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Fig. 3. Detection of cell surface recombinant endoglins expressed in COS-cells. COS-1 cells were transiently transfected with pL-ENGWT or pL-ENG'**2, and analyzed for the
cell-surface expression of recombinant endoglins by flow cytometry (A) and immunofluorescence microscopy (B). A: Flow cytometry analyses for recombinant endoglins using
anti-endoglin antibody. The X-axis indicates Alexa488 fluorescence intensity (recombinant endoglins), and the Y-axis, cell number. Percentages of positive cells in the whole cell
population are shown in the upper right corner of each histogram. The upper column shows the results of pL-ENGY'-transfected COS-1 cells and the lower column, those of
PL-ENG""*%-transfected COS-1 cells. Similar results were obtained in three independent experiments. B: Immunofluorescence microscopy for recombinant endoglins and membrane
marker Na-K-ATPase. COS-1 cells were transfected with 0.5 pg of pL-ENGYT or pL-ENG'"3?, Localization of endoglins and the ER was shown with anti-endoglin antibody (green) and
anti-alphalsodium-potassium ATPase antibody (red), respectively. The images were merged to represent the co-localization of both molecules as yellow signals.

HHT1 [13]. It is reported that endothelial cells lacking endoglins lead to
significant angiogenic abnormalities {5}, which supports the fundamen-
tal roles of endoglin in the correct tuning of physiological effects medi-
ated by TGF-R in endothelial cells [27].

In this study, we investigated the molecular basis of HHT in a Japanese
patient, and identified a novel missense mutation in the ENG gene
(c38 T>A., p.Leu13GlIn), located in the hydrophobic core of the endoglin
signal peptide. We conducted PCR-RFLP to detect the .38 T>A in ENG,
and confirmed the heterozygosity of the variation in samples of the
proband as well as an affected sister, but did not find it in any samples
from healthy volunteers (data not shown). These results suggested the
¢.38 T> A transversion in ENG to be a causative mutation of HHT in this
patient. There are some reports of missense mutations in the endoglin
signal peptide, 3 start codon alterations (p.Met1Thr, p.MetlArg and
p.Met1Val) [3,28,29] and 3 internal part codon alterations (p.Thr5Met,

p.Leu8Pro and p.Alal1Asp) {30-32}, but their molecular basis has yet to
be investigated in detail.

Signal peptides range in size from 15 to 30 amino acids, and their
primary sequences are extremely heterogeneous [33]. However, they
typically have three essential conserved regions, an amino-terminal
positively charged region (n-region), a central hydrophobic part (h-
region), and a more polar carboxy-terminal domain (c-region) [34].
The hydrophobic core of seven to fifteen amino acids in the h-
region is thought to be critical for co-translational processing into a
mature protein {33,35]. This is the first report of a missense mutation
at 13Leu in the h-region of the endoglin signal peptide, which is high-
ly conserved in amino acid sequence among species (Fig.6). There-
fore, the substitution of the hydrophobic 13Leu with a polar Gin
might have a major influence on the structure and function of the
endoglin signal peptide.
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Fig. 4. Intracellular localization of recombinant endoglins. Immunofluorescence staining analyses were performed for the COS-1 cells transiently transfected with 0.5 pg or 5 ug
of pL-ENG™T or pL-ENGY>2, Localization of endoglins and the ER was shown with anti-endoglin antibody (green) and anti-PDI antibody (red), respectively. The images were
merged to represent the co-localization of both molecules as yellow signals. Data for untransfected cells are also shown at the bottom.
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Fig. 5. Effects of tunicamycin treatment on recombinant endoglins. COS-1 cells were
transiently transfected with pL-ENGYT or pL-ENG''*2, and subsequently treated with 1
to 10 pg/mL tunicamycin for 24 hr. Whole cell lysates from tunicamycin-treated cells as
well as from untreated cells were separated by 10% SDS-PAGE under reducing conditions
followed by Western blotting. The tunicamycin-treated EAhy926 cells were also analyzed
as positive controls. The relative intensity of each endoglin band against the B-actin band
was shown in the bottom (that of endogenous endoglin band of the EAhy926 cell is 1).

To examine effects of the L13Q mutation on the structure and
function of endoglin, we performed transient expression experiments
for the recombinant endoglins in COS-1 cells. In Western blotting
under reducing conditions, the wild-type recombinant endoglins
were expressed as mainly 2 monomers (a fully processed 90 kDa
and partially glycosylated 80 kDa form) as reported previously [36],
whereas the L13Q mutant seemed to be expressed as a non-
glycosylated precursor monomer (60 kDa). In Western blot analyses
under non-reducing conditions, the wild-type recombinant endoglins
appeared to be expressed as homodimers, whereas the L13Q mutant
remained as a non-glycosylated precursor. It was speculated that the
L13Q mutation might impair post-translational processing of endo-
glin such as glycosylation and dimerization, probably due to a
destroyed function of the signal peptide. Flow cytometry and immu-
nofluorescent microscopy analyses of the recombinant endoglins
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Species mino Acid Sequence of Signal Peptide

MDRGTLPLAVAL

Homo sapiens

Pango abelii (orangutan) MDRGTLPLAVALLLAL

Equus caballus (herse)
Bos taurus {cattle)

Sus scrofa (wild boar)
Mus musculus (mouse)

Rattus norvegicus (rat)

Gallus gallus {chicken)

Fig. 6. Comparisen of amino acid sequence of endoglin signal peptide across
species, The amino acid sequences of endoglin signal peptides across diverse species
were aligned. Open boxes denote identical amino acids between human endoglin
and endoglins from other mammalian species. 13Leu (bold letters L in the shaded
boxes) is conserved in all species.

also demonstrated that the wild-type endoglins were expressed on
the cell surface, but the L13Q mutant was not. These results suggested
that the L13Q mutation might severely impair endoglin expression on
the cell surface.
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To assess the distribution of the recombinant endoglins in the
cells, we performed immunofluorescent staining for the wild-type
and the L13Q mutant transiently expressed in COS-1 cells, together
with staining for ER. We observed that the wild-type endoglin co-
localized with ER, but the L13Q mutant did not. In addition, the im-
munofluorescent pattern of the ER in the COS-1 cells transfected with
high amount of pL.-ENGW' was different from that in the untransfected
cells as well as the pL-ENG'*@-transfected cells, probably due to over-
expression of the wild-type recombinant endoglin leading to an excess
of protein processing in the ER lumen, that is an ER stress. Overexpres-
sion of the wild-type endoglin might cause an ER stress, but not that of
the L13Q mutant. Tunicamycin, which blocks the initial step of glycosyl-
ation in the ER {37], would affect the expression of wild-type endoglin.
In fact, we observed that the wild-type recombinant endoglin in the
tunicamycin-treated cells was as small as the L13Q mutant, which
showed no difference in size on tunicamycin treatment. These results
suggested that the L13Q mutant would not enter into the ER, not under-
go correct processing, such as glycosylation, and be retained in the
cytoplasm.

Glycosylation is one of the post-translational modifications to often
need for crucial functions of the proteins, and incorrect processed
proteins may be degraded by the normal quality control system in the
protein biosynthesis. Interfering with glycosylation dramatically de-
creased the stability of endogenous endoglin of EAhy926 cells (Fig. 5).
Howevery, it did not seem to affect stability of overexpressed wild-type
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Fig. 7. SignalP-NN analysis of endoglin signal seq; es in wild-type and 113Q mutant. N-terminal regions of the wild-type and L13Q mutant endoglins {black and red circles indicate

wild-type 13Leu and mutant 13GIn, respectively) were analyzed with the SignalP-NN program (ver. 3.0). Attainment of signal peptide prediction (s-), cleavage site prediction (c-) and
derived cleavage site prediction (y-) scores >50% cutoff values indicate proper signal peptide function and cleavage, whereas values below the cutoff indicate compromised function.
A highly significant probability score of wild-type endoglin was obtained and the position of a signal cleavage site was predicted between amino acids 25Ala and 26Glu. However,
SignalP-NN predictions for the signal peptide of the L13Q mutant showed that s-scores fell below the 50% cutoff after 185er except 19Leu and 24Leu (black arrows).
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endoglin and perhaps stabilized the L13Q mutant. Further study is
needed to clarify this phenomenon, but it might be due to the effect of
glycosylation interference on the function of quality control system
molecules themselves in the protein biosynthesis.

Endoglin is a co-receptor for the TGF-{3 receptor complex, modu-
lating ALK1/ALK5S signaling and Smad transduction. We evaluated
Smad3 phosphorylation induced by TGF-f» in pL-ENG!'3%transfected
EAhy926 cells, but any differences from the original and pL-ENGW'-
transfected EAhy926 cells were observed. These results suggested
that the endogenous normal endoglin in EAhy926 cells would func-
tion sufficiently for TGF-p signaling Smad3 phosphorylation, and
that the 1L13Q mutation in endoglin would not have a dominant neg-
ative effect on TGF-{3 signaling, which is a consistent result with the
previous endoglin mutant study [38].

Appropriate targeting of proteins to subcellular compartments is
an essential process in all living cells. Membrane proteins, such as
endoglin, usually contain an amino-terminal signal peptide, which is
recognized by the signal recognition particle (SRP) complex {39]. A
universally conserved component of SRP binds to signal peptides, in
which the total hydrophobicity of the h-region is a determinant for
recognition {40]. The substitution of 13Leu with Gln in the center of
the h-region of the endoglin signal peptide, which replaces a hydro-
phobic amino acid with a hydrophilic polar residue, would reduce hy-
drophobicity. Although we have no direct evidence, it might be
possible that the mutated signal peptide of the L13Q endoglin
would be impaired in the recognition by SRP.

Insight into whether particular amino acids in a signal sequence
are consistent with signal peptide function can be gained with the
SignalP-NN program [41]. The analysis of putative signal sequences
in this way yields an s-score, which reports the signal peptide predic-
tion for every single amino acid position with high s-cores indicating
that the particular amino acid is part of a functioning signal peptide.
SignalP-NN prediction for signal peptide of the wild-type endoglin
showed that the s-score of L13Q mutant fell below the 50% cutoff
after 18Ser except for 19Leu and 24Leu, suggesting that substitution
of the hydrophobic 13Leu for a hydrophilic Gln might cause the col-
lapse of its hydrophobic core and spoil its signal peptide function
(Fig. 7). On the other hand, the mutation seemed to have no influence
on the site of cleavage of the signal peptide according to c-scores and
y-scores. Predictions of signal peptide function and cleavage sites
suggested that the L13Q mutation would not affect the net charge,
but it might be possible that the mutation would disturb the second-
ary structure of the signal peptide as a result of its abnormal -helix
(hregion), leading to poor recognition by SRP and failed insertion
into the ER membrane. A comparison of endoglin sequences across
species revealed that 13Leu was highly conserved attesting to its im-
portance (Fig. 6).

In the present study, we identified a novel missense mutation in ENG
(c.38 T>A, p.Leu13Gin), located in the hydrophobic core of the endoglin
signal peptide. We also demonstrated disturbed cell-surface expression
of the recombinant L13Q endoglin, which could lead to endoglin hap-
loinsufficiency for HHT phenotype of the patient. In conclusion, this is
the first report that the L13Q substitution of endoglin would be a causa-
tive mutation for HHT due to impaired co-translational processing of the
protein.
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SUMMARY

We identified a novel mechanism of hereditary thrombosis associated with anti-
thrombin resistance, with a substitution of arginine for leucine at position 596
(p-Arg596Leu) in the gene encoding prothrombin (called prothrombin Yukuhashi).
The mutant prothrombin had moderately lower activity than wild-type prothrombin
in clotting assays, but the formation of thrombin—antithrombin complex was sub-
stantially impaired. 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-of-function mutation
in the prothrombin gene, resulting in resistance to antithrombin and susceptibility
to thrombosis.

ATIENTS WITH HEREDITARY THROMBOPHILIA OFTEN PRESENT WITH UN-
_.#'usual clinical episodes of venous thrombosis at a young age and recurrence
i». in atypical vessels, often with a family history of the condition.* Genetic stud-
ies of hereditary thrombophilia have revealed two types of genetic defects: loss-of-
function mutations in the natural anticoagulants antithrombin, protein C, and pro-
tein S, along with gain-of-function mutations in procoagulant factors V (factor V
Leiden) and I (prothrombin G20210A).2 To date, numerous genetic defects have
been found in families with hereditary thrombophilia, but there may be many un-
discovered causative mutations.? Here, we describe a case of hereditary thrombosis
induced by a novel mechanism of antithrombin resistance, a gain-of-function mutation
in the gene encoding the clotting factor prothrombin (prothrombin Yukuhashi).

CASE REPORT

The proband was a 17-year-old Japanese girl who had a first episode of deep-vein
thrombosis at the age of 11 years and had since been treated with warfarin. Her
family originated in Yukuhashi in the northern part of the Kyushu islands. At least
nine of her family members had had one or more episodes of deep-vein thrombosis
(Fig. 1A), including two with pulmonary embolism and three who died from throm-
bosis. Five family members, including the proband, had had juvenile thrombosis,
with two reporting episodes during early childhood. Previous studies did not iden-
tify any known causes of hereditary thrombophilia in this family.*
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n (arrow). Panel C shows a restriction-fragment-length polymorphism (RFLP) analysis of the mismatch polymerase-chain-
reaction (PCR) product of exon 14 of the prothrombin gene di
digested fragment of 212 bp. The mutation in the prothrombin Yukuhashi gene creates a Psti site, resulting in a digestion fragment of
192 bp. The table shows allele frequencies at c.1787 of the prothrombin gene in 6 family members, in 100 Japanese persons with a normal
phenotype, and.in 5 persons with previously undiagnosed deep-vein thrombosis (DVT). Panel D shows the kinetics analysis of thrombin—
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of heparin. TAT levels were measured with the use of an enzyme-linked immunosorbent assay and various incubation times for anti-
thrombin and recombinant thrombins; the latter are forms of recombinant prothrombins activated by factor Xa.

for. arginine at position 596 (p.Arg596Leu). The proband is heterozygous for

digested by Pstl endonuclease. The wild-type prothrombin gene has an un-

METHODS

DNA ANALYSIS
We amplified all 14 exons, including the exon—
intron boundaries and the 3" untranslated region,
of the prothrombin gene by means of polymerase
chain reaction (PCR), using gene-specific primers
(see Table S1 in the Supplementary Appendix,
available with the full text of this article at NEJM
.org). The amplicons were sequenced as described
previously.® To detect the mutation, we performed
PCR-restriction-fragment-length polymorphism
(RFLP) analysis, using a mismatched lower primer
(5“TGTAGAAGCCATATTTCCCCTgC-3', with base
substitutions at ¢ and g) and introducing a Pstl

N ENGL) MED 366;25 NEJM.ORG JUNE 21, 2012

site into the amplicon from a mutant allele. Ge-
nomic DNA was isolated from peripheral leuko-
cytes by phenol extraction.®

RECOMBINANT PROTHROMBINS
We used a PCR assay to prepare full-length human
prothrombin complementary DNA (cDNA) ob-
tained from a human liver cDNA library (Clon-
tech) and cloned this into pcDNA™3.1(+) (Invit-
rogen) to obtain a wild-type human prothrombin
expression vector. Subsequently, we prepared a
mutant prothrombin expression vector by means
of overlap extension PCR,” using two primers:
5“TGAAGGCTGTGACCtGGATGGGAAA-3’ (sense
primer with a base substitution at t) and
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5'—TTTCCCATCC3GGTCACAGCCTTCA-3' (anti-
sense primer with a base substitution at a).

We transfected human embryonic kidney cells
(HEK293) with the prothrombin expression vec-
tors using the calcium phosphate method.®? We
established stable transformants by selection with
G418 and determined which of these had high
levels of prothrombin expression by means of a
dot-blot immunoassay. Conditioned media of
stable transformants expressing recombinant
prothrombins in serum-free medium containing
vitamin K were collected, concentrated, and
stored at —80°C until use. We determined the anti-
gen levels of the prothrombins using an enzyme-
linked immunosorbent assay (ELISA, Enzyme
Research Laboratories).

FUNCTIONAL ASSAYS OF RECOMBINANT
PROTHROMBINS

We performed three tests of prothrombin activity:
a one-stage clotting assay, a two-stage clotting
assay, and a chromogenic assay that uses S-2238
(a thrombin substrate that generates color at the
time of cleavage). In the latter two assays, we
used Oxyuranus scutellatus venom (Sigma Aldrich)
as a factor Xa-like enzyme. To examine the func-
tions of the recombinant prothrombins in plasma,
we prepared reconstituted plasma by mixing pro-
thrombin-deficient plasma (prothrombin activity,
<1%; Mitsubishi Chemical Medience) with the
recombinant prothrombins on the assumption
that the prothrombin concentration was 100 ug
per milliliter in normal plasma (100%).° The pro-
band’s plasma was not suitable for evaluation
because of warfarin treatment.

FORMATION OF THROMBIN—ANTITHROMBIN
COMPLEX

To evaluate the ability of the wild-type and mu-
tant recombinant prothrombins to form complex-
es with antithrombin, we converted the recombi-
nant prothrombins to thrombins, using bovine
factors Xa (Haematologic Technologies) and Va
(Thermo Scientific), cephalin (Roche Diagnostica
Stago), and calcium chloride. We then incubated
the thrombins with human antithrombin (Mit-
subishi Tanabe Pharma), with or without unfrac-
tionated heparin (Mochida Pharmaceutical), at
37°C for various time periods. The reactions were
stopped with PPACK (p-phenylalanyl-L-prolyl-L-
arginine chloromethyl ketone) (Calbiochem), and
thrombin—antithrombin complex formation was

measured with the use of the AssayMax Human
TAT Complexes ELISA kit (Assaypro).

THROMBIN-GENERATION ASSAY
We prepared wild-type, mutant, and heterozygous-
mutant reconstituted plasma by mixing prothrom-
bin-deficient plasma with the recombinant pro-
thrombins, at a final prothrombin concentration
of 100%, and by mixing antithrombin-depleted
plasma (Affinity Biologicals) with human anti-
thrombin, at a final antithrombin concentration
of 50%. We used normal pooled plasma as a con-
trol. The thrombin-generation assay was performed
by means of calibrated automated thrombogra-
phy (CAT, Thrombinoscope BV), in accordance
with the manufacturer’s instructions. We moni-
tored the reactions for 2 hours, using Fluoroscan
Ascent FL (Thermo LabSystems), set at an excita-
tion wavelength of 390 nm and an emission wave-
length of 460 nm, and Thrombinoscope software
(Thrombinoscope BV).

STUDY OVERSIGHT
The study was approved by the ethics committee
at the Nagoya University School of Medicine.
Written informed consent was obtained from all
study participants.

RESULTS

DNA ANALYSIS
Genomic DNA analysis of the proband revealed
that she was heterozygous for a novel missense
mutation in the prothrombin gene (c.1787G-T,
p-Arg596Leu) (Fig. 1B). The nucleotide and pro-
tein numbering system is based on the nomen-
clature recommended by the Human Genome
Variation Society.’® The same mutation was de-
tected in her mother and in three other family
members with deep-vein thrombosis but not in
an asymptomatic family member. On mismatch
PCR-RFLP analysis, the amplicon that was treated
with PstI displayed a 192-bp band (mutant allele)
and a 212-bp band (normal allele). We confirmed
the heterozygosity of this mutation in the pro-
band, her mother, and three other family mem-
bers with deep-vein thrombosis but not in an
asymptomatic family member (Fig. 1C). We did
not detect the mutation in samples obtained
from 100 Japanese persons with a normal pheno-
type and in 5 persons with undiagnosed throm-
bosis before this testing.
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RECOMBINANT PROTHROMBINS

We established stable transformants of HEK293
cells expressing the wild-type and mutant pro-
thrombins. To evaluate y-carboxylation of the
recombinant prothrombins, we used ELISA to
measure prothrombin levels in the culture me-
dium after barium sulfate absorption. We found
that both the wild-type and mutant prothrom-
bins were completely absorbed, suggesting that
appropriate y-carboxylation occurred in both
preparations {data not shown).

FUNCTIONAL ASSAYS OF RECOMBINANT
PROTHROMBINS

We performed three assessments of recombinant
prothrombin activity: one-stage clotting, two-stage
clotting, and chromogenic assays (Table 1). Re-
constituted plasma was used in all tests. Values
for the wild-type recombinant prothrombin were
approximately 100% in all assays. The mutant
prothrombin activity in the one-stage assay was
lower than that in the two-stage assay. The mu-
tant prothrombin activity in the chromogenic as-
say was higher than that in the two-stage assay.

FORMATION OF THROMBIN—ANTITHROMBIN
COMPLEX

We used ELISA to determine whether there was a
difference between the wild-type and mutant pro-
thrombins in forming thrombin—antithrombin
complexes. The recombinant prothrombins that
were activated by factor Xa were incubated with
antithrombin, and thrombin—antithrombin com-
plex formation was determined by means of
ELISA. In the absence of heparin, thrombin—anti-
thrombin complex formation by the wild-type
prothrombin increased in a time-dependent man-
ner. However, thrombin—-antithrombin complex
formation by the mutant prothrombin was almost
negligible for the first 30 minutes (Fig. 1D). In
the presence of heparin, thrombin—antithrombin
complex formation was greatly increased in both
samples but remained substantially impaired in
the mutant sample.

THROMBIN-GENERATION ASSAY
A thrombin-generation assay was performed to
evaluate the effect of the mutation on thrombin
generation in plasma (Fig. 2). The values for
wild-type reconstituted plasma were similar to
those for normal plasma, but the mutant plasma
showed a decreased maximum concentration of

Table 1. Procoagulant and Amidolytic Activities of the Recombinant
Prothrombins.*
Prothrombin  Antigen Activity:
Orne-Stage Two-Stage Chromogenic
Clotting Assay  Clotting Assay Assay
percent
Wild-type 112 91 109 88
Mutant 118 15 32 66

* The values were measured in reconstituted prothrombin-deficient plasma. The
value of normal plasma was assigned as 100%.

1 The values for prothrombin antigens were determined by means of enzyme-
linked immunosorbent assay.

I The prothrombin activities were determined by three methods: the classic one-
stage clotting assay, in which thromboplastin is used; the two-stage clotting
assay, in which Oxyuranus scutellatus venom (Ox) is used as a factor Xa-like
enzyme and fibrinogen from pooled normal plasma is used as a substrate;
and the chromogenic assay, in which Ox venom is used as an activator and
S-2238 as a substrate.

thrombin (peak), an extension of the total dura-
tion of thrombin-generation activity {(start tail),
and increased thrombin activity, which was as-
sessed as the area under the curve for endoge-
nous thrombin potential. The heterozygous-
mutant plasma, mimicking the proband’s plasma,
showed intermediate values. The 50% antithrom-
bin plasma, mimicking the antithrombin-deficient
plasma, showed similar changes (except for a
decreased peak), which were canceled by the ad-
dition of human antithrombin at a final concen-
tration of 150%. These data indicate that the
thrombin activity derived from the mutant pro-
thrombin was lower than that derived from the
wild-type prothrombin, but its inactivation was
exceedingly slow, resulting in a prolonged proco-
agulant state in the proband’s plasma.

DISCUSSION

Numerous gene mutations in various molecules
have been found in members of families with
inherited thrombophilia, but many mutations re-
main unidentified.? The G20210A mutation in the
prothrombin gene is associated with a mild risk
of thrombosis in the white population, but many
other prothrombin gene mutations lead to bleed-
ing tendencies, such as prothrombin deficien-
cies, dysprothrombinemia, and hypoprothrombin-
emia. '3 A genomewide analysis to detect genes
that are associated with a susceptibility to throm-
bosis also identified a prothrombin gene muta-
tion, but the detailed molecular mechanism for
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A Thrombin Generation
—a— Normal
3004 ~s— Wild type
250-] - Mutant-hetero
e Mutant
—5; 2004 e AT 50%
£
= 150+
g Wild  Mutant-
£ 1004 Measure Normal Type  Hetero Mutant AT 50%
ETP (nM/min) 1276 1658 2374 3620 4334
50+ Peak (nM) 284 283 194 144 294
0 o oo . Starttail (min)  23.5 26.5 78.0 105.0 71
0 10 20 30 40 50 60
Minutes
B Thrombin Generation with Excess Antithrombin
300+ —=— Normal (+AT 100%)
== Wild type (+AT 100%)
250+ e Mutant-hetero (+AT 100%)
£ 2004 —s— Mutant (+AT 100%)
= e AT 50% (+AT 100%)
LE 150+
§ Wwild  Mutant-
',Eh 1004 Measure Normal  Type Hetero Mutant AT 50%
ETP (nM/min) 602 761 1250 1819 845
509 Peak (nM) 183 190 145 117 203
Ot S B Ryt Brnaeon op_ Start tail (min) 12 17 57 66 17
0 10 20 30 40 50 60
Minutes
Figure 2. Thrombin-Generation Assays with and without Excess Antithrombin.
Panel A shows the results of a thrombin-generation assay of normal plasma as well as reconstituted plasma samples, with recombinant
prothrombins in prothrombin-deficient plasma and of human antithrombin (AT 50%). in antithrombin-depleted plasma. The heterozygous-
mutant (mutant-hetero) plasma contained 50% each of wild-type and mutant prothrombin. The table at the right shows the total amount
of thrombin activity, which was assessed as the area under the curve for endogenous thrombin potential (ETP), the maximurm concen-
tration of thrombin (peak), and the total duration of thrombin-generation activity (start tail). Panel B shows the results of a thrombin-
generation assay of the respective plasma samples after the addition of excess antithrombin.

inherited thrombophilia remains unknown.** In
this study, we investigated possible causative ge-
netic defects in samples obtained from a large
Japanese family with inherited thrombophilia.
We found a novel missense mutation in the pro-
thrombin gene (p.Arg596Leu) that resulted in a
variant prothrombin (prothrombin Yukuhashi).
The mutation cosegregated with deep-vein throm-
bosis in this family, indicating that it could be a
cause of hereditary thrombophilia.

Thrombin, which is an active form of pro-
thrombin, is an allosteric enzyme controlled by
the binding of sodium.*>*¢ Sodium-bound throm-
bin (known as the fast form) is optimized for
procoagulation because of its increased substrate
specificity for fibrinogen, whereas sodium-free
thrombin (known as the slow form) is an anti-

2394 N ENGL ] MED 366;25

coagulant because of its increased specificity for
cleaving protein C. The mutation occurred at
residue Arg596 (Arg221a in the chymotrypsinogen
numbering system*?) within the sodium-binding
region of thrombin and was expected to have an
effect on sodium binding. The mutation is also
located at one of the antithrombin-binding sites
where thrombin is inactivated by antithrombin
with heparin.*® Two exosites on thrombin, the
y-loop and the sodium-binding region, are criti-
cal for stabilizing a thrombin-antithrombin com-
plex*® (Fig. S1A in the Supplementary Appendix).
Two hydrogens of the Arg596 side chains of
thrombin form hydrogen bonds with oxygen of
the Asn265 side chain of antithrombin (Fig. S1B
in the Supplementary Appendix). Therefore, we
propose two hypotheses: first, that the procoagu-
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lant activity of the mutant prothrombin is some-
what impaired; and second, that complex for-
mation involving the mutant thrombin and
antithrombin is impaired, resulting in prolonged
residual thrombin activity.

To test the first hypothesis, we examined the
activation and procoagulant functions of the re-
combinant prothrombins. We prepared reconsti-
tuted plasma by mixing prothrombin-deficient
plasma with the recombinant prothrombins,
since the proband’s plasma was not suitable for
evaluation because of warfarin treatment. We
observed that the mutant and wild-type pro-
thrombins were fully converted to thrombins in a
similar manner by prothrombinase within 5 min-
utes (Fig. S2 in the Supplementary Appendix).
However, conversion of the mutant prothrombin
to thrombin appeared to be a few seconds slower
than that of the wild-type thrombin in the clot-
ting assays. In addition, the mutant thrombin
probably had a lower catalytic activity for fibrino-
gen than did the wild-type thrombin, which may
have been the result of structural disruption of
the sodium-binding region by the Leu596 substi-
tution for Arg. In a previous study of alanine-
scanning mutagenesis, thrombin with an Ala596
mutation showed a reduction by a factor of 5 in
sodium-binding affinity, and its procoagulant
activity was similar to that of the slow form of
thrombin.?® Similar mechanisms of structural
disruption in the Leu596 mutant thrombin may
have resulted in lower catalytic activity for fi-
brinogen.

To test the second hypothesis — that the
mutant thrombin would be defective in terms of
its interaction with antithrombin — we examined
thrombin—antithrombin complex formation using
ELISA. The mutant thrombin sample had ex-
tremely low levels of thrombin—antithrombin
complex formation. This suggests that the dis-

ruption of the sodium-binding region, which re-
sulted in the loss of two hydrogen bonds be-
tween Arg596 of thrombin and Asn265 of anti-
thrombin, may be critical for the formation of
the thrombin—antithrombin complex. These find-
ings indicate that prothrombin Yukuhashi can
be characterized as a dysprothrombin that is
highly resistant to inhibition by antithrombin.

We next performed a thrombin-generation
assay to determine the potential procoagulant
activity of the recombinant prothrombins in
plasma. A thrombin-generation assay is a com-
prehensive coagulation-function test that allows
evaluation not only of the initial phase of throm-
bin generation but also of the late phase of its
inactivation. Data from this assay again sug-
gested that the mutant prothrombin had low
procoagulant activity but was highly resistant to
antithrombin. Thus, its active form, the mutant
thrombin, would not be inactivated by anti-
thrombin and would continue to facilitate blood
coagulation, despite its low activity level.

In conclusion, we identified a novel mecha-
nism of hereditary thrombosis in a Japanese
family, in which antithrombin resistance was
associated with a missense mutation in the pro-
thrombin gene (p.Arg596Leu). This mutation re-
sults in slightly impaired but adequate procoag-
ulant function of the mutant prothrombin but
considerably impaired inhibition of the mutant
thrombin by antithrombin. The antithrombin-
resistant thrombin may have prolonged procoag-
ulant activity in vivo, conferring a susceptibility

to thrombosis.
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Summary. Background: Intron 22 inversion (Inv22) of the
coagulation factor (F)VIII gene (¥8) is a frequent cause of
severe hemophilia A. In addition to Inv22, a variety of F§
mutations (1492 unique mutations) causing hemophilia A have
been reported, of which 171 involve deletions of over 50 bp
(HAMSTeRs database; http://hadb.org.uk/). However, only
10% of these large deletions have been fully characterized at the
nucleotide level. Patients and methods: We investigated gene
abnormalities in three unrelated severe hemophilia A patients
with high titer FVIII inhibitors. They had previously been
shown to carry large deletions of the F8, but the precise gene
abnormalities remain to be elucidated. Results: Inverse shift-
ing-PCR (IS-PCR) Inv22 diagnostic tests revealed that these
patients carried either type I or H Inv22. However, they showed
a wild-type (WT) pattern in the IS-PCR Inv22 complementary
tests. We further analyzed their X chromosomes to account for
the puzzling results, and found that they had different
centromeric breakpoints in the Inv22 X chromosomes, adjacent
to the palindromic regions containing int22h-2 or -3, and their
spacer region, respectively. The connections appeared to be
shifted towards the telomere of the WT F8 Xq28, resulting in a
new telomere with an additional intact 22k
copy. Conclusions: These gene rearrangements might result
from double-strand breaks in the most distal regions of the long
arms of the Inv22 X chromosomes, followed by DNA
restorations using the WT F8 Xq28 by non-homologous end
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joining or break-induced replication; thus leading to large F8
deletions in severe hemophilia A patients.

Keywords: deletion, F£8, gene rearrangement, intron 22 inver-
sion, inverse shifting-PCR, X chromosome.

Introduction

Hemophilia A (HA) (OMIM 306700), the most common
severe coagulation disorder with an incidence of one in 5000
males worldwide, is caused by the absence or impaired activity
of the coagulation factor (F)VHI resulting from various
mutations of the FVII gene (FS). This large gene, which has
been mapped to the most distal region (Xq28) of the long arm
of the X chromosome, comprises 26 exons spread over 186 kb.

An intron 22 inversion (Inv22) disrupting F8 at intron 22 is
found in about half of the severe HA patients [1.2]. Inv22
results from homologous recombination between the inr22h-1
region within the F& locus and either int224-2 (Inv22 type IT) or
ini22h-3 (Inv22 type 1), which lie approximately 400 kb distal
to F8 [3]. Previously, in122h-2 and -3 were believed to be in
opposite orientation to inr224-1. However, new sequence data
show that only in¢22h-3 is in the opposite orientation to int22h-
1, whereas m22#-2 is in the same orientation [4]. The
palindromic arrangement of in22h-2 and -3 is now thought
to permit an inversion polymorphism that allows in£224-2 to be
in the telomeric arm of the palindrome and in opposite
orientation to #t22h-1 {5]. Intron 1 inversion (Invl) is also a
common mutation of HA with about 5% prevalence in severe
HA [6]. Tt results from a homologous recombination between
two nearly identical 1-kb sequences, int/h-1 and -2 in opposite
orientations, lying in intron 1 of 8 and in a more telomeric
region located about 140-kb upstream, respectively.

Although a genomic inversion normally does not result in
gain or loss of DNA, unusual patterns observed in int22h-
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related inversions have led to the hypothesis of concomitant
deletions [7--9], which can be associated with an increased risk of
developing FVill-inactivating antibodies (inhibitors). In a
study of the correlation between a high incidence of inhibitors
and gene defects producing a severe phenotype, approximately
41% of hemophiliacs carrying a large deletion in F8, whereas
only 21% of patients with recurrent int22h-related inversions
developed FVIIL inhibitors [10]. A variety of 8 mutations (1492
unique mutations) causing HA have been reported, of which
171 involve deletions of over 50 bp (HAMSTeRs database;
http://hadb.org.uk/). However, only 10% of these large dele-
tions have been fully characterized at the nucleotide level.

in this study, we investigated gene abnormalities in three
unrelated severe HA patients with high-titer inhibitors, and
identified distinct X-chromosomal rearrangements with F§-
intron 22 inversions. These gene rearrangements might result
from double-strand breaks and repair of the DNA in the most
distal regions of the long arms of the Inv22 X chromosomes,
leading to Inv22-related large F§ deletions.

Methods

Patients and DNA samples

members enrolled in this study that was approved by the Ethics
Committee of the Nagoya University School of Medicine. The
patients were affected by severe HA (FVIIL: C < 1%) and
anti-FVIIT antibodies had developed after replacement ther-
apy. The titer of inhibitors in Bethesda units and the clinical
characteristics of the patients are given in Table 1. Some of the
clinical features of the patients have been previously reported
[11] and P! was diagnosed with dwarfism. In the previous study
{11], the patients have been shown to carry large deletions of the
F8 exons 122 (P1 and P2) or 2-22 (P3), using Southern blot
analysis. Genomic DNA samples were isolated from all
patients after written informed consents were obtained; isola-
tion was carried out from peripheral blood leukocytes using
phenol extraction as described previously [12].

FVill gene inversion detection

Relevant DNA nucleotide positions are indicated on GenBank
accession NC_000023.10. A long range polymerase chain
reaction (Long PCR) was performed using four primers (P, Q,

A and B) as described previously by Liu et al. [13]. The PQ
fragment (12 kb) was amplified from intact inr22h-1 in a wild-
type (WT) F8 male, the PB and AQ fragments (11 kb) were
from ine22h-1/-3 or -1/-2 and me22h-3/-1 or -2/-1 in Inv22
males, and the AB fragment (10 kb) was from non-recombined
extragenic homologs. PCR was performed in 20-pL reaction
volumes containing 50 ng of genomic DNA using 0.4 U of
KOD FX DNA polymerase (Toyobo Co., Ltd., Osaka,
Japan). Thermocycling involved 25 cycles of denaturation at
98 °C for 10 s and annealing/extension at 68 °C for 15 min;
cycling was preceded by 94 °C for 2 min and followed by 7 min
at 68 °C. PCR products were visualized after 3 h of electro-
phoresis at S0 V in a 0.6% agarose H (Nippon gene Co., Ltd.,
Tokyo, Japan) gel stained with 1 ug mL™" ethidium bromide.

Inverse shifting-PCR (IS-PCR) was performed as described
previously [14] with minor modifications. Genomic DNA
(2 pg) was digested with 15 units of B¢/l according to the
manufacturer’s instructions (New England Biolabs Japan, Inc.,
Tokyo, Japan) for 4h in 50 pl.. DNA fragments were
circularized using Ligation high ver. 2 (Toyobo Co., Ltd.) in
8 uL at 16 °C for 1 h and recovered in 30 pL of 10 mm Tris
with 1 mm EDTA, pH 8.0 (TE buffer) after ethanol precip-
itation. PCR was performed in reactions containing 2 pL of
circularized DNA, in the presence of 0.5 pm of each primer, 0.4
U of KOD FX DNA polymerase and additional standard
PCR reagents in a total volume of 20 pl.. We designed
modified primers for IS-PCR (Table S1). Thermocycling
involved 34 cycles of denaturation at 98 °C for 10 s, primer
annealing at 66 °C for 30 s and extension at 68 °C for 40 s;

" cycling was preceded by 94 °C for 2 min, each two cycles of

98 °C for 10 s and 68-74 °C for 35 s, followed by 1 min at
68 °C. PCR products were analyzed by clectrophoresis on a
2% agarose gel stained with | pg mL™" ethidium bromide.

PCR mapping to evaluate Xq28 deletions

To confirm and further assess the extent of the deletions,
primer pairs for PCR mapping were designed to amplify
fragments of 184-514 bp in the reference sequence (Table S2).
PCR reactions were performed uvsing rTaq DNA polymerase
(Toyobo Co., Ltd) or KOD FX DNA polymerase at an
annealing temperature of 52-68 °C and products were ana-
lyzed on a 2% agarose gel. As the patients had only one X
chromosome, we were able to assess the deletion by the absence
of amplified products.

Table 1 Clinical characteristics and results of F8 abnormalitics of hemophilia A patients

Gene abnormality

Patient Age Sex FVIILC (%) Inhibitor titer (BU mL™%) Deletion' Inv22

P1 17 M <1 1004000 Exons 1-22 Atypical
P2 25 M <] 1804000 Exons 1-22 Atypical
P3 16 M < 1 24 Exons 2-22 Atypical
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Identification of deletion breakpoints in X chromosomes

To amplify the unknown regions including the breakpoints,
we performed inverse PCR using primer sets designed in
opposite orientations in the respective known regions
(Table S3). This procedure employs two thermal cycling
reactions of nested PCR to amplify from a region of known
sequence into an unknown area. First, we digested 100-200 ng
of DNA with an appropriate restriction enzyme (Sspl for P1,
HindIII for P2, and Bcll for P3) (New England Biolabs Japan,
Inc., Roche Diagnostics K.K., Tokyo, Japan) at the appro-
priate temperature for each. DNA fragments were circularized
using Ligation high ver. 2 and recovered in 5 pL of TE buffer
after ethanol precipitation. PCR was performed in reactions
containing 5 pbL. of circularized DNA in the presence of
0.5 pm of each primer, 0.4 U of KOD FX DNA polymerase
and additional standard PCR reagents in a total volume of
20 ul.

For nested PCR, we designed two kinds of primers for each
reaction (Table S3). PCR products were analyzed by electro-
phoresis on a 2% agarose gel stained with 1 ug mL™" ethidium
bromide. Inverse PCR products were purified using QIAEX 11
(Qiagen, Tokyo, Japan) and DNA sequencing was performed
as described previously [15]. Screened sequences were analysed
by NCBI BrasT (http://blast.ncbi.nlm.nij.gov/Blast.cgi).
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We also designed multiplex PCR primers located on both
sides of the junctions to amplify across the breakpoints of the
rearrangements (Table S4). We performed PCRs for the
respective genomic DNAs from the patients, the family
members of P2 (his mother and grandmother) and the WT
male controls, followed by DNA sequencing.

Results

Abnormal patterns in analyzes of F8 int22h-related inversions
in severe HA patients

As the HA patients had a severe phenotype, we investigated
whether they carried the comumon F8 inr22h-related inversion
(Inv22). Long PCR confirmed an Inv22 by yielding the
expected 11-kb AQ product for int22h-2/-1 or -3/-1; however,
the absence of an amplification product with primers P and B
indicated a deletion of the ni22kh-1/-2 or -1/-3 counterpart
(Fig. 1).

In the IS-PCR diagnostic test for Inv22, P1 and P2 showed a
341-bp fragment of the Inv22 type I pattern; whereas, P3
showed a 419-bp fragment of the Inv22 type Il pattern
(Fig. 2A). In the Inv22 complementary test, all patients showed
the 489- and 411-bp fragments as the WT pattern (Fig. 2B). In
the diagnostic test for Invl, all patients lacked bands (Fig. 2C).

AQ
M WT Inv22 P1

=11 kb

AB

WT Inve2

s 10 Kb

To
B telomere -

A

A

nr22h-3

To
P EW. B telomere -

/ exon 1-22 mrzsza/-;w or -2/-1

To
B tslomere

int22h-2

int22h-2 or -3

Fig. 1. Long PCR analysis for the F8 int22h-related inversion. (A) PCR products with primers PQ, PB, AQ and AB. The PQ fragment (12 kb) was
amplified from intact int22h-1 in a wild-type (WT) F8 male, the PB and AQ fragments (11 kb) were from int22h-1/-3 or -1/-2 and int22h-3/-1 or -2/-1,
respectively, in an Inv22 male (Inv22) and the AB fragment (10 kb) was from non-recombined extragenic homologs. All patients (P1--P3) showed AQ
products indicating Inv22 on the centromeric side; however, they lacked PQ products indicating a deletion of the telomeric-side counterparts of Inv22. M.
1 kb DNA ladder marker; WT, wild-type control; Inv22, HA patient with Inv22; P1, patient 1: P2, patient 2; P3, patient 3. (B) A scheme of the expected
structures of the wild-type, Inv22, or Del22 X chromosomes along with long PCR primer sites.
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P2 P3
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Fig. 2. Inverse shifiing-PCR analysis of £8. (A) Inv22 diagnostic test: M, 100-bp DNA ladder marker; WT, wild-type control (498 bp); 1, Inv22 type 1
control (341 bpy; I, Inv22 type T control (419 bp); P1, patient 1; P2, patient 2; P3, patient 3. P1 and P2 show a 341-bp {ragment as an Inv22 type I pattern.
whereas P3 shows a 419-bp fragment as an Inv22 type I pattern. (B) Inv22 complementary test: WT, wild-type control (411 and 489 bp); 1, Inv22 type 1
control (489 and 568 bpy; I1, Inv22 type 1 control (411 and 568 bp). All patients show 411 bp and 489 bp as the wild-type pattern. (C) Invl diagnostic test:
WT, wild-type control (316 bp). The 281-bp fragment represents the Invl pattern. No patients show a band. The primer sequence data are given in

Table S1.

PCR mapping to evaluate Xq28 deletions

PCRs using 16 different primer pairs (A—P in Table S2) were
mapped to confirm and further assess the extent of the
deletions, given that previous Southern blot analysis had
shown large deletions of F§ in the patients [11]. In P1, primer
pair K amplified a product but primer pair L did not, indicating
that the centromeric breakpoint was located within the region
defined by these two primer pair sets in the Inv22 type 1 X
chromosome of the patient. Likewise, the centromeric ends of
the deleted segments were localized between primer pairs M
and F in the Inv22 type I X chromosome of P2, and O and P in
the Inv22 type I X chromosome of P3, respectively (Fig. 3).
The telomeric region products of primer pair J were amplified
in all patients.

Identification of deletion breakpoints in X chromosomes

From the results of PCR mapping, we roughly determined the
centromeric ends of the deletion regions in the X chromosomes
of the patients. We then employed inverse PCR followed by
DNA sequencing to identify the centromeric and telomeric
breakpoints.

In the case of the Inv22 type I X chromosome of P1, Sspl
sites were present at 1.1 kb on the centromeric side and 0.8 kb
on the telomeric side of the primer pair K for PCR mapping,
respectively (Fig. 4). Inverse PCR of the Sspl-digested DINA of
P1 failed to amplify the deduced 1.8-kb fragment and instead
amplified an abnormal 2.2-kb fragment. Sequence data of the
abnormal 2.2-kb fragment revealed a breakpoint located at nt
154 426 072 (GenBank accession NC_000023.10), about 20 kb
on the telomeric side from VBP] on the Inv22 type T X
chromosome. The adjacent telomere side sequences were

located at nt 154 598 975 and nt 154 701 245 in the palin-
dromic regions of int22h-2 and -3, respectively, in centromere
direction in the Inv22 type I X chromosome; however, either
one was in telomere direction in the WT F8 X chromosome.
There were three bases of microhomology (CTT) at the
junction (Fig. 5, P1).

In the case of the Inv22 type I X chromosome of P2, Hind!II
sites were present at 0.8 kb on the centromeric side and 2.7 kb
on the telomeric side of the primer pair M for PCR mapping,
respectively (Fig. 4). Inverse PCR of the Hindili-digested
DNA of P2 amplified a 2-kb fragment instead of the expected
3.3-kb fragment. The sequence of the abnormal 2-kb fragment
contained a breakpoint located at nt 154 296 978 in MTCP/ in
the Inv22 X chromosome. The adjacent telomere side
sequences were located at nt 154 566 1355 and nt 154 734 058
in the palindromic regions of inr22h-2 and -3, respectively, in a
centromere direction in the Inv22 type 1 X chromosome;
however, either one was in telomere direction in the WT F8 X
chromosome. There was one base of microhomology (C) at the
junction (Fig. 5, P2).

In the case of the Inv22 type II X chromosome of P3, Bcll
sites were present at 3.3 kb on the centromeric side and
9.7 kb on the telomeric side of the primer pair O for PCR
mapping. Inverse PCR of the Befl-digested DNA of P3
amplified a 5-kb fragment instead of the expected 12.6-kb
fragment. The sequence of the abnormal 5-kb fragment
contained a breakpoint located at nt 154 241 636 in F8
intron 1. The adjacent telomere side sequence was located at
nt 154 625 305 between the palindromic regions of int22h-2
and -3 in centromere direction in the Inv22 type 1 X
chromosome; however, it was in telomere direction in the
WT F8 variant X chromosome, int22h-132 (according to the
Xq->Xtel orientation of int22h-1, -2, and -3 sequences) [16].
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Fig. 3. PCR Mapping. (A-P) PCR mapping products separated on agarose gel electrophoresis for the determination of intact or deleted regions on the
Xg28 of the patients. The presence of 2 PCR product in the patient indicates that the primer sequences are Jocated in the intact region, and the absence of a
product indicates that the primer sequences arc located in the deleted region. Primer pair locations are shown below and primer sequence data are given in
Table S2. M, the 100 bp ladder; WT, wild-type control male DNA; P1, patient 1; P2, paticnt 2; P3, patient 3. (Q) Schematic summary of PCR-mapped
locations on Xg28 (NC_000023.10, 154.0-154.8 Mb). A~P indicate sites of PCR primer pairs. Open circles indicate the PCR amplificd regions, and closed
circles indicate the PCR failure regions. Salmon pink boxes, F8; closed chevrons, intragenic int22h-1; dark gray and open chevrons within the arms of a
large imperfect palindrome (light grey), int22h-2 and -3, respectively; orange and yellow chevrons, inflh-1 and -2. Chimeric int22h sequences are denoted as
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Fig. 4. Locations of restriction enzyme sites and inverse PCR primers used to identify the breakpoint junctions. Values indicate the sizes of regions in kb,
whereas circled numbers (1--3) show the binding sites of primers used for inverse PCR to identify the breakpoints. Open and closed circles indicate the PCR-
mapped regions of successful and failed amplifications, respectively. We used Sspi for P1. HindI1l for P2 and Be/l for P3 in inverse PCRs to determine the
breakpoint junctions, respectively. Schematic symbols are as in Fig. 3Q. Primer sequences are shown in Table S3.

There were no bases of microhomology at the junction
(Fig. 5, P3).

All adjacent sequences of the breakpoints directed towards
centromere in the Inv22 X chromosomes, Pl and P2 in type I,
and P3 in type I, respectively. Whereas these sequences
directed towards telomere in the WT F8 X chromosomes, Pl
and P2 in mr22h-123 or -132 vanant, and P3 in int22h-132
variant, respectively (Fig. 5, bottom). The two WT Xq28
variants were as a result of a non-deleterious inversion
polymorphism, which changed the relative positions and
orientations of int22h-2 and -3 [3].

The putative breakpoint junctions were subsequently con-
firmed by the PCRs with primers located on both sides of the
junctions. The patients (P1-P3) and the family members of P2
(his mother and grandmother) showed predicted PCR prod-
ucts, respectively, but the WT male control for each breakpoint
did not (Fig. S1).

Discussion

A variety of gene abnormalities, point mutations including
nucleotide substitutions, small insertions/deletions and F§-
related inversions causing HA have been reported. Large
deletions in F§ account for approximately 5% of HA, and
almost all cases of gross DNA rearrangements result in fow
levels of FVIII: C < 1%, corresponding to clinically severe
disecase. We have described complex X-chromosome rear-
rangements in three unrelated Japanese patients affected with
severe HA. In a previous study [11], the patients were shown to
carry large deletions of the F8 exons 1-22 (P1, P2) or 2-22 (P3),
using Southern blot analysis; however, the precise gene
abnormalities were not fully elucidated.

In the long PCR analyzes, all patients displayed expected
AQ products resulting from centromeric recombination of the
Inv22 X chromosome, but unexpectedly lacked PB products
from its telomeric recombination. In the IS-PCR analyzes,
Inv22 diagnostic tests showed that Pt and P2 had an Inv22 type
1, whereas P3 had an Inv22 type II; however, they unexpectedly
showed wild-type patterns in the complementary tests. These
data indicated that the patients carried an inversion int22h copy
on the centromeric side but not on the telomeric side, and thus
could carry an intact in£22h copy in the most telomeric region.
Thus, abnormal rearrangements might be combined with
Inv22 in the terminal end of the long arm of the X
chromosomes of these patients.

We hypothesized that the patients carried Inv22 and large F8
deletions in the terminal region of the long arms of their X
chromosomes. Accordingly, we investigated the X chromo-
somes of the patients by PCR mapping, inverse PCR and DNA
sequencing to evaluate the deleted regions and their break-
points. In PCR mapping, we could roughly estimate the
locations of the centromeric ends of the deleted segments in the
Inv22 X chromosome. Subsequent inverse PCR and DNA
sequencing revealed their deletion breakpoints. The sequences
of the telomeric ends of the breakpoints in P1 and P2 were
found in palindromic arms of int22h-2 or -3, each allowing two
possible positions, whereas the telomeric ends of the break-
points in P3 were found between the palindromic regions of
int22h-2 and -3. All adjacent sequences were directed towards
the centromere in the Inv22 X chromosomes, resulting in loss
of telomere structures. If the deletion took place after Inv22,
the DNA restoration after double-strand breaks (DSBs) using
a WT F8 Xq28 variant, int22h-123 or int22h-132, could make a
breakpoint followed in matching direction towards a telomere
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Fig. 5. DNA sequencing clectropherograms of fragment breakpoint junctions. Sequence orientations are indicated by purple (centromeric side) and red
(telomeric side) arrows. Breakpoint candidates are indicated by starburst symbols along with circled numbers. Schematic symbols are as in Fig. 3Q. (P1)
The junction in Xq28 of P1is located at nt 154 426 072 (the nucleotide position is with reference to the wild-type (WT) X chromosome: GenBank accession

NC_000023.10), about 20 kb on the telomeric side from VBP/ on the Inv22

type 1 X chromosome. The adjacent telomere side sequences arc located at nt

154 598 975 and nt 154 701 245 in the palindromic regions of ins22h-2 and -3, respectively, in centromere direction in the Inv22 type I X chromosome. The
CTT in the boxed sequence indicates an overlapping sequence common to both regions. (P2) The junction in Xq28 of P2 is located at nt 154 296 978 in
MTCPI of the Inv22 type 1 X chromosonic. The adjacent telomere side sequences are located at nt 154 566 155 and nt 154 734 058 in the palindromic

regions of int22/-2 and -3

, respectively, in centromere direction in the Inv22 type I X chromosome. A cytosine residue common to both sequences is boxed.

(P3) The junction in Xq28 of P3 is located at nt 154 241 636 in F8 intron 1. adjacent to nt 154 623 305 between the palindromic regions of ine224-2 and -3
proximally in the Inv22 type I X chromosome. There are no bases of microhomology at the junction. (WT Xq28 variants) Positions and directions of
telomere sidu sequences of the breakpoints are plotted on the two WT F8 variants Xq28, in122h-123 and -132 (according to the Xg- > Xtel orientation of the

in22h-1

2, and -3 sequences). Circled numbers correspond to the positions in the Inv22 X chromosomes of the patients. In the two WT variants Xq28,

cach ddijCnt telomere side sequence of the breakpoints found in the patients directed towards a telomere at least in one position.

as shown in Fig. 5 (bottom). It is well known that the telomere
structure of the chromosome is essential for the cell to survive.
Therefore, the DNA DSBs would be repaired with a WT X
chromosome to regain a telomere structure, resulting in the
presence of one more additional intact mni22h-2 or -3 as
detected in the IS-PCR (Fig. 2B). These complex abnormalities
could be caused by repair mechanisms after DNA DSBs.
DSBs are potentially lethal lesions that occur spontaneously
during normal cell metabolism or upon treatment of cells with
DNA-damaging agents. There are two major mechanismis for
repairing DSBs: non-homologous end joining (NHEJ) and
homologous recombination (HR). NHEJ involves the religa-
tion of the two ends of the broken chromosome and can occur
with high fidelity, or be accompanied by gain or loss of
nucleotides at the junction [17,18}. NHEJ occurs intra- or inter-
chromosomally and can lead to a small deletion, insertion, or
indel or a large deletion or inversion in the first case and a
translocation in the second case. HR relies on the presence of a

@ 2012 International Society on Thrombosis and Haemostasis

homologous duplex as a template for repair of the broken
chromosome [19]. Several sub-pathways of HR have been
defined, including DSB repair, synthesis-dependent strand
annealing and break-induced replication (BIR). BIR, which
has been experimentally observed in yeast, might also be
capable of causing complex rearrangements in humans leading
to HA [20]. The microhomologies identified at the breakpoints
of human complex rearrangements are not sufficiently long to
be employed in classic BIR. Replication-based mechanisms can
readily explain complex rearrangements and the microhomol-
ogies at breakpoints. However, breakpoint sequence analyzes
of complex rearrangements also show in some cases an absence
of microhomology, which could indicate NHEJ-specific nucle-
otide insertion or deletion [21].

These rearrangements might not occur simultaneously,
because most instances of Inv22 occur during spermatogenesis
[22], and a chromosome pair is needed to repair DSB. We
deduced that in the studied families, first Inv22 occurred during
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spermatogenesis and then a DSB occurred on the maternal X
chromosome with Inv22, followed by repair by NHEJ and/or
BIR during oogenesis. Incidentally, P2's mother and grand-
mother carried in the heterozygous state the same mutation as
in P2 (Fig. S1B), suggesting that this rearrangement was
inherited over the generations.

Several independent reports using Southern blot and long
PCR analyzes have shown unusual patterns with both inz22h-
related inversion and deletion of F8 causing severe HA (‘rare
inversion type’) [8.23,24], and we identified three such cases in
our study. So far, we identified three such large deletions in 63
severe HA patients tested for Inv22 in our laboratory, these
deletions could be missed using any of the standard Southern
blot or PCR approaches to analyze the Inv22.

As one of the precedents for DNA repair, Sheen er al. [20]
reported a complex mutational event resulting from DNA
repair that incorporates BIR and serial replication slippage in
a severe HA patient. That mutational event consisted of two
adjacent complex deletion/insertions; one involving a deletion
of the promoter and exon 1 of F8, and the other involving a
large deletion/insertion that removes the entire coding
sequence of the FUNDC2 gene. Moreover, they found a large
duplication of four genes (TMEMI85A, HSFX1, MAGEAY
and MAGEAII) in the latter deletionfinsertion. They con-
cluded that this complex genomic rearrangement was gener-
ated by two distinct, but linked, repair mechanisms in response
to simultaneous DSB. Although the complex rearrangement
by a combination of complex deletions and insertions was
not found in our three cases, it is suggested that the
combination of DNA DSB and a repair mechanism in the
telomere region of the Inv22 X chromosome might be less rare
than supposed.

Five genes between £8 and 1n122k-2 used as markers in this
study are well characterized on Mendelian Inheritance in Man:
MTCPI (OMIM 300116), BRCC3 (OMIM 300617), VBPI
(OMIM 300133), RAB3YB (OMIM 300774) and CLIC2
(OMIM 300138). In this study, P1 carried the largest deletion
of about 270 kb including FS8 exons 1-22, MTCP/ and
BRCC3. Recently, Miskinyte e al. [25] reported that a Joss of
BRCC3 led to abnormal angiogenesis and was associated with
X-linked moyamoya syndrome, which is characterized by the
association of a moyamoya angiopathy, short stature and a
stereotyped facial dysmorphism. They investigated families
affected by X-linked syndromic moyamoya disorder, in which
an overlapping deletion at Xq28 removed M7TCPI and BRCC3
and cosegregated with the affected phenotype. Very interest-
ingly, P1 in our study had a facial dysmorphism and short
stature, and was diagnosed with dwarfism. In view of the
findings of Miskinyte ef al., the short stature of Pl could be asa
result of the deletion of BRCC3.

In conclusion, we identified three distinct gene rearrange-
ments in the most distal region of the long arm of the Inv22 X
chromosome that appeared to result from DSB-BIR (and/or -
NHEJ) DNA repair, leading to large F8 deletions in severe HA
patients with high responding FVIII inhibitors. Elucidation of
such complex gene rearrangements will help to understand the

molecular mechanismi behind not only gross X chromosomal
rearrangements causing severe HA, but also genomic rear-
rangements causing other genetic diseases.
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family members of P2.

Table Si. (A) IS-PCR primers. (B} Expected product size in
each reaction.

Table S2. PCR mapping primers.

Table S3. Inverse PCR and sequencing primers.

Table S4. Breakpoint specific primers.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the
article.
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