11-12) *
PGKI BstXIRFLP (Xq13.3) *
FMRI CCG repeat (Xq27.3)

Fig. 1 Pedigree and X chromosome haplotypes of the family
members. FVIIL:C levels (%) were represented below the symbols.
Haplotypes of the X chromosomes were shown in boxes, and
represented the number of repeats, individual nucleotides, or
presence/absence (+-/—) of the mutation at each locus. A predicted
haplotype of the father, for whom data were unavailable, was shown
in bright gray. *Informative markers for the assessment of the X
chromosome inactivation pattern of the patient
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tried to examine the DNA methylation pattern at the
heterozygous X-linked gene loci. First, we determined the
chromosome haplotype of the family members, and found
that three markers, the monoamine oxidase A gene (MAOA,
Xpl11.23) promoter VNTR (MAOA-pVNTR) [17], the
human androgen receptor gene (HUMARA, Xq11-12) CAG
repeat [18] and the phosphoglycerate kinase 1 gene (PGK1,
Xq13.3) BstXI polymorphism [19], were informative, but
the fragile X mental retardation gene 1 (FMRI, Xq27.3)
CGQG repeat [20] was not (Fig. 1).

Among them, we assessed the DNA methylation pattern
at MAOA-pVNTR as shown in Fig. 2. Since Hpall cleaves
non-methylated DNA in the active X chromosome, PCR
amplification of the gene in DNA treated with Hpall will
fail. In the sample of the patient’s brother having a single

-active X chromosome, PCR-amplified fragments appeared

as a 210-bp band (3-repeats allele, lane 5), but disappeared
on digestion of the template DNA with Hpall (lane 6). The
analysis of PCR-amplified fragments from the mother’s
DNA samples with or without digestion by Hpall showed
two distinct bands, a 4-repeats allele (240-bp) and a
3-repeats allele (210-bp) (lanes 3 and 4), suggesting that
random X inactivation occurred in her somatic cells. In
contrast, the DNA of the patient not digested with Hpall
gave two distinct bands (lane 1), a 4-repeats allele from the
father (240-bp) and a 3-repeats allele from the mother
(210-bp), but only the 240-bp band was observed on PCR
amplification of the Hpall-digested DNA sample (lane 2).
Analysis of this pattern with NIH image version 1.62
revealed an extremely skewed inactivation of the paternally
derived X chromosome containing a normal 8 (ratio 99.5:
0.5), fully consistent with the patient’s severe hemophilia
A phenotype. We also analyzed X chromosome inactiva-
tion patterns at the other two gene markers, the HUMARA
CAG repeat and the PGKI BstXI polymorphism, and
obtained similar findings with skewed inactivation rates
(data not shown). Meanwhile, we analyzed the F'8 genomic
sequence of the patient by PCR-mediated direct sequenc-
ing, and found no abnormality causing a FVIII deficiency
(data not shown). Taken together, it was suggested that an
extremely skewed inactivation toward the paternally
derived X chromosome carrying a normal F§ gene could
occur in this female hemophilia A patient.

X chromosome inactivation is a process in mammals by
which one of the two X chromosomes in female somatic
cells is inactivated to eliminate differences between males
and females in levels of expression of the genes on the X
chromosome [21]. The determination of whether the
maternally or paternally derived X chromosome is to be
inactivated is random, and the inactive X chromosome is
silenced by CpG hyper-methylation. X chromosome inac-
tivation is regulated by the expression of the X-inactive-
specific transcript gene (XIST) [22]. The XIST antisense
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Fig. 2 Assessment of X chromosome inactivation at MAOA-pVNTR.
a Scheme of methylation-sensitive Hpall-PCR amplification at
MAOA-pVNTR. The symbol () indicated a methylation site in the
Hpall cleavage site of the gene. Since Hpall cleaves non-methylated
DNA in the active X chromosome, PCR amplification of the Hpall-
treated gene on the active X chromosome will fail. b Scheme of the
MAOA gene and MAOA-pVNTR repeat sequence. Repeat structure,
sequence of the repeat region, allele (repeat) numbers, and PCR

RNA (TSIX), which is an RNA gene and a negative regu-
lator of XIST, is also related to this process [23]. A skewed
X chromosome can occur as a result of chance, abnor-
malities in these factors, or selection that eliminates the
normal X chromosome after X inactivation [8]. We did not
elucidate the precise mechanisms responsible for the
skewed X inactivation in this patient; however, it might be
possible due to an aberration of these factors.

In conclusion, the maternally transmitted F8-int22
inversion and the extremely skewed inactivation of the
paternally derived X chromosome carrying a normal F8
would cause the severe hemophilia A phenotype in this
female patient, although the presence of other mutation
cannot be excluded completely.
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