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(Table 1), separated PCR products using electrophore-
gram, purified them and sequenced them using the process
described above.

Results and discussion

We amplified all F9 exons and intron—exon junctions of the
patient’s DNA using F9-specific PCR primers. We were
able to obtain accurately amplified products and confirm
normal DNA sequences, except for exon 6. The results of
exon 6-specific PCR (Fig. 1a) and long-range PCR through
exon 5 to exon 6 (Fig. 1b) showed PCR products more than
2-kb larger than that of the normal control. We also per-
formed multiplex ligation-dependent probe amplification
(MLPA) to analyze the relative gene dosage values for all
F9 exons from the patient as previously described [6], and
found an absence of intragenic deletions or duplications in
the F9 regions targeted by the designed probes (data not

N

Fig. 3 Exontrap analysis. a
Results of RT-PCR. In normal
lane (N), 578-bp (N1) and
449-bp (N2) amplicons were
observed. In patient lane (P),
303-bp (P1) and 246-bp (P2)
amplicons were observed. b
Schematic diagram of amplicon
composition. The 578-bp (N1)
amplicon resulted from trapping
exons 5 and 6, whereas the
449-bp (N2) amplicon trapped
only exon 6. The 303-bp frag-
ment (P]) resulted from exon
skipping together with trapping
of a 57-bp sequence of intron

6 (c.723 + 1_57), whereas the
246-bp amplicon (P2) resulted
from no trapping. ¢ Predicted
splice sites in the exontrap con-
struct, with and without SVA.
Downward-pointing triangles
indicate splice-donor sites and
upward-pointing triangles
indicate splice-acceptor sites,
according to splice site predic-
tion tools (BDGP: Splice Site
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shown). These data revealed a large insertion located at
the intron 5-exon 6 junction without causative mutation in
any other F9 exon, suggesting that the exon 6 insertion is
responsible for deficiency of the FIX activity observed in
the patient.

To sequence the entire exon 6 insertion present in the
proband, we prepared variable-length deletion inserts using
Exonuclease III and S1 nuclease and determined their
sequences. This allowed us to identify a 2,524-bp inser-
tion flanked on both sides by an identical 15-bp sequence
(5’-TTCTAGTGCCATTTC-3"), which was intron 5—exon 6
boundary of F9 (Fig. 2a, Supplementary data). The inser-
tion contained a 28-bp poly-T tract at the 5’ end, a GC-rich
region, 18 hexamer (AGAGGG) repeats and additional
AGAGQC residues at the 3’ end. These features character-
ize an SVA retrotransposon in the antisense orientation and
classify the retrotransposon in SVA family F with 15-bp
target site duplications (TSDs), according to RepeatMasker
(http://www.repeatmasker.org/) (Fig. 2b, c).
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The human genome contains active retrotransposons
such as human endonuclease retrovirus (HERV), long inter-
spersed nucleotide elements (LINEs) and short interspersed
nucleotide elements (SINEs). There is a smaller retrotranspo-
son family known as SVA (SINE-VNTR-Alu) consisting of
SINE, variable number of tandem repeats (VNTRs) and Alu-
like sequences, which remains active in the human genome
and capable of inducing disease-causing insertions [8].

SVA retrotransposons are increasing in the human
genome, even though these elements lack independent
mobilization. L1, the only autonomously active retrotrans-
poson, encodes an internal RNA polymerase (pol II) pro-
moter, an RNA binding protein, an endonuclease and a
reverse transcriptase [9]. Experimental evidence indicates
that SVA retrotransposons are mobilized by L1 elements in
human cultured cells [10]. For this reason, SVA elements
are considered non-autonomous retrotransposons that are
mobilized by L1-encoded machinery in trans.

The copy numbers of retrotransposons in the human
genome have been estimated as 516,000 for L1, 1,100,000
for Alu and 2700 for SVA [8]. Retrotransposition frequen-
cies per birth were calculated as 1 in 21 for L1, 1 in 108
for Alu and 1 in 916 for SVA. These transposition events
may affect individual phenotype like single nucleotide

polymorphisms (SNPs) or copy number variations (CNVs),
and cause disease in some cases. A recent report finds 96
retrotransposition events resulting in single-gene dis-
eases, including 25 cases of L1, 60 cases of Alu, 4 cases
of poly-A and 7 cases of SVA [11]. Callinan and Batzer
[12] reported that retrotransposition events caused about
0.27 % of all human disease and can produce insertions,
deletions, genomic rearrangements and recombination
between homologous elements. The seven SVA inser-
tions were SVA-F or SVA-E retrotranspositions arranged
in sense orientation, except in one case [13]. Analysis of
mRNA indicated that the six SVA insertions occurring in
sense orientation, regardless of whether they were located
in an exon or an intron, caused exon skipping or exoniza-
tion of SVA using a cryptic splice site within the SVA ele-
ment; these resulted in several diseases, such as Fukuyama-
type congenital muscular dystrophy (FCMD), X-linked
agammaglobulinemia and autosomal recessive hyper-
cholesterolemia (ARH) [14-16]. However, an antisense-
orientated SVA retrotransposition detected in intron 32 of
the TATA box binding protein-associated factor 1 (TAF1)
gene showed reduced mRNA or protein levels [17]. SVA
elements are likely to be hypermethylated due to their high
GC content and the large number of CpG sites they contain.

Table 2 Splice prediction

Region Name Score 5’3" sequence
scores
A. Normal
Donor site
Intron 5 splice D-int5 <04 CCAGCAG gtcataat
Intron 6 splice D-int6 0.79 TTGGCAG gtacttta
Acceptor site
Intron 4 splice A-int4 0.94 gtagttccatgtactttttag ATGTAACATGTAACA
Intron 5 splice A-int5 0.99 atttttettctatttttctag TGCCATTTCCATGTG
B. With SVA insertion
Donor site
In SINE-R D-S1 0.93 AGGGAAG gtcagtag
In SINE-R D-S2 0.93 GTTGGGG gtaaggtc
In intron 6 D-in6# 0.58 AGGCCAG gtgggaga
Acceptor site
Intron 5 F A-in5F 0.98 atttttcttctatttttctag TGCCATTTCTTTTTT
In SINE-R A-S1 0.92 attettgggtgtitctcacag AGGGGGATTTGGCAG
In SINE-R A-S2 0.89 aaaggtctctggttttcctag GCAGAGGACCCTGCG
In SINE-R A-S3 0.92 tgtetacttctttctacacag ACACGGCAACCATCC
In VNTR A-V1 0.84 cgecectcaccteccggacag GGCGGCTGGCCGGGC
In VNTR A-V2 0.96 ccecaccteectececggacag GGCGGCTGGCGGGCG
D donor, A acceptor, F* forward, In VNTR A-V3 0.89 gagatgctectea ctteee ag ATG G G GTG G CTG CCG
R rear In VNTR A-V4 038 gagacgetccteacticetag ATGTGATGGCGGCCG
ﬁﬁéz]ﬁgglllelt?:;z&zziloﬂ_ In VNTR A-V5 0.94 gaggtgctecteacttectag ATGGGATGGCGGCCG
ag(acceptor) splicing In VNTR A-V6 0.89 gagacactccteecttcccag ACG G G GTG GCG GCCG
recognition sequences; Intron SR A-int5R <04 gagggagagggagacttctag TGCCATTTCCATGTG
under line, 15-bp target site In exon 6 A-ex6 0.81 ccaggtcaattcccttggecag GTACTTTATACTGAT

duplication (TSD)
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In the exontrap analysis, the cDNA sample from the vec-
tor of a normal individual showed a 578-bp amplicon con-
sisting of exons 5 and 6 and a 449-bp amplicon consisting
of exon 6; in both cases, the F9 exons were flanked by the
vector exons. In contrast, the cDNA sample from the patient
produced abnormal 303-bp and 246-bp amplicons. Direct
sequence analysis showed that the smaller amplicon con-
sisted of only vector exons and the larger one contained a
57-bp sequence from intron 6 (c.723 + 1_57) flanked by vec-
tor exons (Fig. 3a, b). These results suggest that this insertion
could disrupt regular splicing at exons 5 and 6. According
to splice site prediction tools (BDGP: Splice Site Prediction
by Neural Network, http://www.fruitfly.org/seq_tools/splice.
html/), the prediction score of the splice-donor site in intron
5 (D-int5) was <0.4, suggesting that the procedure success-
fully trapped exon 6 in the normal cDNA sample (Table 2).
The SVA insertion in exon 6 dramatically lowered the pre-
diction score of the downstream intron 5 splice-acceptor site
(A-int5R) in the rear 15-bp duplication and newly introduced
multiple predicted splice sites (Table 2). It also resulted in
an aberrant trapped transcript consisting of a 57-bp sequence
of intron 6 (c.723 + 1_57), using A-ex6 as a splice-acceptor
site and D-int6# as a splice-donor site (Fig. 3c; Table 2).

So far, there have been five reports of retrotranspositions
in F9, of which three were of Alu insertions and two were of
LINE-1 (L1) insertions [11]. These cases all involve inser-
tions in exons and are predicted to cause frameshifting of F9
mRNA and premature termination of the FIX protein. How-
ever, the causative mechanism for hemophilia B remains
unknown because mRNA analysis has not been performed.
It is possible that these cases involve exon skipping or exoni-
zation due to the presence of cryptic splice sites in the trans-
posed elements. In this study, we detected a TSD at the intron
5—exon 6 boundary of F9, locating the SVA retrotransposon
at the beginning of exon 6. We performed exontrap analysis
to detect abnormal splicing and confirmed the disturbance of
regular splicing of exons 5 and 6 due to the SVA retrotrans-
poson located in the antisense strand. Although this analysis
could not precisely replicate in vivo splicing conditions, it is
suggested that exon skipping or exonization using unusual
splice sites may result in reduced FIX levels via nonsense-
mediated mRNA decay [18].

In conclusion, we identified an SVA-F retrotransposon
associated with abnormal splicing in exon 6 of F9 from a
Japanese hemophilia B patient. This is the first report of
SVA retrotransposition in F9 causing severe hemophilia B.
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Distinct X chromosomal rearrangements in four
haemophilia B patients with entire F9 deletion
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Introduction: Haemophilia B is an X-linked bleeding disorder caused by a coagulation factor IX gene (F9)
abnormality. Numerous F9 defects have been identified to date; however, only a few with an entire F9 deletion
have been reported in detail. Aim: To elucidate the cause of severe haemophilia B, we investigated the precise X
chromosome abnormalities in four Japanese patients who did not show all amplifications in F9-specific PCR.
Methods: We analysed the patient’s genomic DNA using Multiplex ligation-dependent probe amplification
(MLPA). To assess the extent of any deletions, we further performed mapping PCRs, inverse PCRs or long-range
PCRs and direct sequencing analyses of the X chromosome. Results: We detected entire F9 deletions in four
haemophilia B patients and identified the precise deleted regions of the X chromosome including F9. Patient 1
had a 149-kb deletion with breakpoints 90-kb upstream and 30-kb downstream from F9. Patients 2 and 3
showed 273-kb and 1.19-Mb deletions respectively. Patient 4 had two deleted regions: a 1663-bp deletion
1.34-Mb upstream from F9 and a 7.2-Mb deletion including F9. These distinct breakpoints found in four
different patients suggest that the mechanism of X chromosome deletion may be different between individuals.
Non-allelic homologous recombination (NAHR), microhomology-mediated break-induced replication (MMBIR)
or fork stalling and template switching (FoSTeS) may occur in respective X chromosomes of the four
haemophilia B patients analysed. Conclusions: We identified diverse X chromosomal rearrangements in four
haemophilia B patients, which might be caused by distinct mechanisms of genomic rearrangement.

Keywords: chromosomal rearrangement, entire F9 deletion, haemophilia B, inverse PCR, mapping PCR, MLPA

Introduction [3], and the phenotypic severity appears to be related

to the type and position of the mutations [4]. The FIX
Mutation Database has currently reported that a sin-
gle-point mutation was the gene defect in the vast
majority of haemophilia B patients (72.9%); the next
most common defect was a gene deletion (16.3%). A
deletion of the entire F9 was reported in 60 haemo-
philia B cases, including eight Japanese patients. Popu-
lation-based studies have indicated that 1.5-3% of
haemophilia B patients developed inhibitory antibod-
ies in response to treatment products such as
plasma-derived or recombinant FIXs [5]. The risk of
developing such inhibitor antibodies could increase to
>20% in patients with complete deletions of F9 [6].

Coagulation factor IX (FIX) is a vitamin K-dependent
serine protease and plays an important role in blood
coagulation. Haemophilia B is an X-linked recessive
bleeding disorder caused by quantitative or qualitative
deficiency of FIX, resulting from various defects of the
FIX gene (F9). Human F9 contains eight exons and
spans 33.5 kb and is located at the distal end of the
long arm of the X chromosome (Xq27.1) [1,2]. Based
on plasma FIX activity, haemophilia B is classified as
severe (<1%), moderate (1-5%) and mild (5-40%)
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Therefore, not only assessment of plasma FIX activity
to define the phenotypic severity, but also identifica-
tion of the type of mutation to assess the risk of inhi-
bitor development, would be usuful for care of
haemophilia B patients.
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Recently, some haemophilia B cases with entire F9
deletion have been analysed, and the precise deleted
regions of the X chromosome have been identified [7,8].
In these cases, the patients were shown to have lost sev-
eral functional genes on the X chromosome and showed
only bleeding as a symptom, except for a patient with a
4.4-Mb deletion who showed complex clinical symp-
toms such as hypopituitarism, seizures, severe scoliosis
and cognitive delay. In this study, we found four Japa-
nese haemophilia B patients-who carried entire F9 dele-
tions and conducted further analysis to identify the
precise genetic abnormalities in their X chromosomes.

Materials and methods

Patients and DNA samples

All subjects were male Japanese patients diagnosed
with severe haemophilia B (Table 1). Patients 1, 2 and
4 developed FIX inhibitors, although the inhibitor of
Patient 2 disappeared after immune tolerance induc-
tion therapy. Patient 4 developed seizures and cogni-
tive delay. The study was approved by the institutional
committee for research ethics. After written informed
consent was obtained from the patients or parents,
genomic DNA samples were isolated from peripheral
blood leucocytes by established methods [9].

PCR amplification and MLPA analysis for F9

We amplified all F9 exons and intron—exon junctions by
polymerase chain reaction (PCR) using gene-specific
primers for 30 cycles with KOD FX DNA polymerase
(Toyobo Co., Ltd., Osaka, Japan) as previously
described [10]. The sizes of amplified products were con-
firmed by electropherogram with a 1.5% agarose gel.

To analyse intragenic deletions or duplications in all
four patients, multiplex ligation-dependent probe
amplification (MLPA) analysis of F9 was performed
using the SALSA MLPA probemix P207-C2 F9
(MRC-Holland, Amsterdam, The Netherlands)
according to the manufacturer’s instructions [11].

PCR mapping and identification of deletion
breakpoinis in X chromosomes

To assess the extent of each deletion, we designed pri-
mer pairs for PCR mapping to amplify F9 fragments

Table 1. Clinical information of haemophilia B cases.

Patient FIX activity (%) AgelSex FIX inhibitor
1 <1 22/M +

2 <1 40/M +#

3 <1 18/M -

4t <1 6/M +

*Inhibitor disappeared after immune tolerance induction (ITI) therapy.
TPatient has seizures and cognitive delay.

Haemophilia (2015), 1-7

in the NCBI reference sequence (NC_000023.11)
along both sides of F9 in chromosome X (Table 2).
PCR reactions were performed using KOD FX DNA
polymerase at an annealing temperature of 60-66°C,
and products were analysed on a 1.5% agarose gel.
All the patients are male, and therefore have only one
X chromosome; thus we were able to assess the dele-
tion by the absence of PCR products which can be
amplified from normal male.

After deleted regions were estimated from the data
of mapping PCRs, we amplified the specific DNA
sequences over the breakpoints by inverse PCR as
described previously [12] or long-range PCR using a
specific primer set (Table 2). In brief, for inverse PCR,
we digested DNA with the appropriate restriction
enzyme (EcoRI for Patient 1, Hinfl for Patient 2 and
EcoRV for Patient 3) (New England Biolabs Japan,
Inc., Tokyo, Japan), circularized using Ligation high
ver.2 (Toyobo Co., Ltd.) and recovered in 5 pL of TE
buffer after ethanol precipitation. Each PCR was per-
formed in reactions containing 5 pL. of circularized
DNA in the presence of 0.5 uM of each primer, 0.4 U
of KOD FX DNA polymerase and additional standard
PCR reagents in a total volume of 20 pL. Direct

Table 2. PCR primer information.

Distance
Primer name Location* from F9 Usage
Patient 1
C1_Fw 139,444,715/139,444,997 85 kb Mapping
(=EcoRI_Fw)/Rv PCR
C2_Fw/Rv 139,446,832/139,447,117 83.6 kb
T1_Fw/Rv 139,590,171/139,590,630 25 kb
T2_Fw/Rv 139,610,734/139,611,154 50 kb
EcoRI_Fw 139,444,715/139,444,466 — Inverse PCR
(=C1_Fw)/
EcoRI_Rv
Patient 2
C3_Fw/Rv 139,442,010/139,442,384 88.5 kb  Mapping
C1_ Fw/Rv 139,444,715/139,444,997 85 kb PCR
T3_Fw/Rv 139,703,998/139,704,388 138 kb
T4_Fw/Rv 139,728,181/139,728,565 162.5 kb
Hinfl_Fw/Rv 139,442,425/139,442,024 - Inverse PCR
P2_Fw/Rv 139,442,428/139,715,826 - Long-range
PCR
Patient 3
C4_Fw/Rv 139,232,218/139,232,655 298 kb Mapping
CS _Fw/Rv 139,245,108/139,245,500 285 kb PCR
T5_Fw/Rv 140,420,612/140,421,007 855 kb
(Patient-3_Rv)
Té_Fw/Rv 140,422,313/140,422,613 857 kb
EcoRV_Fw/Rv 140,422,428/140,422,415 — Inverse PCR
Patient-3_Fw/Rv  139,234,127/140,421,007 - Long-range
(=TS5_Rv) PCR
Patient 4
Cé6_Fw/Rv 138,191,766/138,192,086 1338 kb  Mapping
C7_Fw/Rv 138,193,081/138,193,427 1337 kb  PCR
C8_Fw/Rv 138,195,026/138,195,231 1335 kb
C9_Fw/Rv 138,198,293/138,198,617 1332 kb
T7_Fw/Rv 145,459,141/145,459,461 5893 kb
T8_Fw/Rv 145,461,740/145,462,069 5896 kb
Cé6_Fw/C8_Rv 138,191,766/138,195,231 - Long-range
C10_Fw/T8_Rv  138,202,771/145,462,069 - PCR

*Reference: NC_000023.11, F9: 139,530,733-139,565,697.

© 2015 John Wiley & Sons Ltd
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Fig. 1. Schemas of the X chromosomal large deletions and PCRs across the breakpoints in four haemophilia B patients. We performed mapping PCR to
assess the extent of the deleted region. We used inverse PCR and/or PCR across the breakpoint followed by direct sequencing to identify the breakpoint.
Upward arrows indicate the positions of mapping PCRs. Black and grey symbols indicate success and failure sites of mapping PCRs respectively. N, normal;
P14, Patient 1-4. (a) Patient 1: Upper panel shows a schema of the X chromosomal large deletion in Patient 1. We identified a 149-kb deletion
(8.139,445,594_139,594,586del), including entire F9 and partial MCF2. Lower panel shows results of mapping PCR with respective expected sizes under the
photo (left) and EcoRlI-inverse PCR at the centromere side of the breakpoint in Patient 1 yielding an aberrant 2,763-bp PCR band (right). (b) Patient 2: Upper
panel shows a schema of the X chromosomal large deletion in Patient 2. We identified a 273-kb deletion (g.139,442,621_139,715,678del), including entire
F9 and entire MCF2. Lower panel shows results of mapping PCR with respective expected sizes under the photo (left), Hinfl-inverse PCR at centromere side
of the breakpoint in Patient 2 yielding an aberrant 811-bp PCR band (middle), and PCR across the breakpoint yielding a specific 341-bp band (right). (c)
Patient 3: Upper panel is a schema of the X chromosomal large deletion in Patient 3, We identified a 1.2-Mb deletion (g.139,234,264_140,420,811del) includ-
ing F9, MCF2 and ATP11C. Lower panel shows results of mapping PCR with respective expected sizes under the photo (left), EcoRV-inverse PCR at telomere
side of the breakpoint in Patient 3 yielding an aberrant 6,324-bp PCR band (middle), and PCR across the breakpoint yielding a specific 333-bp band (right).
(d) Patient 4: Upper panel is a schema of, the X chromosomal large deletion in Patient 4. We identified a 1,663-bp deletion (g.138,192,869_138,194,531del)
located 1.34-Mb upstream from F9 and a 7.26-Mb deletion (g.138,202,960_145,459,904delinsCT) with loss of entire F9 and other functional genes. Lower
panel are results of mapping PCR with respective expected sizes under the photo (left), and PCR across the breakpoints in Patient 4 yielding aberrant 1,802-

bp and 6,834-bp bands respectively (right).

sequencing analysis was conducted using the Big Dye
Terminator v1.1 Cycle Sequencing kit (Applied Biosys-
tems, Foster City, CA, USA) and the ABI PRISM 310
DNA sequencer; they were performed as previously
described [13]. We also performed PCRs to confirm
individual sequences of the breakpoint junctions, using
specific primers based on the obtained sequence data
(Table 2, Table S1).

Results

In the PCR analysis of F9 abnormality in Japanese
haemophilia B patients, we could not obtain any
F9-specific PCR products from the four subjects, sug-

© 2015 John Wiley & Sons Ltd

gesting that they have entire F9 deletions. The results of
MLPA analysis confirmed the complete F9 deletion in
all four patients with absence of peaks for probes tar-
geted to all exons of F9. As controls, F§8 and F7 were
examined and revealed that the relative gene dosage val-
ues in all exons were 80-120% of normal (Figure S1).
We further analysed the precise deleted regions by
mapping PCRs, inverse PCRs and direct sequencing.
In Patient 1, a mapping PCR with a primer pair of C1
amplified an amplicon with the correct size but that of
C2 did not; this suggests that the centromeric break-
point was located between C1 and C2 (Fig. 1a).
Furthermore, we performed an EcoRI-inverse PCR at
the centromere side of the breakpoint (EcoRI sites;

Haemophilia (2015), 1-7
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(a)Patient 1
139,445,594
Cent 5'-TGACAAAAACAAGAAATGGGGA" * *ATGGAATT GACTTAAACGT-3'
Tel 5'-TGACAAAAACAAGCAATGGGGA" " *ATGGAATTGAAGACTTAAACGT -3’

139,594,586 <_J

AAGACTTAAACGT -3’

b
Patient 2

139,442,621
Cent 5'-GAAATTAAGGACAAATTAAGATTTCTCCAGACTAAAAAAAAAA -3

Tel 5'-AACGAAGTTATTTATTTGGAATTGATGACTTGAATCARATCTG -3

139,715,678

M\/“/ \f‘{\/\/\{\ﬂ/\/\ﬁéﬁf\ﬁ Wi

TTGAATCAAATC TG -

w
N,
5' -GAAATTAAGGACAAA
(c)

Patient 3 139,234,264
Cent 5' - TTTTCAATCGTTGGGTTTAGGCTTTTTTTTTTTTATTGTGATGTCAC -3’

Tel 5’ -GCTATATCTAGCTTATATATGCTTTTTPAAAGCACTGAAGTCACCAG -3
140,420,811

e

P3 5'- TTTTCAATCGTTGGGTTTAG-AAAGCACTGAAGTCACCAG -3’

C) I
Patient 4, Dell

Cent 5 -TTTGGAAGGTAATTAGGTCATC
Tel 5'-GAGTAGGAGAGTGTATCCTTICH

Ty e

Dell 5'- TTTGGAAGGTAATTAGGTCA@ZTAGAATTAAATGGAGAAGT -3

(e _ .
Patient 4, Del2

Cent 5'-ACCAAAAAAGAGCCTGCGTT

138,192,869
TGCAGAGCCCTCCTGAAT -3’

TAGAATTAAATGGAGAAGT -3'

138,202,960
CCAAGACAATCCTAAGCCAA -3’

(AATCCTCCCAGGCTGGCGTTCTGTGAAACTGAGCTTCCTTC)
140,763,956-140,763,969

Tel 5'- TAAGAGTGATTTTTAAACCACAGTGAAACAGAACAATTTTG -3
145,459, 904

R N A T

Del2 5' ACCAAAAAAGAGCCTECGTTCTGT @GAACAATTTTG -3'

139,444,250 and 139,596,254) using a primer set
(EcoRI_Fw/Rv in Table 2) and obtained a specific
2763-bp PCR product (Fig. 1a). Direct sequencing of
the inverse PCR product revealed a 149-kb deletion
(g.139,445,594_139,594,586del), including the entire
F9 gene and a partial deletion of MCEF2 (Fig. 2a).
The breakpoint was located 85-kb upstream and
30-kb downstream from F9. Centromeric and tero-
meric genomic DNAs of the breakpoint possessed
approximately 120 bp of identical sequence, which is a
part of the long interspersed nucleotide element-1
(LINE-1).

Thus, Patient

Haemophilia (2015), 1-7

Fig. 2. DNA sequences over the breakpoints. (a)
Patient 1 (g.139,445,594_139,594,586 del). A
part of LINE-1 sequence was observed at the junc-
tion. (b) Patient 2 (g.139,445,594_139,594,586
del). A 3-bp homologous sequence (ATT) was
observed at the junction. (c) Patient 3
(8.139,234,264_140,420,811 del). A 7-bp homol-
ogous sequence (GCTTTTT) was observed at the
junction. (d) Patient 4, Dell (centromeric deletion:
2.138,192,869_138,194,531del). A 2-bp homolo-
gous sequence (TC) was observed at the junction.
(€) Patient 4, Del2 (telomeric deletion:
2.138,202,960_145,459,904delinsCT). A 2-bp
insertion was observed at the breakpoint
(delinsCT). A 14-bp sequence in parentheses,
including inserted CT corresponding to the break-
point, was found at 2.56-Mb on the centromere
side of the breakpoint. Cent, sequences around
centromeric breakpoint; Tel. sequences around
telomeric breakpoint; bold type sequences, not
deleted sequences; under line, homologous
sequences; boxed sequences, homologous
sequences at the junctions.

Similarly, in Patient 2, a mapping PCR with a primer
pair of C3 amplified an amplicon with the correct size,
but the C1 primers did not (Fig. 1b). Direct sequencing
of a Hinfl-inverse PCR product at the centromere side
of the breakpoint using a primer set (Hinfl_Fw/Rv in
Table 2) and that of PCR amplification over the break-
point using a primer pair of patient-2_Fw/Rv revealed
a 3-bp homologous sequence consisting of ATT at the
centromeric and teromeric

breakpoint junctions.

2 showed a 273-kb deletion

(g.139,442,621_139,715,678del), including entire F9
and entire MCE2 (Fig. 2b).

© 20135 John Wiley & Sons Ltd
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Table 3. Information for gene deletions.

Case Extent Region (Ref: NC_000023.11) Deleted genes

1 148 993 bp (149 kb) 2.139,445,594_139,594,586del F9, MCF2 (partial)

2 273 058 bp (273 kb) 2.139,442,621_139,715,678del F9, MCF2

3 1 186 548 bp (1.19 Mb) 2.139,234,264_140,420,811del F9, MCF2, ATP11C

4 1663 bp 2.138,192,869_138,194,531del FGF13, F9, MCF2, ATP11C, SOX3, CDR1,

7 256 945 bp (7.26 Mb)

.138,202,960_145,459,904delinsCT

SPANXB1, LDOCI, SPANXC, SPANXA1,2, MAGEC3,
MAGECI1, MAGEC2, SPANXN3, SLITRK4, SPANXN2,
USBE2NL, SPANXN1

In Patient 3, a mapping PCR with a primer pair of T6
amplified an amplicon with the correct size but the TS5
primers did not (Fig. 1c). We conducted an EcoRV-
inverse PCR at the telomere side (EcoRV site;
139,229,747 and 140,422,631) using a primer set
(EcoRV_Fw/Rv in Table 2). Direct sequencing of an
EcoRV-inverse PCR product (6324-bp) by primer walk-
ing at the telomere side and that of a PCR amplification
(333-bp) over the breakpoint by patient-3_Fw/Rv
revealed a 1.2-Mb deletion (g.139,234,264_140,
420,811del), including F9, MCF2 and ATP11C (Figs 1c
and 2¢) and a 7-bp homologous sequence (GCTTTTT)
at the junction.

In Patient 4, a mapping PCR showed two deleted
regions in the X chromosome (Fig. 1d). In addition, we
conducted long-range PCRs by Cé6_Fw/C8_Rv and C9
Fw/T8_Rv, resulting in the amplification of specific
bands (1802-bp and 6834-bp respectively). Direct
sequencing of the PCR products revealed a 1663-bp
deletion (g.138,192,869_138,194,531del) located 1.34-
Mb upstream from F9 with a 2-bp homologous
sequence (TC) at the junction (Fig. 2d) and a 7.26-Mb
deletion (g.138,202,960_145,459,904delinsCT) with
the loss of entire F9 and other functional genes (Fig. 2e,
Table 3). The latter large-scale deletion had no homolo-
gous sequence, but a 2-bp insertion was observed at the
breakpoint (delinsCT). The 14-bp sequence including
this inserted CT corresponding to the breakpoint was
found at 2.56-Mb on the centromere side of the break-
point (g.140,763,965_140,763,969).

Discussion

We detected entire F9 deletions in four Japanese hae-
mophilia B patients by MLPA and identified diverse
deleted regions in their X chromosomes. Currently,
the entire deletion of F9 has been reported in 12 hae-
mophilia B patients in Japan, including the four cases
in this study. In general, large deletions, nonsense
mutations and splicing defects of F9 in haemophilia B
patients are high risks factor for developing FIX inhi-
bitors. In this study, patients 1, 2 and 4 had developed
a FIX inhibitor. Patient 3 was appeared to lack a FIX
inhibitor at this moment, and such cases should be
paid close attention to with regards to the develop-
ment of FIX inhibitor in future.

© 2015 John Wiley & Sons Ltd

In patients 1 and 2, we found partial or entire dele-
tion of MCF2 (a member of a large family of GDP-
GTP exchange factors). Previously, two unrelated
haemophilia B patients who had a deletion, including
F9 and MCE2, were reported to have no clinical
symptoms attributed to the loss of MCF2 [14].

Patient 3 lost ATP11C (ATPase, class VI, type
11C), which displays flippase activity. In patient 4, the
deleted region contains F9 and 19 other genes, includ-
ing FGF13, MCF2, ATP11C, SOX3, LDOCI and
others, and their functions are still unclear. ATP11C
and LDOCI (Leucine zipper, Downregulated in can-
cer 1) are associated with B-cell development. FGF13
(Fibroblast growth factor 13) is a candidate gene for
syndromal and non-specific forms of X chromosome-
linked mental retardation (XLMR). Wu et al. showed
that FGF13 is a microtubule-stabilizing protein, regu-
lating neural polarization and migration in the cere-
bral cortex {15]. In their study, the loss of FGF13 in
mice results in neuronal migration defects in both the
neocortex and the hippocampus, with associated
weakened learning and memory. Sex determining
region Y-box 3 (SOX3) is an early developmental
transcription factor involved in pituitary development
[16]. In humans, over- or under-dosage of SOX3 is
associated with X-linked hypopituitarism, with vari-
able phenotypes ranging from isolated growth hor-
mone deficiency to pan hypopituitarism with or
without mental retardation; in addition, it has been
associated with an ectopic/undescended posterior pitu-
itary in most cases with reported pituitary imaging.

Recently, seven cases with large deletions in F9,
including four entire F9 deletions were reported [7].
These four patients only exhibited bleeding without
other clinical manifestations, although some had par-
tial loss of FGF13, partial or entire loss of MCF2 and
complete loss of ATP11C. Another haemophilia B
patient with a large deletion similar to that in patient
4 was reported [8] who had a 4.4-Mb deletion
(g.138,398,378_142,801,670del), including FGF13,
F9, MCF2, ATP11C, SOX3 and LDOCI. The patient
showed other complex clinical symptoms, consisting
of hypopituitarism, seizures, severe scoliosis and cog-
nitive delay. In patient 4 in our study, seizures and
cognitive delay were also observed, which is likely to
be predominantly caused by the loss of SOX3.

Haemophilia (2015), 1-7
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Previously, genomic rearrangements were described
as gross DNA changes because of duplication, dele-
tion, insertion or inversion, ranging from thousands to
sometimes millions of base pairs. Some major mecha-
nisms have been proposed for genomic rearrangements
in the human genome: non-allelic homologous recom-
bination (NAHR), non-homologous end joining
(NHE]) and Fork Stalling and Template Switching/mi-
crohomology-mediated  break-induced  replication
(FoSTeS/MMBIR) models [17-23]. NAHR leads to
genomic rearrangements between two low-copy
repeats or repetitive sequences such as LINE and Alu
elements [18]. Therefore, the mechanism of deletion
caused between two LINE 1 elements in patient 1 may
be NAHR. NHE] is one of the double-stranded DNA
break (DSB) repair mechanisms; it proceeds by the
interaction of broken DNA ends without homology or
with a few homologous sequences [17,19]. In this
model, extra nucleotides are often found at the junc-
tion of genomic rearrangements [20]. FoSTeS/MMBIR
models are proposed as the mechanisms to explain
complex deletion and duplication rearrangements
instead of NAHR or NHE] {21-23]. FoSTeS is a DNA
replication-based model, which occurs during mitosis,
and MMBIR is based on the BIR repair mechanism,
which associates a repair of single-end DSB. However,
genomic rearrangements by FoSTeS/MMBIR occur via
DNA interactions using microhomologies.

At the breakpoints in patients 2 and 3 and the
shorter deletion in patient 4, microhomologies ranging
from 2 to 7 bp were detected; therefore, these dele-
tions could result from NHE] or FoSTeS/MMBIR.
The larger deletion in patient 4 had a 2-bp insertion
at the breakpoint but no microhomology at the break-
point, which appeared to be a genomic rearrangement
caused by NHE] with extra nucleotides. However, in
this case, a 14-bp sequence, including a CT insertion
over the breakpoint, was found in the middle of the
deleted region with 5- and 7-bp microhomology at
centromere and telomere breakpoints respectively.
Therefore, FosTessMMBIR may explain the mecha-
nism of this extensive deletion.

References 4 Lillicrap D. The molecular basis of haemo-

Wu et al. suggested that NHE] and MMBIR may be
the major mechanisms accounting for the large F9
deletion [7]. They reported that only one patient had
a deletion between two LINE 1 elements caused by
NAHR, and deletions associated with NHE] or
MMBIR accounted for six out of seven cases. In our
study, NHE] or FoSTeS/MMBIR is the mechanism
responsible for majority of the large deletions and the
deletions that include the entire F9.

In conclusion, we used MLPA to detect entire F9
deletions in four Japanese haemophilia B patients and
identified diverse deleted regions in their X chromo-
somes, which may be caused by distinct mechanisms
of genomic rearrangement, such as NHE]J, NAHR or
FoSTeS/MMBIR. A severe haemophilia B patient with
seizures and cognitive delay was found to have lost
several functional genes, including entire F9 and
SOX3, indicating that co-deletion of these two genes
can cause complex clinical symptoms.

Acknowledgements

The authors thank Ms. C Wakamatsu for her expert technical assistance,
Ms. M. Goto for data collection and Drs M. Yamamoto, S. Hanabusa
and M. Ishimura for patient enrolment. This study was financially sup-
ported in part by the Ministry of Health, Labour and Welfare Research
Subsidy Program (TK and MS). The authors also thank Enago for review
of the English language.

Author contributions

YN performed the research and drafted the manuscript; YA, YT, MM,
TK, YN, RH and AT performed the research and contributed to the
analytic methodology; TM and MS collected the clinical samples and
T. Kojima designed the research study and wrote the manuscript. All
authors were involved in critical reading of the manuscript prior to
submission.

Disclosures

The authors stated that they had no interests which might be perceived as
posing a conflict or bias.

deletion of the human X chromosome in a

1 Anson DS, Choo KH, Rees DJ et al. The
gene structure of human anti-haemophilic
factor IX. EMBO [ 1984; 3: 1053-60.
Yoshitake S, Schach BG, Foster DC, Davie
EW, Kurachi K. Nucleotide sequence of
the gene for human factor IX (antihe-
mophilic factor B). Biochemistry 1985; 24:
3736-50.

White GC, Rosendaal F, Aledort LM et al.
Definitions in hemophilia. Recommenda-
tion of the scientific subcommittee on fac-
tor VIII and factor IX of the scientific and
standardization committee of the Interna-
tional Society on Thrombosis and Hae-
mostasis. Thromb Haemost 2001; 85: 560.

Haemophilia (2015), 1-7

philia B. Haemophilia 1998; 4: 350-7.
‘Warrier I, Lusher JM. Development of ana-
phylactic shock in haemophilia B patients
with inhibitors. Blood Coagul Fibrinolysis
1998; 9(Suppl 1): $125-8.

Thorland EC, Drost JB, Lusher JM ez al.
Anaphylactic response to factor IX replace-
ment therapy in haemophilia B patients:
complete gene deletions confer the highest
risk. Haemophilia 1999; 5: 101-S.

Wu X, Lu Y, Ding Q et al. Characterisa-
tion of large F9 deletions in seven unrelated
patients with severe haemophilia B.
Thromb Haemost 2014; 112: 459-65.
Hewitt J, Chou EM, Brown LA et al. Molec-
ular characterization of a 4,409,480 bp

10

11

patient with haemophilia B. Haemopbhilia
2014;20: €230-4.

Kojima T, Tanimoto M, Kamiya T et al.
Possible absence of common polymor-
phisms in coagulation factor IX gene in
Japanese subjects. Blood 1987; 69: 349-—
52.

Okumura K, Fujimori Y, Takagi A et al.
Skewed X chromosome inactivation in fra-
ternal female twins results in moderately
severe and mild haemophilia B. Haemophil-
ia 2008; 14: 1088-93.

Kwon M], Yoo KY, Kim HJ, Kim SH.
Identification of mutations in the F9 gene
including exon deletion by multiplex liga-
tion-dependent probe amplification in 33

© 2015 John Wiley & Sons Ltd



12

13

14

15

FOUR HAEMOPHILIA B PATIENTS WITH ENTIRE F9 DELETION 7

unrelated Korean patients with haemophilia
B. Haemophilia 2008; 14: 1069-75.

Fujita J, Miyawaki Y, Suzuki A etal. A
possible mechanism for Inv22-related F8
Jarge deletions in severe hemophilia A
patients with high responding factor VIII
inhibitors. | Thromb Haemost 2012; 10:
2099-107.

Tsukahara A, Yamada T, Takagi A et al.
Compound heterozygosity for two novel
mutations in a severe factor XI deficiency.
Am | Hematol 2003; 73: 279-84.

Anson DS, Blake DJ, Winship PR, Birn-
baum D, Brownlee GG. Nullisomic deletion
of the mcf.2 transforming gene in two hae-
mophilia B patients. EMBO ] 1988; 7:
2795-9.

Wu QF, Yang L, Li S efal Fibroblast
growth factor 13 is a microtubule-stabiliz-
ing protein regulating neuronal polarization
and migration. Cell 2012; 149: 1549-64.

© 2015 John Wiley & Sons Ltd

16

18

19

20

Alatzoglou K, Azriyanti A, Rogers N et al.
SOX3 deletion in mouse and human is
associated with persistence of the cranio-
pharyngeal canal. J Clin Endocrinol Metab
2014; 99: E2702-8.

Gu W, Zhang F, Lupski JR. Mechanisms
for human genomic rearrangements. Patho-
genetics 2008; 1: 4.

Shaw CJ, Lupski JR. Implications of human
genome architecture for rearrangement-
based disorders: the genomic basis of dis-
ease. Hum Mol Genet 2004; 1 Spec No 1:
RS57-64.

Lieber MR. The mechanism of human non-
homologous DNA end joining. | Biol Chem
2008; 283: 1-5.

Roth DB, Chang XB, Wilson JH. Compar-
ison of filler DNA at immune, nonimmune,
and oncogenic rearrangements suggests
multiple mechanisms of formation. Mol
Cell Biol 1989; 9: 3049-57.

21

22

23

Lee JA, Carvalho CM, Lupski JR. A DNA
replication mechanism for generating nonre-
current rearrangements associated with geno-
mic disorders. Cell 2007; 131: 1235-47.
Hastings PJ, Ira G, Lupski JR. A microho-
mology-mediated break-induced replication
model for the origin of human copy num-
ber variation. PLoS Genet 2009; 35:
€1000327.

Sakofsky CJ, Ayyar S, Malkova A. Break-
induced replication and genome stability.
Biomolecules 2012; 2: 483-504,

Supporting Information

Additional Supporting Information may be
found in the online version of this article:

Figure S1. MLPA analysis data.
Table S1. PCR primer sequences.

Haemophilia (2015), 1-7



-8 K i -

5 76 B QAR FE 2 FEMES
Symposium 9
The front line of thrombosis
and hemostasis research

T7oFrAEYVIRE R L WVERENRERE—

NI H A, ®m K B,

HHE OB ®AIHE

FIRMAE ZGE L LARN/BRAY RS CLVRETIZAMKRET, RERKALSHBFARLED
BWEENTELY, BHRTOAMLPREFORRMCALELCLIVAFTALCORLTIASBNT EHBLHM
CENTV S, BEOIKECHRE L L THELCRERERFOREFRESAZEIATOSY, LELRCE
ERECRAGMORESHD. KVERSKRETHTH > LAGHBIRORERRCENT, BRI BME
RERT7OMOVEVERETHEICORECRE LRI REFERERR LU L. BHTRBITER?S, 0
ZERAEK POV ELREEESPPENDOD, ToFAYEY (AT) KEBTELICERMERT LD
REREMSERETSONBECRR L3 ESHBEL, HLVMRERR -ATLVIRS R (ATR) &
LTHRE LA, FETHEH, HLUIGEGEODRMERRE - ATRICDVWTREOHMRE BB A THEMNTS. RKl

& 56 (6) : 632~638, 2015)

Key words : Hereditary thrombophilia, Prothrombin Yukuhashi, Antithrombin resistance

FU&IC

IR MASZEMEE (venous thromboembolism, VTE) 12,
P # IR MM2ME (deep vein thrombosis, DVT) & Jififn#g
ZEUE (pulmonary embolism, PE) # &b EERES
T, #EEMY RS EBEN) R OREBRNERD F
FETBHY, VIEWE, BEARHNARARZR DRWEX
NTERN, BEEMNORESCREFEOBKILZED
DHEAMIBNTHHERLTARIBWI ERHLNIT
BoTWwb, VIEREDBRGEHIZAIIZE, 7>Fh
O Y2 (antithrombin, AT) ® 7851 > C (protein
C,PC), s> S (protein S, PS) 72 EDAERNM
REEHILRTFOBRBETFRESICHED ERERZE/EE
FERE<HLN, BCRALREKICBEACBWTHES
SOBETEEIHEINTWS, BT, PS Tokushi-
maZ R (pKI9E) 23— BEEAATS 55 A1 AD#E
ETATFOREETZZENREIN?, BEAAERD
mEEZERTHEIENHEMER> TS, —H,
VIE REBEOR—FKRANTH, ALEGTFREZD
B O RERME VIE 2FELRWRARD LIZLIES S
N, ZEMEERTHS VIE OREICIIBEETFHRY X7
KMATRENY R ETEROU AT OBEENZD

BHBRFRFRESRITER  WEETEHRE

—632—

REREZHERKETTVWEIDDEELIONS,

AAAND VIEREREDS S, BETEREZRET
EAEERBLFIEEIN, HoRICEEENEDN
LEFATHERZICERFTHORBREEOBENEEL S
B, THLEPTHLE, ES<EEFRHETH - =K
MBEDOERTIRRICHNWT, #E T MERAE
BEzsd7nborE Y REETHICLREDRRE &/
ZRETREZERL, HLLWIKRESZER - 7> Fho
SE LY AY A (AT resistance, ATR) & U THE
LY, AT, CoHFLWERELEEER -
ATR iRk 2 W TO ATR BB EORFEICD
WT, REOHROBEX THEHNRT 3.

1. EXMmeERRE

mEBGRFITIE, ERFEBEO—DE L TEDRM
T BRI MASTSERIT X B 1 A58 = Hifn 2 B
TWwb, —5T, BELERCBVWTIEIER TRmigss
ETBZERVWEDIE, FhibmmeERSBEIET
Uhrnk oz, AR MEEROMHEBESEN T
3, ERBHEESTH 21 EMMMeERIE, IERE, 0
MR, BESERT R ENS OBRIERTFRERRE
SIEWREERHEOD LICEENTWSD, ASh0oR
FITEWINS OBEFIEHONS S ADBEND &R
MEESHMERAECTLES &R, HivmE
EDOERERZBENY AT ELTOEREMEERRA



ZiE, BEERIGISICESET S EEEIEEFO®
EFEE] SBRBBREREZS25T [RERTFO®E
EFRE] BgshTns,
AENEEHEIERTOEEFTHS SERPNCI (AD),
PROC (PC), PROS1 (PS) OEEIIL, FhFhORK
ZHE/BREECL MR ERIERNEEINT
BT BEAOBRMBERED S HRELL OB
FEENEBEEINTVWSEY, 2hTH, PSpKIGEZER
(PS Tokushima) 2 HAAFEOEREMEEREREL
THIS3, HEAD S A1 ABANTOESAKRELT
ERERETIERESNTNBY,
BRAICENWEEAY X7 & LT, ERIEPCL IR
% > X (APC resistance) # RS #EHE VEF FV)
R506Q & (FV Leiden)?®, YO hO Y EBETO
FIWREHARICLV MEFTO hO B REN E
R¥a370bnrEr GAZRONELTH 3.
Lial, ZNSRBEAAZBUDET 7 AR HEN
2L, BAANCORENZVWERO—~DEINTNS,
Fr, IL<FRPHF LTI EEEXET FX
BEFRENMEOERE (WK B) Tk, #i
FIX {EESEEEME (700%) 2R EGHEMEEDR
K & 725 FIX Padua BEMH B,

2. HAEXRENRERR -7 FbOEXDV
VAR (ATR)

Boid, BS<EENMEBETERMNo HRIMGESR
RiZBWT, B%, HOERELS Dbl ECRE
ETHICMREDCRREEZIBEFREZREL, FHL
WimREER - 7 F O E LY ZY X (ATR
ELTEHELRYY, TR, FV Leiden 2ARERICEEE
FOIXEAERTHDRASEEEEZIREZN, »
DFOEBEBEEIZEEL PC (APC) 0L 2R{E(LICIE
FiERTED, BRELUTOREREZZHESRT
“%9)0

1) 70 bAYEY Yukuhashi ZEORE

HumAE 3 HRIChAEVBRIENZHT2HEAA
FRICEZNLHT, LLERICDVT 2FEL, 2001
FEXRFCEEMO SR MR REIC DWW THENSNL
2, BRERBRHEINAZML Y, 2009 EFICRX KT
M AEEBEMRIEnZES (STH) T8WT, &5
BEENBRERROY / LT71 RESEERS OO
CEVEEBETREOHEESRESINLY, TowEET
TTELBHEEEORETE{To/2EZA, JobhorE
CEBEFICI AT RER - 70 b0 2 E > Yukuhashi
R (c.1787G>T, p.R596L) #=REL= Fig. .

FRER AR 56 (2015) : 6

F2 exon 14
c.1787G>T

596
Cys Asp Arg Asp Gly
WT TGT GACCGG GAT GGG
Mutant TGT GACCTG GATGGG

Leu

Fig. 1 Prothrombin gene (F2) mutation conveying antith-
rombin resistance (modified from ref. 3.)
A missense mutation (¢.1787G> A, p.R596L) located
at the AT binding site of thrombin was identified.

2) 70 +,O2EY Yukuhashi ZRIC K 3 MR IR
EBF

JororEro7AFo> (R596) 13, EHELEE
NEMOCE VAT &K (TAD Z2WBRL TRE
{LE3NBHBIZ, ATOFZ/NT5F > (N265) E/KERES
EEURTBIENMEINTNVWBEY, Lido>T, 7o
b O 2 ¥ 2 Yukuhashi £ £ (1787G>T) I &£ 5
ROGSLBHIZ PO E o ANEEMSLINAZEBD ATICEL
AERENFRELERITIERTFREINECE, 20
R596L B A RMNMBER S VIR RANOMSEREICD
BEENZ LN, ARRTORBHMAEDRET
5T EMHEbNL. BFITTRILT 7 U UH
BEZITTHEREY, BEHRk0ZERIobOo XD
BEETZELLFMTERWEYD, RLDEETFIE
HEEEZAWTHEAR/ERA O o> B2 a0
Er > hEBRELUTHERI BN TER IS, TOh
O E~OEEENRE, B EEO AT I 2R iEl
ShEE & B L /.

3) Yukuhashi ZEE 7O bOYEYO OV EIA

OEMAL

BEMTO O EO#EEERORD, ooy
VU RZMPBICFTNTNFARSZVEERM) o E
FUhTObOCEYERML TEMUMBEERL, &
BB BECERE BIXUAREE (52238 0
3OOHETHER/ARE O O YL OiEEZD
FEL/f, ZORBE BERIWTNOREETHEER
BEIFIZRSBEEERL 2N, BRRTIIIDEZTO
HETHARZTED, BE—EEATEDELS 15%),
KANTEBEZEE (32%), ®AEHEE 66%) DIRT
BENKREL R/, Thbb, EER oo EY
B RO ESADFEEENDORBEL, T4 TU T
EEEEUAFEESETIZZE, 707U /5 0iCk
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Thrombin-antithrombin (TAT) complex formation {(modified from ref. 3.)
After conversion of recombinant prothrombins (Wild type, 596R; Mutant,
596L) to thrombins and addition of antithrombin (AT), thrombin-AT (TAT)

complex formation was measured by ELISA. Compared to the wild type, the
mutant formed very little amounts of TAT.

~s Normal plasma
- Mutant hetero

- Mutant homo

ETP (nM.min) 1658 2374

Peak (nM) 284 283 194 144
StartTail (min) 235 265 78.0 105.0

Fig. 3 Thrombin generation assay (TGA) (modified from ref. 3.)

Results of a thrombin-generation assay of normal plasma and reconstituted plasma
samples, with recombinant prothrombins in prothrombin-deficient plasma, were
shown. Heterozygous mutant (Mutant hetero) plasma contained 50% each of wild
type and mutant prothrombins. Table shows the total amount of thrombin activity
(endogenous thrombin potential: ETP), the maximum concentration of thrombin
(Peak), and the total duration of thrombin-generation activity (Start tail).
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TM effects on fibrinogen clotting and APC generation activities (modified from ref. 15.)
A: Wild-type and mutant thrombins were incubated with ¥TM (0, 50, and 100 pg/mi) for a
minute, and relative residual fibrinogen-clotting activities were measured.

B: Recombinant prothrombins were sufficiently activated to thrombins using Ox venom,
human PC was then added, and the combination was incubated for 60 min in the absence or
presence of rTM. After the residual thrombin activity was blocked by PefablocTH, APC

16

activities were measured using 52366 and expressed as AA/min at 405 nm.

ROFEPNEVWEREEEHWTHEEL BT IS X
DETLARWI ESBEEINE.

4) Yukuhashi Z& bO Y EXOTEL

ZFRERE OO E R MO EAERLE AT
EDREERE (PO E Y - AT (TAT) BAEKEE
ZDWTEHER S HBRFLE. TORE ~/NU 3k
BETCREAR O YL TIRERKENIC TAT B
BARONZDIMHL, EER IO EVIZAT EOE
EHRBENIEANERLSNT, ATICKDRELENAR
WZ EATFEINSE (Fig. 2). "YU VEFEFTRER
B, OBFAERE B TR TATESR LRSS RS NE
A, 150%0 TAT AR EREFEMOESEEL
LEFoTWE, INHDRERENS, BERATHER
MREFOCEIATC LB RERIGA®R EEX
NTWB I ERNFHRINE,

—%, 7obo ECRZMBICERR/H4R IO
bOCECE O TORMUAREBEFNE TO MO
¥ 4B (Thrombin generation assay, TGA) T
W, BARTO MO E S % 100% 00 A 72 S BUIE % m i
RIERE =S B LT, & bO2E EESR
PEVDBDOORFELNELUEBEL, #BRELTEND
CEVEREBICH YT S ETP (Endogenous thrombin
potential) OEL W AZEH 7~ Fig. 3), Tiabb,
BEOFEPORE IO MO E IR, IKREEERIZE

WHOO—BiEHILIND & ATR 277 U TEEE K
(T4 7)) EREE) 2RBETHIELBTFEIN, 2
NAERZOBEHMAREDREIZZS Z EAREIN
7

5) Yukuhashi ZEE O E2 O TM-PCHEBERA

DB

MO EREENRAEBEEEODERT, FiEE
SFOROCREY U (IM) EHETHEETAT
UCEREERY, FIBESTFTHS 70512 C
(PO #EMHILTH 2T U THEBEREZRT.
7o bho2E > Yukuhashi RO ERB O ES O
TM—~PC RICRIZTEEMITL 2R VaEF>
NS TM (FTM : JBAERR 7 7 — Y Bk REt L D it 5)
OHEETTREBEMN MO ES M7« 7Y /5>
BEEERABKENICSAXETKRTL, —5TER
BMrOE R UBETORTICEEE> T (Fig.
48), F7-, (IM EFEETIIBWTEME{L PC (activat-
ed protein C, APC) DFEEARE (AA/min [PEEE{LE]
at 405nm) 13H T HFAR O Y T0.0089, BR
HhorE2T0.0039) THoED TMOFBEMIZE>
THEART0.0907 (10215, TRET0.0492 (126
FTHEBRLE (Fig. 4B), ZN50F—%X, JOobo
> ¥ Yukuhashi 2R TIE, TM IZ L5 APC EAER
BIIFEINSD00, 747U )7 EENHICBN
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Fig. 5 ATR detecting assay in plasma (modified from ref. 16.)
A: Activated thrombins from recombinant prothrombins were inactivated using AT without
heparin for 0-30 min, and relative residual thrombin activities were determined. Relative resid-
ual thrombin activities were calculated by comparison with the (-min data. O, wild type
recombinant prothrombin; @ , mutant recombinant prothrombins. B: Relative residual
thrombin activities were determined. There were statistically significant differences between
the data of the patients (@, A) with and the patients ((J, A, <, *) without the prothrombin

Yukuhashi mutation. O, normal plasma.

TTIMEFMEZRT I ETHERMEEEZS ISR IL
T L BBAEENREENLY,

6) ATR BRIEREEDRR

Foid, ATICE D POV ECRELBEZAREE
ETHBITEE TSI ETATR ZRET 2BEREEZ
BRELEY, 2hid nREgEEzAWTohorE
F—VHiEMNEZ S D Typan 183 (Oxyuranus scutellatus
Ox) XD harEIAEEER LR, ATICELS
NECBREZERCHRTOREN O Y VEEELT
HEBRBTZHOTH2, FREZICBVWT, Yobho
B RZMECE AR AT 25N L 7= B A4 USR8
T, MAHIRE 5 EE AT OFINE 30 4 TR 10% 1 %
ThrOYEVBENHEHEINZOIIHL, BRBKRTE
MW TIZ 30 7ETD WXLULEEL T (Fig
54), ¥7z, BIRMBEBRZFTOTZIVT 7 U VREASPHR
wEHAW, D77 O aERERCRETEEIION
THRIELAEE ZBELEREZERZATICES O E
CEMEORECBREZEMNICERRT 20, LTy
UVIRAPOBRETH > THRFTAIEETH -7z, Thb
B, UNT77 U IREAFORBLEEEZD - Than
MeFBETII00BTIEINTND 20% LT TERE
PO EEERMETLEZOIIHL, 240 RE96LER
AFOREEREMNROZFNIZEDIIN 0% OEEF DO
CECEENREIN, ATRTHAH EPETES (Fig.
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2013 4 Djordjevic 51, BizlEmBREEZ D DEIE
FTALEZRTT/OMOEVEBEERTERE (1787G> A,
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WEHAAN2RFZEHOATR KR 2 UERETOREER
KORELER ZTOBREFRTTRENET ALRE
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Antithrombin resistance: a new mechanism of inherited thrombophilia

Tetsuhito Koyma, Akira Taract, Moe MuraTa, Yuki TAKAGI

Department of Pathophysiclogical Laboratory Sciences, Nagoya University Graduate School of Medicine

Key words : Hereditary thrombophilia, Prothrombin Yukuhashi, Antithrombin resistance

Venous thromboembolism is a multifactorial disease resulting from complex interactions among genetic and environ-
mental factors. To date, numerous genetic defects have been found in families with hereditary thrombophilia, but there
may still be many undiscovered causative gene mutations. We investigated a possible causative gene defect in a large
Japanese family with inherited thrombophilia, and found a novel missense mutation in the prothrombin gene
(p.Arg596Leu) resulting in a variant prothrombin (prothrombin Yukuhashi). The mutant prothrombin had moderately
lower activity than wild type prothrombin in clotting assays, but formation of the thrombin-antithrombin (TAT) complex
was substantially impaired resulting in prolonged thrombin activity. A thrombin generation assay revealed that the peak
activity of the mutant prothrombin was fairly low, but its inactivation was extremely slow in reconstituted plasma. The
Leu596 substitution caused a gain-offunction mutation in the prothrombin gene, resulting in resistance to antithrombin
and susceptibility to thrombosis. We also showed the effects of the prothrombin Yukuhashi mutation on the
thrombomodulin-protein C anticoagulation system, recent development of a laboratory test detecting antithrombin
resistance in plasma, and another antithrombin resistant mutation found in other thrombophilia families.
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Influence of ADAMTS 13 deficiency on venous

thrombosis in mice

Yuko Tashima; Fumiaki Banno; Masashi Akiyama; Toshiyuki Miyata
Department of Molecular Pathogenesis, National Cerebral and Cardiovascular Center, Osaka, Japan

Dear Sirs,

Recent studies of experimental murine
models of venous thrombosis revealed that
neutrophils, monocytes and platelets con-
tribute to the initiation and amplification
of venous thrombosis (1-4). In the early
stage of venous thrombosis, neutrophils are
recruited and, upon activation, neutrophil
extracellular traps (composed of DNA, hi-
stones, and granule cytotoxic enzymes) are
released and a web-like extracellular net-
work is formed on the vascular lumen. The
neutrophil extracellular traps provide a
scaffold for platelet adhesion and aggre-
gation for the recruitment of red blood
cells (3, 5). Monocytes are also recruited to
the site of activated endothelium and are
involved in fibrin formation through the
intravascular expression of tissue factor (2).
Activated endothelium releases unusually
large von Willebrand factor (VWEF)
multimers from Weibel-Palade bodies that
recruit circulating platelets. Since thrombi
in the venous thrombosis models in VWE-
deficient mice were greatly reduced, VWF
multimers are important for the recruit-
ment of platelets and essential for throm-
bus formation (1).
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The platelet binding to VWEF is
negatively regulated by a plasma VWE-
cleaving protease, ADAMTS13. We and
others have previously demonstrated that
ADAMTS13-deficient mice do not show
any evidence of thrombocytopenia, hae-
molytic anaemia, or microvascular throm-
bosis, although unusually large VWF
multimers were detected in their plasma
(6-8). As ADAMTSI13 reduces the size of
VWEF multimers, thereby decreasing their
thrombogenic potential, we hypothesised
that ADAMTS13 deficiency could cause an
excess recruitment of platelets on VWF
multimers and result in an aggravation of
venous thrombosis. To test whether
ADAMTS13 deficiency promotes throm-
bus formation, we induced venous throm-
bosis in ADAMTS13-defficient mice using
the electrolytic inferior vena cava (IVC)
model (4, 9).

All mice used in this study were 9- to
12-week-old males with the 129/Sv genetic
background (7, 10). Mice were anesthetised
by an intraperitoneal administration of
2,2,2-tribromoethanol (375 mg/kg). A ven-
tral midline incision (2 cm) was made with
iris scissors to expose the IVC. All side
branches of IVC were ligated with 7-0 su-
tures (Alfresa, Osaka, Japan). A 27-G stain-
less-steel needle (Nihon Koden, Tokyo,
Japan) was inserted into the IVC (anode)
and another needle was inserted subcu-
taneously (cathode). Electrolytic stimu-
lation at a current of 100 or 200 microam-
peres (LAmp) was applied for 10 minutes
(min) using a stimulator and a constant
current unit (Nihon Koden). After the
needle was carefully removed, the incision
was sewn shut. The mice were observed
under a heating lamp for 1-2 hours after
the surgery, and then returned to their
housing units. Two days later, blood was
collected from the heart into sodium ci-
trate {final concentration, 0.38%). Platelets
were counted using an automated analyzer,
KX-2INV (Sysmex, Kobe, Japan). The

thrombi including blood vessels were ex-
cised and weighed. To examine therapeutic
effects of ADAMTS13, we prepared recom-
binant human ADAMTS13  (rthA-
DAMTSI3) that spans from the metallo-
protease domain to the spacer domain
{amino acid residues 75-685), as described
previously (11, 12). The activity was as-
sessed by the FRETS-VWE73 assay (13).
Immediately after the surgery, rhA-
DAMTS13 (2,600 U/kg) was injected intra-
venously. All animal procedures were ap-
proved by the Animal Care and Use Com-
mittees of the National Cerebral and Car-
diovascular Center. Statistical significance
was assessed by the Kruskal-Wallis test and
the Mann-Whitney test. P-values less than
0.05 were considered significant.

In the electrolytic IVC model, an ap-
plied direct current generates free radicals,
which results in endothelial cell activation
without denudation. This model produces
a nonocclusive and consistent IVC thrombi
under preserved blood flow (4, 9). When
thrombosis was induced by the electrolytic
stimulation at 100 pAmp for 10 min, the
ADAMTS13-deficient mice (n = 15)
showed larger thrombi compared to the
wild-type (WT) mice (n = 13) 2 days after
the stimulation (¥ Figure 1). The throm-
bus weights of the ADAMTS13-deficient
mice (10.9 + 8.4 mg, mean = SD) and WT
mice (5.6 = 4.4 mg) were significantly dif-
ferent (p = 0.02). Intravenous injection of
rhADAMTS13  improved  accelerated
thrombus formation in the
ADAMTS13-deficient mice (B Figure 1).
The  thrombus  weights of  the
ADAMTS13-deficient mice were signifi-
cantly reduced (p = 0.008) by rhA-
DAMTS13 injection (4.8 + 42 mg, n = 9)
to become comparable to those of WT
mice (no infusion: 5.6 + 44 mg, n = 13; +
rhADAMTS13: 4.0 £ 3.2 mg, n = 8). Thus,
our data indicate that ADAMTSI13 defi-
ciency is a sufficient trigger for exacerbat-
ing venous thrombosis.

The ADAMTS13-deficient mice have
normal platelet counts before surgery as
described previously (7, 10). The number
of platelets was not different between WT
and the ADAMTS13 deficient mice on two
days after the electrolytic stimulation at
100 pAmp for 10 min (data not shown).
When the stimulation was increased to
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Figure 1: ADAMTS13-deficient mice showed
enhanced thrombus formation in an electro-
lytic venous thrombosis model. Thrombosis
was induced at a current of 100 pAmp for 10 min
within inferior vena cava. Two days after the elec-
trolytic stimulation, thrombi were excised and
weighed. Symbols represent data from a single
mouse. Bars represent the mean values of groups.
WT (e), 56 = 4.4 mg, mean = SD, n = 13;
Adamts137 (ADAMTS13 deficient mice) (&), 10.9
+ 8.4 mg, n=15WT + rhADAMTS13 (o), 4.0 =
3.2 mg, n = 8; Adamts137 + rhADAMTS13 (1),
4.8 = 4.2 mg, n = 9. *Significant differences at p
<0.05 in comparison with the Adamts 13 group
by the Mann-Whitney test.

200 pAmp for 10 min, the number of pla-
telets in the ADAMTS13-deficient mice
was greatly decreased (WT mice, 41.1
194 x 10° platelets/yl, n = 9
ADAMTS13-deficient mice, 153 * 8.8 x
10* platelets/pl, n = 6; p = 0.006). However,
the ADAMTS13-deficient mice were prone
to die before the second day after the
stimulation (death rate: three-ninth).
Lethal thrombotic embolisation might be
induced in the ADAMTS13-deficient mice
after the strong electrolytic stimulation.

In humans, the low-dose administration
of aspirin in patients with unprovoked ve-
nous thrombosis who had discontinued
anticoagulant treatment reduced the risk of
recurrence (14). A recent next-generation
sequencing study identified an excess of
rare coding single-nucleotide variants of

Thrombosis and Haemostasis 114.1/2015

the ADAMTSI3 gene in patients with
deep-vein thrombosis with the relative risk
1.5-5.0 (15). These studies indicated that
platelets have an important role in the de-
velopment of venous thrombosis in hu-
mans, and our finding  that
ADAMTS13-deficient mice with unusually
large VWF multimers developed greater
IVC thrombosis compared to wild-type
mice supports these studies.

The results of the present study demon-
strate that the deficiency of ADAMTS13
results in increased formation of venous
thrombosis in mice. We and other groups
have previously observed that ADAMTS13
deficiency in mice exacerbates focal cer-
ebral ischaemia (16-18) and acute myo-
cardial ischaemia/reperfusion injury (12,
19, 20). Taken together, the relevant data
suggest that ADAMTS13 functions to re-
duce the size of not only arterial thrombi
but also venous thrombi in vivo. Our data
suggest that ADAMTSI13 contributes to
protect platelet-mediated thrombus devel-
opment in venous thrombosis.
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Abstract

Protein S (PS) acts as a cofactor for activated protein C in the plasma anticoagulant system.
PS Lys196-to-Glu (K196E) mutation is a genetic risk factor for venous thromboembolism in
Japanese individuals. Because of the substantial overlap in PS anticoagulant activity
between KK (wild-type) and KE (heterozygous) genotypes, it is difficult to identify PS K196E
carriers by measuring PS activity. Here, we generated monoclonal antibodies specific to the
PS K196E mutant and developed a simple and reliable method for the identification of PS
K196E carriers. We immunized mice with a keyhole limpet hemocyanin-conjugated syn-
thetic peptide with Glu196. The hybridoma cells were screened for the binding ability of the
produced antibodies to recombinant mutant EGF-like domains of PS (lle117-Glu283). We
obtained three hybridoma cell lines producing PS K196E mutation-specific antibodies. We
established a sandwich enzyme-linked immunosorbent assay (ELISA) system in which the
PS K196E mutation-specific monoclonal antibody was used as a detection antibody. We
measured human plasma samples by using this system and successfully discriminated 11
individuals with the KE genotype from 122 individuals with the KK genotype. The ELISA
system using the PS K196E mutation-specific antibody is a useful tool for the rapid identifi-
cation of PS K196E carriers, who are at a higher risk for venous thromboembolism.

Introduction

Protein S (PS) is an anticoagulant protein that acts as a cofactor for activated protein C in the
proteolytic inactivation of activated coagulation factors Va and VIIIa and as a cofactor for tissue
factor pathway inhibitor to efficiently inhibit factor Xa [1-4]. Thus, the reduced PS anticoagu-
lant activity observed in congenital PS deficiency is a genetic risk for venous thromboembolism
(VTE). PS circulates in human plasma at a concentration of approx. 25 ug mL™" (~350 nM).
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