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Abstract
Background: Genetic characteristics and genetic carrier diagnosis in Japanese hemo-
philia female carriers have not been evaluated.
Objectives: To provide genetic information on Japanese hemophilia female carriers 
and demonstrate the advantages of genetic testing in carrier diagnosis.
Methods: DNA sequencing combined with long polymerase chain reaction for inver-
sion and multiplex ligation-dependent probe amplification for large mutations.
Results: Genetic analysis was performed in 69 male hemophiliac patients (48 hemophilia 
A [HA] and 21 hemophilia B [HB]) and 112 female family members (FFM) (80 from 50 
families with HA and 32 from 22 families with HB). In 72 hemophiliac families, the identi-
fied F8 mutations were inversion (42%), missense (26%), and other variations (32%), while 
74% of F9 mutations were point mutations. Among the 112 FFM, 53/80 (66%) with HA 
and 21/32 (66%) with HB were diagnosed genetically as carriers based on detection of 
heterozygous mutations. Low factor VIII activity (FVIII:C) levels (<50 IU/dL) were detected 
in only 10% of gene-confirmed carriers, suggesting that FVIII:C is not suitable for HA car-
rier prediction. Low FVIII/von Willebrand factor ratio (<0.9) was observed in 67% of gene-
confirmed carriers. Half of the gene-confirmed HB carriers had low FIX:C (<60  IU/dL). 
Importantly, 32 mothers of 37 sporadic cases (86%) (24/27 [89%] HA and 8/10 [80%] HB) 
showed the relevant mutations, suggesting low incidence of de novo mutations in males.
Conclusions: This study is the first to provide genetic information on Japanese hemophilia 
female carriers. Gene analysis is the gold standard for carrier diagnosis as it well identifies 
undetected female carriers based on pedigree information and hemostatic measurements.
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Essentials

•	 Genetic characteristics and factor activities in Japanese hemophilia carriers have not been 
evaluated yet.
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1  |  INTRODUC TION

Hemophilia A and B are X-linked recessive bleeding disorders result-
ing from more than 3000 and 1200 different DNA variants1 encod-
ing clotting factors VIII (FVIII) and IX (FIX), respectively. Females 
carrying the hemophilia mutant gene in one of the X chromosomes 
and a normal allele on the other X chromosome are defined as car-
riers. Hemophilia carriers are classically categorized as obligate 
carriers and possible carriers based on the pedigree information. 
Obligate carriers are women who: (1) have hemophiliac fathers, (2) 
have more than one hemophiliac son, (3) have a hemophiliac son and 
another hemophiliac relative in the maternal family. On the other 
hand, possible carriers are women who have only one hemophiliac 
son or a relative with known hemophilia or known carrier for hemo-
philia in the maternal family. The carrier status is usually determined 
by carrier diagnosis testing.

Determination of the hemophilia carrier status, that is, “carrier 
diagnosis,” involves coagulation factor assay and genetic testing.2-7 
Measurement of coagulation factor activity levels was the only test 
performed traditionally; the carrier status was confirmed by the 
finding of coagulation factor activity of approximately half that of 
healthy normal women. However, subsequent advances in biotech-
nology demonstrated that FVIII or FIX activities in women are often 
affected by X-inactivation, in which random suppression occurs 
in one of the two X chromosomes (i.e., Lyonization).8,9 Extremely 
skewed X-inactivation leads to profoundly low factor activity even 
in female hemophilia carriers.10,11 In addition, clotting factor activity 
levels in females were also found to fluctuate under both physiolog-
ical and pathological conditions, such as menstrual cycle, pregnancy, 
aerobic exercise, and chronic inflammation, and even show diurnal 
variation.2,5 In 1971, Zimmerman et al.12 used immunologic assay 
for antihemophilic factor like antigen (now, von Willebrand factor 
[VWF] antigen) to define hemophilia A (HA) carriers. They demon-
strated that HA carriers had lower ratio of FVIII activity (FVIII:C) 
to VWF antigen (VWF:Ag) than non-carrier females. The ratio has 
since been widely used to improve the sensitivity and specificity of 
the carrier diagnosis for HA. On the other hand, hemophilia B (HB) 
carrier is generally diagnosed based on factor IX activity (FIX:C) it-
self, because FIX is not bound to carrier protein. At present, genetic 
testing, including DNA sequencing for the detection of mutations in 
F8 and F9 genes, is considered the gold standard for the diagnosis 
of hemophiliac carriers. However, there is little or no information on 
screening for HA and HB female carriers by DNA sequencing.

Recent progress in genetic analysis has identified various mu-
tations and/or gene variants of F8 and F9 in hemophiliacs.1,13,14 To 
our knowledge, there are yet no genetic analysis-based studies that 
have examined the carrier status of Japanese hemophilia female 
family members. Furthermore, the clinical severity, types of genetic 
variations, and clotting factor activity levels in Japanese hemophilia 
female carriers have not yet been evaluated. The present study was 
designed to provide genetic information on Japanese hemophilia fe-
male carriers based on available clinical data, as well as the relation 
between such genetic status and the levels of FVIII:C or FIX:C, using 
gene mutation analysis and DNA sequencing analysis.

2  |  MATERIAL S AND METHODS

2.1  |  Subjects

Genetic analysis was performed in 69 (48 HA and 21 HB) hemophil-
iac males (patients) and 112 (80 HA and 32 HB) female family mem-
bers (FFM) among 72 (50 HA and 22 HB) families in 28 hemophilia 
treatment clinical facilities between 2007 and end of 2019 (see 
the Acknowledgments section for a list of these facilities). Genetic 
tests were not applied for prenatal diagnosis or used in any deci-
sion process for abortion of hemophiliac children. The hemophiliac 
mutations in three obligate carriers who were genetically apparent 
carriers were defined as mutations in each family, because 3 patients 
died in each family (2 HA and 1 HB).

The study protocol was approved by the Ethics Committee on 
Medical Research of Tokyo Medical University (approval number 
#2017-068). All study subjects provided written informed consent 
to participate in this study and were enrolled after receiving full ex-
planation of the purpose of the study and the methods to be used. 
Of the 112 FFM, 106 were interviewed directly at Tokyo Medical 
University Hospital and details of the clinical features, phenotypes, 
and family pedigrees were recorded. Six FFM (2 HA and 4 HB) were 
interviewed at Hiroshima University Hospital and the Hospital of 
Hyogo College of Medicine.

2.2  |  Blood coagulation tests

FVIII:C and FIX:C levels were measured using one-stage clot-
ting assay (HemosIL™ APTT-SP; Instrumentation Laboratory and 

•	 Genetic analysis was conducted in 112 female members of 72 hemophilia families to deter-
mine carrier status.

•	 Factor activities are not reliable for carrier diagnosis while factor VIII/von Willebrand factor 
is somewhat useful but with limited applicability.

•	 The estimated rate of de novo mutations in males in 37 hemophiliacs with a negative family 
history of hemophilia was 14%.
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Coagpia® APTT-N; Sekisui Medical Co.) on an ACL 9000 Automated 
Coagulometer and CP3000™. VWF:Ag levels were measured using 
latex coagulating nephelometry (STA Listest vWF[FR]; Diagnostica 
Stago, Inc.) on a JCA-BM8020 (JEOL).

2.3  |  Protocol for gene analysis and 
carrier diagnosis

2.3.1  |  F8 and F9 mutations for hemophilia in 
each family

Genetic analysis of F8 and F9 mutations was conducted in 50 sub-
jects of 50 HA families and in 22 subjects of 22 HB families. The 
subjects of families with severe and moderate HA were screened 
for intron-22 inversion analysis (Figure 1). This approach can iden-
tify inversion as the underlying mutation in approximately 40% of 
severe HA patients.13,15 The inversion analysis was also applied in 
moderate HA patients because inversion is often detected in mod-
erate HA patients whose FVIII:C is approximately 1 IU/dL. The re-
maining HA and HB cases underwent direct sequencing. Subjects 
negative for mutations by sequencing underwent F8 and F9 multi-
plex ligation-dependent probe amplification (MLPA) that can detect 
gross rearrangements, such as large deletions, large insertions, and 
duplications.

2.3.2  |  Diagnosis of the carrier status

The carrier status was determined based on the presence or absence 
of hemophilia patient relevant mutation in each family in the het-
erozygous form. All gene analyses were conducted at least twice.

2.4  |  Genetic analysis

Genomic DNA was extracted from leukocytes, and the whole cod-
ing regions and the exon--intron boundaries in F8 and F9 were 
amplified using polymerase chain reaction (PCR).16,17 The puri-
fied samples were sequenced using BigDye® Terminator v3.1 
Sequencing kit and 3730 DNA Analyzer (Applied Biosystems-
ThermoFisher Scientific Inc.). All sequence variations were vali-
dated at least twice. The resultant sequences were compared to 
those of F8 and F9 (Ensemble number ENST00000360256.8 and 
ENST00000218099.6). FVIII and FIX Gene Variant Databases 
(https://f8-db.eahad.org/; https://f9-db.eahad.org/) were the two 
main databases used to determine the mutation.1 For assessment 
of unreported mutations, the variations were examined in 50 nor-
mal Japanese individuals.

F8 inversions were detected using the Long-PCR described pre-
viously with some modifications.18 We used the SALSA MLPA P178 
F8 and P207-C1 F9 probe mix kits (MRC-Holland), and the proce-
dure provided by the manufacturer.

2.5  |  Statistical analysis

Differences between carrier and non-carrier groups were analyzed 
by the Mann-Whitney U test for continuous variables, and chi-
square test for categorical variables. A P value less than or equal 
to 0.05 was considered statistically significant. Statistical analyses 
were performed using IBM SPSS Statistics software, version 25 (IBM 
SPSS Statistics).

3  |  RESULTS

3.1  |  Subject characteristics

The study included 69 hemophiliac male patients (48 HA and 21 HB) 
and 112 FFM (80 HA and 32 HB) from 72 families (50 HA and 22 HB; 
Table 1). The disease status was classified as severe in 40 of 48 (83%) 
HA and 11 of 21 (52%) HB patients.

In the 80 HA FFM, 75 (94%) were possible carriers and 5 (6%) 
were obligate carriers. In the 32 HB FFM, 27 (84%) were possible 
carriers and 5 (16%) were obligate carriers (Table 1). The family rela-
tionships of the HA FFM to the patients were: mothers (40%), sisters 
(29%), and others (e.g., aunts, cousins, grandmothers; 31%), while for 
the HB FFM these were: mothers (38%), sisters (25%), and others 
(38%). Before maternal genetic testing, 32 mothers gave birth to 33 
boys with HA; in 27 (82%) there was no family history of hemophilia 
and as such these cases were considered to be sporadic hemophilia. 
For HB, 12 mothers gave birth to 12 HB boys, and of those, 10 (83%) 
had been considered sporadic hemophilia. At the time of consulta-
tion, 9 HA and 2 HB FFM were pregnant and preparing for deliveries.

The results of clinical interviews with 112 FFM on bleeding his-
tories at the time of genetic testing included no answer (no appro-
priate answer or unsuccessful interviews) from 37 (46%) HA and 12 
(38%) HB FFM, no bleeding from 29 (36%) HA and 14 (44%) HB FFM, 
and symptomatic bleeding from 14 (18%) HA and 6 (19%) HB FFM 
(Table 1).

3.2  |  F8 and F9 mutations with hemophilia in 
72 families

The F8 mutations in 50 subjects (48 patients and 2 obligate carri-
ers) were as follows: intron-22 inversions (n = 21), missense muta-
tions (n = 13), nonsense mutations (n = 4), small deletions (n = 3), 
small insertions (n  =  2), large deletions (n  =  2), large insertions 
(n = 2), and splice site mutations (n = 2; Figure 2A).19 It is notewor-
thy that 70% of the F8 genotype in 50 families showed null muta-
tions, as defined by Gouw et al.20 We detected 30 different unique 
F8 mutations in HA (Table  2), including the following 11 novel 
mutations: 3 missense mutations (p. Leu216Pro, p. Tyr414His, 
p. Trp222Leu), 1 acceptor splice site mutation (c.1010-1G>A), 2 
large deletions (exons 8–9 and exons 12–22), 2 small deletions 
(c.1203-1206delCT and c.6102-6103delG), 1 large insertion (LINE 

https://f8-db.eahad.org/
https://f9-db.eahad.org/
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insertion in exon 19), and 2 small insertions (c.5452-5453insGA, 
c.5986-5987insA), which were not listed in the FVIII Gene Variant 
Databases. The phenotype of three HA patients with novel mis-
sense mutations in exons 5, 8, and 24, which correspond to A1, 
A2, and C2 domains in the FVIII proteins, were two mild and one 
severe type, respectively. No such mutations were detected in 
50 normal Japanese individuals. Furthermore, in silico analyses 
of three newly found missense mutations, the predicting systems 

estimated the function as deleterious. Another eight previously 
unreported mutations were all null mutations, with the phenotype 
classified as severe type of hemophilia. These results add support 
to the above conclusion that the novel mutations were clinically 
relevant mutations in HA families.

The F9 mutations in 22 subjects (21 patients and 1 obligate 
carrier) were as follows: 9 missense mutations, 6 small deletions, 
5 nonsense mutations, 1 point mutation in 5’UTR, and 1 splice site 

F I G U R E  1  Proposed procedure of gene analysis for carrier diagnosis. (1) Patients or obligate carriers of hemophiliac family were 
approached for gene analysis. Subjects with severe and moderate hemophilia A (HA) were screened for intron 22 inversion analysis. The 
remaining HA and hemophilia B (HB) cases underwent direct sequencing. Patients who were found negative on direct sequencing were 
also analyzed by multiplex ligation-dependent probe amplification (MLPA). The hemophilia-related mutations were identified in each family. 
(2) Female family members (FFM) underwent gene analysis. The carrier status was determined based on the presence or absence of the 
hemophilia patient relevant mutation in each family in the heterozygous form. All gene analyses were conducted at least twice to validate 
the results. FIX:C, factor IX activity; FVIII:C, factor VIII activity; VWF:Ag, von Willebrand factor antigen; PCR, polymerase chain reaction 
[Color figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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mutations (Figure 2B). Thus, the type of F9 mutation equivalent to 
74% was point mutation. Fifteen unique types of point mutations 
and 5 small deletions in the HB were detected, including 5 novel 
mutations (p. Glu61*, c.103delG, c.1129-1132delGTTorTTG, c.1258-
1259delAG, c.1318-1320delA; Table 2). All of the above previously 
unreported mutations were classified as null mutations.

3.3  |  Determination of carrier status in 112 FFM 
based on mutation

Genetic analysis was performed in all 112 FFM (80 HA and 32 HB). 
The analysis successfully determined the carrier status of all 112 
FFM based on whether they showed the relevant mutation in the 
family. Based on the results of genetic analysis, 74 (66%), including 
7 obligate carriers, were carriers while 38 (34%) were non-carriers. 
For HA FFM, 53 (66%) were genetically confirmed as carriers while 
27 (34%) were non-carriers. For HB FFM, 21 (66%) were carriers and 
11 non-carriers (34%).

3.4  |  Assessment of carrier status by blood 
coagulation tests in gene-confirmed carriers and non-
carriers

Coagulation factor activity levels were measured in 83 of the 112 
FFM (61 HA and 22 HB, Table 3). Eleven (9 HA and 2 HB) pregnant 
women were excluded from this validation beforehand.

3.4.1  |  Differences in FVIII:C levels between HA 
carriers and non-carriers

The results of FVIII:C analysis were compared between 40 HA gene-
confirmed carriers versus 21 non-carriers. Low FVIII:C levels were 
defined as 50 IU/dL or less, according to Labarque et al.,3 because 
Receiver operating characteristic (ROC) analysis could not deter-
mine the cut-off value of FVIII:C (Figure S1 in supporting informa-
tion). Although the mean value of FVIII:C in 40 HA carriers (76 IU/
dL: range 9–144) was lower than in non-carriers (122 IU/dL: range 
72–205; P < 0.001), FVIII:C in the majority of gene-confirmed carri-
ers (36/40, 90%) was higher than 50 IU/dL. Because FVIII levels are 

Hemophilia A Hemophilia B

Joint bleeding 1 0

Injury bleeding 1 1

Anemia 1 1

Note: Data are number of subjects, range, or percentages. Data were 
recorded at the time of genetic testing for carrier diagnosis. “Males” 
represents patients. Seventy-two family numbers do not match the 69 
patients’ number because 3 patients died in each family (2 hemophilia A 
and 1 hemophilia B).
“Females” represents female family members (FFM) who participated in 
the study.
aMothers who gave birth to the indicated number of children.
bMothers who gave birth to males with hemophilia.
cMothers who gave birth to female infants or infants.
dNo documented report. Bleeding symptoms were obtained at clinical 
interviews conducted at the time of genetic testing for carrier diagnosis.
*Clinical severity was classified based on coagulation factor activity 
level, into severe (<1 IU/dL), moderate (1–5 IU/dL), and mild (>5 IU/dL).

TA B L E  1  (Continued)TA B L E  1  Subject characteristics

Hemophilia A Hemophilia B

Families, n 50 22

Males (patients), n 48 21

Mean age, years 18.8 (1–75) 23.0 (1–79)

Clinical severity*

Severe 40 (83%) 11 (52%)

Moderate 3 (6%) 7 (33%)

Mild 5 (10%) 3 (14%)

Females, n 80 32

Possible carriers 75 (94%) 27 (84%)

Obligate carriers 5 (6%) 5 (16%)

Mean age, years 37.7 (1–78) 36.3 (22–63)

Relationship to patients

Mothers 32 12

Sisters 23 8

Grandmothers 4 0

Aunts 9 3

Cousins 4 2

Nieces 5 0

Daughters 1 4

Granddaughters 1 1

Oneself 1 0

Cousin-daughters 0 2

Number of childrena 

Males with hemophiliab  33 12

(Sporadic hemophilia) (27) (10)

Female infantsc  30 11

Pregnant women 9 2

Bleeding history in females, 
n

80 32

Unknownd  37 (46%) 12 (38%)

No bleeding 29 (36%) 14 (44%)

Bleeding 14 (18%) 6 (19%)

Nasal bleeding 0 1

Menorrhagia 6 3

Purpura 4 0

Postoperative bleeding 0 0

Tooth extraction 
bleeding

3 1

Postpartum bleeding 5 1

(continues)
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known to increase with age, we evaluated the impact of age at test-
ing. The HA gene-confirmed carriers (mean age 38 years) were not 
significantly older than those of non-carriers (mean age 36  years; 
P = 0.382; Table 3). In addition, the mean FVIII:C value was 65.9 IU/dL  
(higher than 50 IU/dL) in 14 symptomatic HA women (Table 1).

3.4.2  |  Differences in VWF:Ag levels between HA 
carriers and non-carriers

The mean VWF:Ag in 33 HA carriers and 19 non-carriers were 104 IU/dL  
(range 60–204) and 95  IU/dL (range 57–172), respectively (Table  3). 
Healthy blood group O individuals are known to have lower VWF:Ag 
and FVIII levels compared to blood group non-O individuals.21,22 In our 
study, the proportions of blood group O in HA carriers (n = 39) and non-
carriers (n = 21) were 51% and 29%, respectively (Table 3).

Furthermore, blood group O carriers had significantly lower 
VWF:Ag (mean 88  IU/dL, n  =  17) than blood group non-O carriers 
(mean 120 IU/dL, n = 15, p < 0.01, Figure S2 in supporting information). 
However, the mean FVIII:C and FVIII/VWF ratio were not significantly 
different between blood group O (mean 68  IU/dL, 0.87) and blood 
group non-O carriers (mean 83 IU/dL, 0.70). A similar trend was seen 
in HA non-carriers; the mean FVIII:C and FVIII/VWF ratio were not 
significantly different between blood groups O and non-O (Figure S3 
in supporting information). At this stage, we have no explanation for 
the higher mean VWF:Ag in HA carriers than non-carriers.

3.4.3  |  Differences in FVIII:C/VWF:Ag ratio 
between HA carriers and non-carriers

The mean of FVIII:C/VWF:Ag (FVIII/VWF) ratio was lower in the car-
riers than non-carriers (0.79 versus 1.35; P < 0.001; Table 3). In ad-
dition, the mean ratio in 14 symptomatic women was 0.81 (Table 1). 
ROC analysis successfully confirmed the cutoff value of FVIII/VWF 

ratio (area under the curve   (AUC)=  0.992, Figure  S4 in supporting 
information). The lower cut-off value of FVIII/VWF ratio was 0.9 as 
determined by the ROC analysis, with sensitivity and specificity for 
HA carrier of 67% and 100%, respectively. On the other hand, the 
higher cut-off value was 1.5, with sensitivity and specificity for non-
carrier of 100% and 32%, respectively. The proportion of subjects 
with the FVIII/VWF ratio between 0.9 and 1.5 was not significantly 
different between carriers (11/33, 33%) and non-carriers (13/19, 68%, 
P = 0.063). These results suggest that determining the carrier status 
is difficult in subjects with FVIII/VWF ratio ranging from 0.9 to 1.5, 
while HA non-carriers can be accurately predicted in subjects with 
FVIII/VWF ratio of >1.5. Considered together, the above results sug-
gest that FVIII:C alone is not reliable for the diagnosis of carrier status 
while the FVIII/VWF ratio is somewhat useful though with limited 
applicability.

3.4.4  |  Differences in FIX:C levels between HB 
carriers and non-carriers

The mean of FIX:C was significantly lower in carriers (51 U/dl, range, 
11–67, n = 12 HB) than non-carriers (95 IU/dL; range, 67–173; n = 10; 
P < 0.001; Table 3). The FIX:C cut-off levels were defined as 60 IU/dL 
by Plug et al.5,14 and 65 IU/dL by the ROC analysis conducted in the 
present study (Figure S5 in supporting information). The mean FIX:C 
of six symptomatic gene-confirmed carrier women was 44.6 IU/dL  
(Table  1). Using the above cut-off value established by Plug 
et al.,5 6/12 (50%) of our subjects were considered carriers (with 
FIX:C > 60 IU/dL). In comparison, using the cut-off value determined 
by our ROC analysis (65 IU/dL), 11/12 (92%) were labelled HB carri-
ers (with FIX:C < 65 IU/dL), whereas 10/10 (100%) were non-carriers 
(with FIX:C ≥ 65 IU/dL). Thus, the cut-off level of 65 IU/dL based on 
ROC analysis is useful in predicting the carrier status. Interestingly, 
the sensitivity for the diagnosis of carrier state varied significantly 
between the cut-off value at 60 IU/dL reported by Plug et al.5 and 

F I G U R E  2  Distribution of F8 and F9 mutation types identified in hemophilia families. A, F8 mutations in 50 hemophilia A (HA) families. 
B, F9 mutations in 22 hemophilia B (HB) families. Mutations and variants were described according to the guideline of nomenclature by the 
Human Genome Variation Society.19 Null and non-null classification was based on the definition by Gouw et al.20 [Color figure can be viewed 
at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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TA B L E  2  F8 and F9 mutations in hemophilia in 72 families

Mutation type in 50 
HA families

FVIII 
protein 
domain

F8 Gene 
location

Nucleotide and amino acid 
change (HGVS) Legacy no. Novel mutation

de novo 
mutation

Inversion (21 
families)

Intron 22 Inversion de novo 
mutation

Missense mutation 
(13 families)

A1 Exon 5 c.605G>A; p. Ser202Asn 183 Ser(agt) > Asn(aat)

A1 Exon 5 c.643 T > C; p. Leu216Pro 197 Leu(cta) > Pro(cca) Novel mutation

a1 Exon 8 c.1172G>A; p. Arg391His 372 Arg(cgc) > His(cac)

A2 Exon 8 c.1240 T > C; p. Tyr414His 395 Tyr(tat) > His(cat) Novel mutation

A2 Exon 10 c.1475A>G; p. Tyr492Cys 473 Tyr(tat) > Cys(tgt)

A2 Exon 12 c.1798G>A; p. Glu600Lys 581 Glu(gag) > Lys(aag)

C1 Exon 16 c.5399G>A; p. Arg1800His 1781 Arg(cgt) > His(cat)

C1 Exon 16 c.6046C>T; p. Arg2016Trp 1997 Arg(cgg) > Trp(tgg)

C1 Exon 19 c.6065G>A; p. Gly2022Asp 2003 
Gly(ggc) > Asp(gac)

C1 Exon 23 c.6505C>T; p. Arg2169Cys 2150 Arg(cgt) > Cys(tgt)

C1 Exon 23 c.6544C>T; p. Arg2182Cys 2163 Arg(cgc) > Cys(tgc) de novo 
mutation

C2 Exon 24 c.6665G>T; p. Trp2222Leu 2203 Trp(tgg) > Leu(ttg) Novel mutation

C2 Exon 26 c.6977G>A; p. Arg2326Gln 2307 Arg(cga) > Gln(caa)

Nonsense mutation 
(4 families)

A1 Exon 8 c.1063C>T; p. Arg355* 336 Arg(cga) > Stop(tga)

A2 Exon 13 c.2099C>A; p. Ser700* 681 Ser(tcg) > Stop(tag)

B Exon 14 c.2373G>A; p. Trp791* 772 Trp(tgg) > Stop(tga) de novo 
mutation

C2 Exon 24 c.6682C>T; p. Arg2228* 2209 
Arg(cga) > Stop(tga)

Splice site mutation 
(2 families)

Intron 7 c.1010-1G>A Acceptor splice site 
mutation

Novel mutation

Intron 24 c.6724-1G>A Acceptor splice site 
mutation

Large deletion 
(2 families)

Exon 8–9 Exon 8–9 deletion Novel mutation

Exon 
12–22

Exon 12–22 deletion Novel mutation

Small deletion 
(3 families)

A1 Exon 2 c.1203-1206del CT 2-bp deletion (CT) Novel mutation

B Exon 14 c.3629-3637del A 1-bp deletion (A)

A3 Exon 19 c.6102-6103del G 1-bp deletion (G) Novel mutation

Large insertion ​
(2 families)

Intron 18 Alu insertion

Exon 19 LINE insertion Novel mutation

(Continues)
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Mutation type in 50 
HA families

FVIII 
protein 
domain

F8 Gene 
location

Nucleotide and amino acid 
change (HGVS) Legacy no. Novel mutation

de novo 
mutation

Small insertion (3 
families)

B Exon 14 c.3629-3637ins A 1-bp insertion (A)

A3 Exon 16 c.5452-5453ins GA 2-bp insertion (GA) Novel mutation

A3 Exon 18 c.5986-5987ins A 1-bp insertion (A) Novel mutation

Mutation type in 
22 HB families

FIX protein 
domain

F9 Gene 
location

Nucleotide and amino acid 
change (HGVS) Legacy No.

Novel 
mutation

de novo 
mutation

Missense mutation 
(9 families)

Pro-peptide Exon 2 c.127C>T; p. Arg43Trp −4 Arg(cgg) > Trp(tgg)

EGF1 Exon 4 c.284A>G; p. Asp95Gly 49 Asp(gat) > Gly(ggt)

EGF2 Exon 5 c.412A>C; p. Asn138His 92 Asn(aaa) > His(caa)

Linker Exon 6 c.571C>T; p. Arg191Cys 145 Arg(cgt) > Cys(tgt)

Act-peptide Exon 6 c.677G>A; p. Arg226Gln 180 Arg(cga) > Gln(caa)

Serine protease Exon 8 c.881G>A; p. Arg294Gln 248 Arg(cga) > Gln(caa)

Serine protease Exon 8 c.987C>G; p. Ser329Arg 283 Ser(agc) > Arg(agg)

Serine protease Exon 8 c.1010C>T; p. Ala337Val 291 Ala(gct) > Val(gcc)

Serine protease Exon 8 c.1135C>T; p. Arg379Gln 333 Arg(cga) > Gln(caa)

Nonsense mutation 
(5 families)

Gla Exon 2 c.181G>T; p. Glu61* 15 Glu(gag) > Stop(tag) Novel 
mutation

Gla Exon 2 c.223C>T; p. Arg75* 29 Arg(cga) > Stop(tga)

Serine protease Exon 8 c.880C>T; p. Arg294* 248 Arg(cga) > Stop(tga)

Serine protease Exon 8 c.1150C>T; p. Arg384* 338 Arg(cga) > Stop(tga)

Serine protease Exon 8 c.1150C>T; p. Arg384* 338 Arg(cga) > Stop(tga)

Splice site mutation 
(1 family)

Intron 2 c.252+5G>A Donor splice site mutation de novo 
mutation

5`UTR point 
mutation (1 
family)

F9 5`UTR c.−48G>C −19 G > C

Small deletion (6 
families)

Pro-peptide Exon 2 c.103del G 1-bp deletion (G) Novel 
mutation

Gla Exon 2 c.159-160del AG 2-bp deletion (AG)

Gla Exon 2 c.159-160del AG 2-bp deletion (AG)

Serine protease Exon 8 c.1129-1132del GTT or TTG 3-bp deletion (GTT or TTG) Novel 
mutation

Serine protease Exon 8 c.1258-1259del AG 2-bp deletion (AG) Novel 
mutation

de novo 
mutation

Serine protease Exon 8 c.1318-1320del A 1-bp deletion (A) Novel 
mutation

Abbreviations: FVIII, factor VIII; FIX, factor IX; HA, hemophilia A; HB, hemophilia B.

TABLE 2 (Continued)
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that of 65 IU/dL determined in our study, suggesting that the cut-off 
value for the diagnosis varies according to the sample population.

3.5  |  Verification of sporadic hemophilia and 
de novo mutation

Based on the pedigree information, 37 hemophiliac sons (27 HA 
and 10 HB) from 72 families were diagnosed as sporadic hemo-
philia (Table 4). In genetic analysis, 24 HA mothers (89%) had the 
patient relevant mutation in the heterozygote form while 3 HA 
mothers (11%) did not have the relevant mutation. Therefore, all 27 
represent sporadic HA but in only 11% was the sporadic mutation 

in the affected male while in the other 24 cases of sporadic HA, 
the sporadic mutation was in the child's mother and potentially 
in the child's grandmother. In genetic analysis of 10 HB cases, 8 
HB mothers (80%) had the patient relevant mutation while 2 HB 
mothers (20%) did not have the relevant mutation. Therefore, all 
10 represent sporadic HB but in only 20% was the sporadic muta-
tion in the affected male while in the other 8 cases of sporadic HB, 
the sporadic mutation was in the child's mother and potentially in 
the child's grandmother.

These results suggest that 5 children (3 HA and 2 HB) had de 
novo mutations (F8 inversion, F8 p. Arg2182Cys, F8 p. Trp791*, F9 
c.252+5G>A, F9 c.1258-1259delAG). In summary, 32 mothers of 37 spo-
radic cases showed relevant mutations, and consequently, the incidence 

Hemophilia A Carriers Non-carriers P value

Subjects of age at testing n = 40 n = 21

Mean age, years (IQR, range) 38 (17.8,1–69) 36 (20.0,13–66) 0.382

Subjects of ABO blood group n = 39 n = 21 0.156
χ2 = 2.017Blood group non-O 19 (49%) 15 (71%)

Blood group O 20 (51%) 6 (29%)

Subjects who underwent 
FVIII:C analysis

n = 40 n = 21

Mean FVIII:C, IU/dL (range) 76 (9–144) 122 (72–205) <0.001

<50 IU/dL 4/40 (10%) 0/21 (0%) NA

≥50 IU/dL 36/40 (90%) 21/21 (100%) <0.001

Subjects who underwent 
VWF:Ag analysis

n = 33 n = 19

Mean VWF:Ag, IU/dL (range) 104 (60–204) 95 (57–172) 0.332

Subjects who underwent 
FVIII/VWF ratio analysis

n = 33 n = 19

Mean FVIII/VWF ratio 
(range)

0.79 (0.09–1.48) 1.35 (0.92–1.78) <0.001

<0.9 22/33 (67%) 0/19 (0%) NA

0.9–1.5 11/33 (33%) 13/19 (68%) 0.063

≥1.5 0/33 (0%) 6/19 (32%) NA

Hemophilia B

Subjects who underwent FIX:C 
analysis

n = 12 n = 10

Mean FIX:C, IU/dL (range) 51 (11–67) 95 (67–173) <0.001

<60 IU/dL 6/12 (50%) 0/10 (0%) NA

≥60 IU/dL 6/12 (50%) 10/10 (100%) <0.001

<65 IU/dL 11/12 (92%) 0/10 (0%) NA

≥65 IU/dL 1/12 (8%) 10/10 (100%) 0.364

Notes: Low FVIII:C levels were defined as 50 IU/dL according to Labarque et al.3 The cut-off levels 
of FVIII:C/VWF:Ag ratio were determined as 0.9 and 1.5 according to ROC analysis (AUC = 0.992; 
see Figure S4). The FIX:C cut-off levels were defined as 60 IU/dL by Plug et al.5 and as 65 IU/dL by 
ROC analysis (AUC = 0.992, Figure S5).
Abbreviations: AUC, area under the curve; FVIII:C, factor VIII activity; FVIII/VWF ratio; FVIII:C to 
VWF:Ag ratio, FIX:C, factor IX activity, NA; not applicable; ROC, receiver operating characteristic; 
VWF:Ag, von Willebrand factor antigen.
*Carriers and non-carriers were diagnosed by gene analysis.

TA B L E  3  Assessment of carrier status 
using blood coagulation tests in gene-
confirmed carriers and non-carriers
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of de novo mutations in male infants in the present study was 14%, sug-
gesting a low frequency for de novo mutations in male hemophiliacs.

4  |  DISCUSSION

The present study provided comprehensive genetic information on 
Japanese hemophilia female carriers. First, we successfully identi-
fied the F8 and F9 mutations in all 72 hemophilic families. All the 
identified mutations in HA patients, except for missense mutations, 
were null mutations (74%). In addition, two missense mutations (p. 
Tyr414His and p. Arg2182Cys) resulted in severe HA phenotype. 
Thus, the genetic tests showed a reasonable proportion of severe 
HA (83%) in our study. In HB patients, although F9 large mutations 
were not detected, 73% of the F9 mutations were point mutations. 
The distribution of point mutations was almost similar to those re-
ported in other countries.14,23 Since the early 1980s, when Sanger 
capillary sequencing made it possible to establish carrier status, 
DNA direct sequencing has evolved from haplotyping to mutation 
analysis,24,25 offering certainty about the carrier status.26-28 Despite 
the clear advantage of the next generation sequencing in various 
settings, including exploration of deep intron mutation, Sanger se-
quencing remains a better option for genetic testing and diagnosis 
of hemophiliac carriers, because there still can be a variety of un-
known mutations of F8 and F9 target genes. In this study, carrier 
status was determined in 112 FFM based on the presence of patient 
relevant mutation in each family in the heterozygous form; 53/80 
HA FFM (66%) and 21/32 HB FFM (66%) were diagnosed as carri-
ers. All FFM with hemophilic relatives suffering bleeding tendencies 
were found to be carriers (Table 1). The numbers and proportions 
of subjects were limited and biased in this study with male patients 
from 44 mothers among the 112 subjects. In addition, there was 
no significant association between mutation patterns and genetic 
transmission.

FVIII levels show considerable variability, and normal levels 
do not always represent non-carrier status. Labarque et al.3 mea-
sured the FVIII:C and FVIII/VWF ratio in 277 HA carriers and 
found normal FVIII:C (>0.5 U/ml) in 77% of the carriers. In our 
study, the FVIII:C level was ≥50 IU/dL in 36 of 40 (90%) HA car-
riers. Furthermore, the mean FVIII:C of 14 symptomatic women 

(65.9 IU/dL) was higher than 50 IU/dL. Although we examined the 
impact of age and blood group on FVIII:C level, we can offer no 
explanation for the relatively high levels of FVIII:C encountered 
in our subjects.

Four HA gene-confirmed carriers with low FVIII:C had large 
deletions (exons 12–22), 1-bp deletion (c.6102-6103delG), accep-
tor splice site mutation (c.1010-1G>A), and inversion; namely, four 
strong mutations were so-called null mutation. On the other hand, 
six HB gene-confirmed carriers with FIX:C below 60 IU/dl were p. 
Arg43Trp, p. Arg75*, p. Arg191Cys, p. Arg226Gln, p. Arg294*, and 
p. Arg294Gln. The two missense mutations, p. Arg191Cys and p. 
Arg226Gln, generated the site of activation peptide known to play 
a critical role in cleavage by factor XIa or factor VIIa/tissue factor. 
These findings support the notion that carrier women with null or 
missense mutation that correspond to special functions often have 
significantly lower coagulation factor activity.

Our study showed that 22 of 33 (67%) carriers had low FVIII/
VWF ratio (<0.9), which is the lower cut-off value for the diagnosis 
of carriers selected by both our ROC analysis and Labarque et al.3 
In comparison, none of the 33 (0%) carriers in our study and only 
3 of the 33 (8.3%) carriers in the study of Labarque et al.3 had high 
FVIII/VWF ratio (defined as >1.5 by ROC analysis and >1.2, respec-
tively). These results suggest that a high FVIII/VWF ratio (>1.5) can 
exclude HA carriers while a low ratio (<0.9) can exclude non-carriers. 
However, mid-range ratio (0.9–1.5), which was observed in 24/52 
(46%) of HA FFM, cannot predict carrier status well. Moreover, the 
cut-off value varies widely according to the study population and 
test reagents. Taken together, the FVIII/VWF ratio is somewhat 
useful but with limited applicability. With regard to the FIX:C value, 
the sensitivity using the cut-off value of 65 IU/dL, as identified by 
ROC curve, was much better than that of the commonly used level 
of 60 IU/dL. We conclude that FIX level is satisfactory for the predic-
tion of the carrier state, but is not a perfect tool due to the difficulty 
in determining the cut-off value.

Although carrier women are generally considered asymptom-
atic, some reported abnormal bleeding, such as epistaxis, prolonged 
bleeding after dental procedures, purpura/ecchymoses, or post-/
perioperative bleeding. The reported rate of these abnormal bleed-
ing patterns is about 30% among carrier women.5-7 Postpartum 
hemorrhage is a serious problem, even in non-hemophilic women. If 

Status of mothers
de novo mutation in 
childrenCarriers Non-carriers

Hemophilia A 24/27
(89)

3/27
(11)

Inversion (intron 22)
p. Arg2182Cys (exon 23)
p. Trp791* (exon 14)

Hemophilia B 8/10
(80)

2/10
(20)

c.252+5G>A (intron 2)
c.1258-1259delAG (exon8)

Total 32/37
(86)

5/37
(14)

Note: Data are number of affected subjects/total (%).

TA B L E  4  Verification of sporadic 
hemophilia and de novo mutations
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the pregnant woman and the health-care provider are aware of the 
hemophilia carrier status, safe childbirth and proper management 
of postpartum bleeding, including management of hemostasis in 
Cesarean section, are possible.29 Thus, the significance of gene anal-
ysis for hemophilia carrier diagnosis includes accurate assessment of 
the carrier status.

Miesbach et al.6 compared bleeding symptoms and phenotypes 
in 46 HA carriers by F8 mutations, and reported strong bleeding 
tendency in many carriers with inversion and/or deletion. They con-
cluded that the severity of bleeding in HA carriers correlated with 
the phenotype of the male hemophilic relative and the underlying F8 
mutation. In the present study, the carrier status was confirmed in 
all FFM with history of bleeding symptoms by genetic analysis. Our 
results also suggest that null mutation correlates with lower coagu-
lation factor activity. However, we could not analyze the relationship 
between severity of bleeding in the carriers and gene mutation.

Sporadic hemophiliacs are defined as patients with negative fam-
ily history, and they form about one third of all cases of hemophilia.7 
Kasper and Lin30 reported that 88% of the mothers of the sporadic 
cases had the relevant mutation in their leukocytes, but only 19% 
of the maternal grandmothers carried the same mutation. Thus, the 
rate of de novo mutation was 12% among male sporadic hemophili-
acs in the above study. In other studies, the reported rate of de novo 
mutation was 18%31 and 28%32 in children with sporadic hemophilia. 
In the present study, no hemophilia-relevant mutation was found in 
5 of 37 mothers of children with sporadic hemophilia. This finding 
indicates that sporadic hemophilia was due to de novo mutation in 
14% (HA: 11%, HB: 20%) of male infants. Actually, in all families with 
hemophilia, the latter was associated with sporadic mutation at some 
point, but that could have been many generations ago. The above 
14% represents the proportion of male hemophiliacs with de novo 
mutation and no family history of hemophilia. Therefore, the chance 
of de novo mutation in a boy with sporadic hemophilia is expected 
to be lower than that of his mother. Even in the absence of family 
history of hemophilia, the mother of a child with sporadic hemophilia 
might be found to have relevant high-frequency mutation by genetic 
analysis. None of the maternal grandmothers involved in this study 
had inversion, although inversion was detected in two mothers of 
sporadic HA males in two unrelated families. It is possible that the in-
version was generated during the process of gametogenesis in either 
of the maternal grandparents, based on the study of Becker et al.,32 
who showed a higher frequency of inversion in males than females.

Several limitations of this study should be noted. First, non-
carriers were diagnosed based on the absence of F8 and F9 muta-
tions in the heterozygous form. However, the affected allele might 
not have been detected due to technical limitations, although all 
analyses were validated at least twice. Second, this study mainly in-
cluded patients with severe HA (83%); as such, the results cannot 
be extrapolated to mild and moderate HA. Third, because pedigree 
information plays a critical role in assessing the carrier status for he-
mophilia, an accurate family history is essential for carrier diagnosis. 
Although the present study carefully assessed pedigree information 
from medical interviews, a full access to the official records was not 

available, resulting in a higher incidence of pedigree-based sporadic 
hemophilia than in previous studies. Also, details of bleeding symp-
toms were obtained from 63 of the 112 (56%) by self-reports rather 
than by direct medical interview. Furthermore, we did not employ a 
bleeding evaluation tool, such as pictorial blood assessment chart 
for menorrhagia.33 Fourth, the number of FFM who underwent 
measurement of coagulation factor activity was limited and the 
measurement reagents used in the assays were sometimes different.

In conclusion, the present study is the first to present compre-
hensive genetic information on Japanese hemophilia female carriers 
and demonstrated the usefulness of genetic analysis in carrier di-
agnosis by comparing gene testing with pedigree information and 
measurement of coagulation factor activity levels. Interestingly, our 
results showed a very low rate of de novo mutations in patients with 
sporadic hemophilia. Taken together, the significance of gene analy-
sis for carrier diagnosis in hemophilia includes accurate assessment 
of the carrier status.
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