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Antithrombin-resistant prothrombin Yukuhashi mutation also causes
thrombomodulin resistance in fibrinogen clotting but not in protein
C activation
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ARTICLE INFO ABSTRACT

Article history: Introduction: Prothrombin Yukuhashi (p.Arg596Leu) mutation can result in thrombophilia associated with anti~
Received 19 April 2014 thrombin (AT) resistance. Mutant thrombin, an active form of prothrombin Yukuhashi, demonstrated moderate-
Received in revised form 16 June 2014 ly lower clotting activity than the wild-type but substantially impaired the formation of the complex with AT.
Accepted 28 July 2014

However, the effects of the mutation on the thrombomodulin (TM)-protein C (PC) anticoagulant system have
not been previously elucidated.

Materials and Methods: We prepared recombinant wild-type and mutant prothrombins, converted to thrombins
using Oxyuranus scutellatus venom, and performed fibrinogen-clotting assays with or without recombinant sol-
uble TM (rTM). We also evaluated activated PC (APC) generation activity of recombinant thrombins by measur-
ing APC activity after incubation with human PC in the presence or absence of I'TM.

Result and Conclusions: r'TM treatment reduced the relative fibrinogen-clotting activity of the wild-type down to
8.4% in a concentration-dependent manner, whereas the activity of the mutant was only decreased to 44%. In the
absence of ITM, APC generation activity (AA/min at 405 nm) was fairly low (0.0089 for the wild-type and 0.0039
for the mutant). In the presence of r'TM, however, APC generation activity was enhanced to 0.0907 (10.2-fold) for
the wild-type and to 0.0492 (12.6-fold) for the mutant, and the relative activity of the mutant with rTM was 54%
of that of the wild-type. These data suggested that the prothrombin Yukuhashi mutation may cause TM resis-
tance in terms of inhibition of fibrinogen clotting; this may contribute to susceptibility to thrombasis, although
the enhancing effect of APC generation can be maintained.
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Introduction Serbian families with thrombophilia and is a different mutation at the

same position (c.1787G > A, p.R596Q) [5]. AT-resistant thrombin may

Hemostatic disequilibrium is a pivotal mechanism in all types of
thromboses. Deficiency of natural anticoagulants such as antithrombin
(AT), protein C (PC), and protein S (PS) increases the risk of venous
thromboembolism. Factor V Leiden and prothrombin G20210A muta-
tions are widely known as the most frequent causes of inherited
thrombophilia in Caucasians but not in Asians [1,2].

Recently, AT resistance was reported to be associated with mutant
thrombin from prothrombin Yukuhashi (c.1787G > T, p.R596L) that
was found in a Japanese family with inherited thrombophilia [3,4]. Mu-
tant thrombin derived from prothrombin Yukuhashi showed moderate-
ly lower procoagulant function than the wild-type and substantially
impaired inhibition by AT. The other prothrombin mutation that confers
AT resistance, prothrombin Belgrade, has also been reported in 2
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have prolonged procoagulant activity in vivo, resulting in predisposed
thrombosis; however, the effects of the prothrombin Yukuhashi muta-
tion on the thrombomodulin (TM)-PC anticoagulant system have not
yet been analyzed.

TM, an endothelial cell receptor of thrombin, converts thrombin
from a procoagulant enzyme to an anticoagulant. Thrombin bound to
TM promotes rapid conversion of PC zymogen to activated PC (APC)
that binds to PS and inactivates factors Va and VIIIa; it also inhibits the
conversion of fibrinogen to fibrin as well as the activation of platelets
[6,7]. Thus, the TM-PC system contributes to natural anticoagulant
mechanisms, inhibiting fibrin clot formation and preventing excess gen-
eration of thrombin. In mice, it has been reported that the loss of TM
function in endothelial cells causes spontaneous and fatal thrombosis
in arterial and venous circulations, which results from unfettered activa-
tion of the coagulation system [8].

In this study, we evaluated the effects of the prothrombin Yukuhashi
mutation on the TM-PC anticoagulation system.
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Materials and Methods
Materials

Purified human prothrombin, PC, and fibrinogen from fresh frozen
plasma were obtained from Haematologic Technologies Inc. (Essex
Junction, VT, USA) and from Wako (Osaka, Japan). PTT-Reagent RD
was purchased from Roche Diagnostics KK (Tokyo, Japan). Oxyuranus
scutellatus (Ox) venom, also known as Taipan venom, a high-
molecular-weight (approximately 250 kDa) prothrombin activator,
was obtained from Sigma-Aldrich (St. Louis, MO, USA). Recomodulin
(ART-123), a recombinant soluble TM (rTM), was generously gifted by
Asahi Kasei Pharma Co. (Tokyo, Japan). Pefabloc-TH (NAPAP), a selec-
tive inhibitor of thrombin, was purchased from Pentapharm Ltd.
(Basel, Switzerland). Synthetic chromogenic substrates H-D-Phe-Pip-
Arg-p-nitroanilide (S-2238) and Glu-Pro-Arg-p-nitroanilide (5-2366)
were obtained from Sekisui Medical Co. (Tokyo, Japan).

Recombinant Prothrombins

We prepared recombinant prothrombins, because the proband’s
plasma would not be suitable for evaluation on account of warfarin
treatment. We established stable transformants of the HEK293 cells
that expressed wild-type and mutant recombinant prothrombins, as de-
scribed previously [3]. Stable transformants were cultured for 24 h in
serum-free medium including 5 pg/mL of vitamin K1 (Isei, Yamagata,
Japan). The medium was collected and concentrated using Vivaspin
Turbo 15 (Sartorius Stedim Biotech GmbH, Goettingen, Germany) that
contained a polyethersulfone membrane with a molecular weight cut-
off of 30 kDa. The concentrated medium was stored at — 80 °C until
use. We determined the antigen levels of prothrombin in the condi-
tioned medium using enzyme-linked immunosorbent assay (ELISA; En-
zyme Research Laboratories, South Bend, IN, USA).

Procoagulant Functional Assays for Recombinant Prothrombins

To test the procoagulant functions of recombinant prothrombins, we
performed chromogenic and fibrinogen-clotting assays.

In the chromogenic assay, recombinant prothrombins were diluted
to 1% of the plasma prothrombin concentration in the dilution buffer
[50 mmol/L Tris-HCI (pH 8.1) with 300 mmol/L NaCl}, and 500-L ali-
quots of the dilutions were incubated with 100 pL of the prothrombin
activator (150 pg/mlL Ox venom in saline) and 100 pL of the Ca-
phospholipid mixture [15 mmol/L CaCl, and 50% phospholipid (PTT-
Reagent RD)] at 37 °C for 2 min to allow sufficient conversion to throm-
bin. We used PTT-Reagent RD dissolved in 2 mL of distilled water for the
100% phospholipid solution. Thrombin activity was measured as chang-
es in absorbance/min (AA/min) at 405 nm with the spectrophotometer
TBA-180 (Toshiba Medical Systems Co, Tokyo, Japan) using 200 1L of the
chromogenic substrate S-2238 (0.5 mmol/L in distilled water).

In the fibrinogen-clotting assay, recombinant prothrombins were di-
luted to 10% of the plasma prothrombin concentration in the dilution
buffer [50 mmol/L Tris-HCl (pH 7.4) without NaCl], and 10-pL aliquots
of the dilutions were incubated with 10 pL of the prothrombin activator
mix (50 pg/mL Ox venom in saline) and 10 pL of the Ca-phospholipid
mixture [30 mmol/L CaCl, and 25% phospholipid (PTT-Reagent RD)] at
37 °C for 2 min to allow sufficient conversion to thrombin. We mea-
sured the clotting time by adding 30 pL of fibrinogen (420 mg/dL in sa-
line). The relative residual thrombin activity was determined on the
basis of the standard curve of thrombin derived from purified human
prothrombin.

Inhibition of Fibrinogen-clotting Activity by TM

We performed the fibrinogen-clotting assay as described above with
or without rTM. First, recombinant prothrombins were converted to

thrombins using Ox venom with phospholipid and CaCl,, as described
above. Second, we added 10 pL of 1'TM solution at 3 different final con-
centrations (0, 50, and 100 ug/mL), and incubated each for 1 min to in-
hibit thrombin activity. Finally, the clotting time was measured after
adding 40 pL of fibrinogen (420 mg/dL in saline). The relative residual
thrombin activity was determined on the basis of the standard curve
of thrombin derived from purified human prothrombin.

APC Generation Assay

To evaluate APC generation activity of mutant thrombin, we mea-
sured APC activity after incubation with human PC in the presence or
absence of r'TM. We performed a chromogenic assay using S-2366 spe-
cific for APC. In this assay, recombinant prothrombins were diluted to
1% of the plasma prothrombin concentration in the dilution buffer
[50 mmol/L Tris-HCl (pH 8.1) and 300 mmol/L NaCl], and 500-pL ali-
quots of the dilutions were incubated with 100 pL of the prothrombin
activator (150 pg/mL Ox venom in saline) and 100 pL of the Ca-
phospholipid mixture {15 mmol/L CaCl, and 50% phospholipid (PTT-
Reagent RD)] at 37 °C for 2 min to allow sufficient conversion to throm-
bin. Then, 100 pL of rTM (200 pg/mL in saline) and 10 pL of purified
human PC (100 pg/mlL in distilled water) were added and incubation
was continued for 60 min at 37 °C to generate APC. We added 100 pL
of Pefabloc-TH (5 umol/L in distilled water) to the reaction solution
30 s before measuring APC activity in order to prevent nonspecific
cleavage of the S-2366 chromogenic substrate by thrombin. APC activity
was measured at 405 nm with TBA-180 by adding 200 pL of S-2366
(0.5 mmol/L in distilled water). We expressed APC generation activity
as changes in absorbance/min (AA/min). Based on the data of a time-
course experiment, the incubation time required for APC generation
was selected as 60 min (Fig. 1).

Results

Procoagulant Functional Assays of Recombinant Mutant Prothrombins
We measured procoagulant activities of thrombins derived from re-

combinant wild-type and mutant prothrombins. Mutant thrombin

showed relatively lower activities both in the clotting assay using fibrin-

ogen (37% -+ 3.3% of the wild-type) and in the chromogenic assay using
$-2238 (57% £ 16% of the wild-type) (n = 3, mean -+ SE) (Fig. 2).
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Fig. 1. Time-course of protein C (PC) activation by thrombin in the presence of
thrombomodulin (TM). After wild-type prothrombin was sufficiently activated to throm-
bin using Oxyuranus scutellatus {Ox) venom, human PC was added and incubated for 0, 30,
60, 90, and 120 min in the presence of recombinant soluble TM (1TM). After the residual
thrombin activity was blocked by Pefabloc-TH, activated PC (APC) activities were mea-
sured using $-2366 and expressed as AA/min at 405 nm.
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Fig. 2. Relative thrombin activity determined by 2 methods. After recombinant wild-type
and mutant prothrombins were sufficiently activated to thrombins using Ox venom,
thrombin activities were measured using S-2238 or human fibrinogen without thrombin
inhibitor. Experiments were performed in triplicate, and data were presented as the
mean =+ SE.

Inhibition of Fibrinogen-clotting Activity by TM

To assess procoagulant activities of thrombins derived from
recombinant prothrombins after the addition of rTM, we compared
fibrinogen-clotting activities of wild-type and mutant thrombins in
the absence or presence of r'TM. In the presence of 50 ug/mL of I'TM,
fibrinogen-clotting activity of wild-type thrombin decreased by
27% 4 1.1% of the activity in the absence of r'TM, and that in the pres-
ence of 100 pg/mL of rTM decreased by 8.4% + 2.5% (n = 3, mean + SE)
(Fig. 3). On the other hand, fibrinogen-clotting activity of the mutant in
the presence of 50 pg/mL of i'TM decreased by 52% 4= 4.9% of the activity
in the absence of r'TM, and that in the presence of 100 pg/mL of iITM
decreased by 44% + 7.6% (n = 3, mean =+ SE) (Fig. 3). Thus, 1TM treat-
ment reduced the relative fibrinogen-clotting activity of wild-type
thrombin to 8.4% in a concentration-dependent manner, whereas this
treatment decreased the activity of the mutant only to 44%.

APC Generation Assay

In the absence of 1'TM, APC generation activities (AA/min at 405 nm)
were 0.0089 + 0.0024 for the wild-type and 0.0039 + 0.0003 for the
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Fig. 3. Effects of rTM on fibrinogen-clotting activity of recombinant thrombins. Wild-type
and mutant thrombins were incubated with rTM (0, 50, and 100 pg/mL) for a minute, and
relative residual fibrinogen-clotting activities were measured. Experiments were per-
formed in triplicate, and data were presented as the mean = SE.

mutant (Fig. 4). However, in the presence of 'TM, APC generation activ-
ities were enhanced to 0.0907 + 0.0210 (10.2-fold) for the wild-type
and 0.0492 + 0.0076 (12.6-fold) for the mutant (n = 3, mean + SE).
We confirmed a linear relationship between APC activity and 0-0.2
AA/min at 405 nm in the assay using human APC donated from the
Chemo-Sero-Therapeutic Research Institute (Kumamoto, Japan) (data
not shown). The relative APC generation activity of the mutant with
rTM was 54% of that of the wild-type.

Discussion

Thrombin plays a critical role not only in blood coagulation but also
in anticoagulation, because TM, an endothelial cell receptor of thrombin,
converts thrombin from a procoagulant enzyme to an anticoagulant.
Thrombin bound to TM promotes rapid conversion of PC to APC that
cleaves and inactivates factors Va and VlIla together with PS [6,7]. It
has been reported that the prothrombin Yukuhashi mutation, which in-
volves substitution of arginine for leucine at position 596 (p.Arg596Leu),
can result in thrombophilia associated with AT resistance [3]; however,
the effects of this mutation on the TM-PC anticoagulation system were
not previously analyzed [4]. Therefore, we evaluated influences of the
prothrombin Yukuhashi mutation on the TM-PC system in this study.

We demonstrated that 1TM treatment reduced the relative
fibrinogen-clotting activity more effectively in wild-type thrombin
than in mutant thrombin. rTM (ART-123: recombinant human soluble
TM) is composed of the active extracellular domain of TM. Similar to
membrane-bound TM, ART-123 binds to thrombin and this complex
converts PC into the natural anticoagulant APC [9]. Assuming that
there are 100,000 copies of TM per endothelial cell, a reasonable esti-
mate of the TM concentration in the capillaries is in the range of
100-500 nmol/L [6], which corresponds to the range of 6.4-32 ug/mL
of ITM (MW: 64,000). Therefore, the rTM concentration of 50 pg/mL
in this assay was slightly higher than the human TM concentration in
the capillaries. Higher concentrations of rTM are needed to prolong
plasma clotting time, but rTM (ART-123) is highly effective to inhibit
thrombin generation at a lower dosage [10]. However, it has been
suggested that at high concentrations of 1TM, the prothrombin
Yukuhashi mutation may cause TM resistance in terms of inhibition of
fibrinogen-clotting activity of thrombin.
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Fig. 4. APC generation assay. Recombinant prothrombins were sufficiently activated to
thrombins using Ox venom, human PC was then added, and the combination was incubat-
ed for 60 min in the absence or presence of rTM. After the residual thrombin activity was
blocked by Pefabloc-TH, APC activities were measured using S-2366 and expressed as
AA/min at 405 nm. Experiments were performed in triplicate, and data were present-
ed as the mean + SE.
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Inhibition of fibrinogen-clotting activity of thrombin by TM is more
rapid than inhibition by AT. In a previous study, excess AT without hep-
arin gradually reduced fibrinogen-clotting activity of thrombin after
>30 min [11], whereas excess 1TM fully diminished it within a minute
in this study (data not shown). The interaction of thrombin with TM is
an enzyme-cofactor interaction that should be rapid and reversible so
that the cofactor can convert many allosteric enzyme molecules
simultaneously [12]. Most of the thrombin formed, at least in microcir-
culation, is believed to be bound to TM, representing the major
anticoagulant mechanism at the intact endothelial surface; AT may
irreversibly inhibit thrombin while bound to TM. Thus, it is assumed
that TM plays a key role in the regulation of coagulation in damaged
blood vessels, although AT is a pivotal molecule that can inhibit exces-
sive clotting over the long term.

Thrombin is an allosteric enzyme controlled by sodium binding [13,
14]. Sodium-bound thrombin (known as the fast form) is optimized for
procoagulant function because of increasing substrate specificity for fi-
brinogen, whereas sodium-free thrombin (known as the slow form) is
an anticoagulant because of increasing specificity for cleaving PC [15].
The mutation in prothrombin Yukuhashi occurred at residue Arg596
(Arg221a in the chymotrypsinogen numbering system [1G]) within
the sodium-binding region of thrombin and can be expected to have
an influence on the binding of sodium, resulting in a change in its prote-
ase activity and specificity. In this study, we demonstrated that rTM sub-
stantially enhanced APC generation activity of mutant thrombin,
although the activity was still approximately half of that of the wild-
type. In chromogenic assays, procoagulant activity of mutant thrombin
was 57% of that of the wild-type and APC generation activity of the mu-
tant in the presence of I'TM was 54% of that of the wild-type. This sug-
gests that APC generation activity can be associated with the protease
activity of thrombin. It is appears that rTM can form a complex with
both wild-type and mutant thrombins and enhance PC activation in
equal proportion, suggesting that the prothrombin Yukuhashi mutation
may not be TM-resistant in terms of APC generation enhancement.

Fukudome et al. demonstrated the endothelial cell-specific expres-
sion of endothelial cell protein C-APC receptor (EPCR) in vivo, particu-
larly in the aorta and large arteries but not in the capillaries [17]. EPCR
was found to greatly accelerate PC activation mediated by the throm-
bin-TM complex. Although the high-affinity binding of PC to EPCR on
the endothelial cells was a critical step for activation, TM was an essen-
tial component for activation even in the presence of EPCR. In this study,
we evaluated the effect of the prothrombin Yukuhashi mutation on the
activation of PC in the presence of soluble rTM, but not in the presence
of both TM and EPCR. Therefore, further experiments may be needed to
evaluate the mutant effect in the presence of both TM and EPCR on the
endothelial cell surface taking into account in vivo-situation.

In conclusion, we evaluated the effects of the prothrombin
Yukuhashi (Arg596Leu) mutation on the TM-PC system and demon-
strated that the mutation may attenuate immediate anticoagulant activ-
ity of TM. This possibly contributes to the susceptibility to thrombosis,
although its enhancing effect on APC generation can be maintained.
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HAREIRTWA, 2, PS Tokushima 28
(pK196E) X HAAA O MERR L LTl
M, 55 A1 AOBEETATFURFHELTWAH?,
=7, WEZICERAAHZ2BEERED H D,
BL RS C BERIRHTH - 22 8IRIRIE SRS
BT HFRICBNT, @EGBLEEE 2570
burEUBEETREC, SICEEEIARRE O R
WNEmBZEEERL, HLRMERRE - 7
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FrarEr LAY A (AT resistance :
ATR) & LTHE LY, ATk, ZoHLw
SRS EE - ATREEDA ) —= 0 7
WAL DT DWW, it DM S B E 2 T
EACREAD

EEfF DR M MAR SRR

MRS, mEA A MR 2w X
5 B AT T3 AR R AR I & % 1k ik
RSy < . a0, fEE AN Tl - TiAe b3k
CawE Iz, FmEREH oz
ERA7 AT 35 W IR TS e ] BB 25T L 2w
£ 912, & DA EEIHER S Thw S,
AR BUE D—2TH & 5 215 ok AR
BlE, MR, MUMR, BEREBRERE TR 5 N
FN o OWHIKE T % E O iR o b L
BINTEY, ZokEEOREICLY) 2o
TV ADSHII B LRI 2 HAILSE IR R MARE 23 56 4E
ThH. INHO) BLRENINEDERE & % % @iz
Y A7 BERE LToORKEMEERRICE, #
I SUS OMEIHANC FRE A 5 [ T
DOBAR TN | &M 2 BEE RS E S 72 5 [H
EH KT OMEBETRE] PS5 Tn5S,

1. BENHEFEETFEEC £ 35X KM

AR

PR R B PIHIEFTH B AT, PC, PS D
FEFREIIL, FNERORZHE/ BEREICHED #
EHmARERR E R ERPRESRTB Y7,
HARADEIRMASERE D5 L O#EET
BEPFREENTWASY. 512, PS Tokushima
(pK196E) 25513 H A NIFE O R a3 R
ELTHSI, HERAD DS A1 AT s
e LT pKI9GE ZRAGET 5 & Sha?,

2. BERFOEEZFEREICL I EXRELEE

EFES)

ok N2 BRI 22 & LT, &AL PC
LY A% A (APC resistance) % 7R3 Factor
V Leiden (R506Q) Z#£7%, o oy ¥ Yz
T IFEFRABOE R L Y Eh 7w bo v
EVBERAEAET AT b Y Y G20210A
BORHELTHL. LHPL, SROBHAAZED
TT VT AEIHIEN 2 <, BORAIC AR O3

JERGWEHD—DE ENTnE, Fiz, T
i 2 LT, SRR IX K (FIX) #Efa5
WA R BRI (LA B) Tld e &, ailc
TWEPEDS PR Bl (700% ) % 7R3 720 it A e
DOEH E 7% 5 FIX Padua S{ETE RN H HW.

-GS RMEmEEER - 7F bOoE L
242 Z (ATR)

B AT MUASIE O P iE W E ZIRIEAH 2 b o
WA, FEAILES < FINAAH CHEIR IMARAE DS
T ARBICB T, @i & ks 7
0w O RTINS IR AR RE O BUA & 20
HEETREZSELL, B Ui EER - ATR
ELTHEE LYY, g, FV Leiden 250 U < %
BRT-OI ALY ABRRTHY A0, BEGEE
G2, ol L PC (APC) 12 X A ARGk
PPt Z R 729, RS U CARMER & 72 2 95
REIZLT W B,

1. 78 bO>E > Yukuhashi ZEDHEE

FEYE O H AN 11 5180 1 e S0 IR 1A%
JEARFSHEL TWiz, TOFRRTIE I MWUTE ST
8 ZOWIRIMATERE B (3 HIZBEITIET) D&
B, FHIRIASIE AT 2 48 B 12 D IV SEPE IS8 HE
T HMMAR S Nz, 2001 4R BERI O Je KM il A
BREIZOWTRHES STV, RFERITIE
BB EN o727 25 Lz, 2009 46
\= Boston C B fi X 7= [ BE UL & O i 22 A
(ISTH) BT, & 5@\ EENBIER RO T/ 4
74 FEEET S, FOWRRBEAHEL 00T
T e s rBETFREEOFESRE SIS,
COHERZTRA D RFRIEUE ORI % 1T -
Il ZA, TRMICVEVEEFIII ALY AL
B. o b o ¥ ¥ ¥ YukuhashiZ 2
(c.1787G>A, pRS96L) #FE Lz, T DR,
forey (Fur by roEdR) 45AT
LHEAK (TAT) BELTARELINEBTO
AT T LOBEWIIMLBTADDOTHo72 (M
1).
2. KERTOMISEREEFET
2009 4E ISTH Boston I THE SNz 710 b
VEVEEBETREICOWTREROEREORED
AT, MBIEFRIEICE 2 REMRTOBRE IR %
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F2:¢.1787G>T

Cys Asp 332 Asp  Gly
BmaR TGT GACCGG GAT GGG
FEH TGT GACCTIG GAT GGG
Cys Asp lLeu Asp Gly

1., 7oFrOrEC LY ZXE2X (ATR) £/ 0
7R barE VBEFER

(Mivawaki, etal. : N Engl ] Med, 2012 % 5(%)
¥umEosara s r@EnET (F2) &, g
PayEvE AT LOBEBCHBET AT ALF =V
(596R) Hu A v (596L) WKEHRTH I AL A%
£ (c1787G>A, pR5%6L) ZHEE L.

ERTHWRWY, 22 TRAIGHAARRICBY
HI@7a bu v ¥y Yukuhashi Z B To ik
JERIERFB ICOWT OB 21T 72, BR
ORLNI-Ta R EYoTVESY (R596)
i, B E N bu s ¥ USAT L HEAK
(TAT) 2 L TCRE (LS NBBIZ, ATOT A
85X (N265) LARBEEHBRT 5 &0
HENTWAEY, L7298 T, RO96L E#tid 7o b
Oy UIEE L BRORE b1 v Yy ORGRS
PREITIENFEIN, T/, 2O RH6L EHE
ERIIARROBEREZ CEALNT, BEL
RRATOMOMBESRF IS RL I IzZ eh
5, RRJRTOBBUENBRECRRETHL Z &
W BEbL, BE T bu Yy OBBERTIC
BWT, TTCIRMBREREOLDICTINT 7 ) v
FHRE SN BFMERETIEBITRETSH - /2
Todh, o4 IBET LENEEE AW THAL/E
Bflyorur¥ryezyaverry bEBRELT
HEK29 il CARR &4, ZOEMBESH TOR
BEEISBEHEL, 202 ¥ rAOEHALE)
B IEHEALBO AT I X ARNELENRE % o
L.

3. hOYELADEE{LENEE

Y UREE Ca A A VHEAETIRBWT, 7Y H

BIS%EIE 20144 201

¥FXa/Fvallkasa7uburerasbrury
YANDER A REIEC Y 2 A ¥ 7 a Y MEWT
BEEL-b2n, BEMTO bo v/ dEpAR
CREFBRRHRSS— YRR LI EDS, £
nZEn b U OEEEIZIZIZRSICB I 2
SEAHBL (K2).

RIZ, 7o boreryRZMEICENETNETE
BMeHrWEERBMYa ¥y >y Fuburey
EOMUCEEPIIEZERL, 3o0FETT
Fo Ui EBT L. $hbb, vubn
YRS P EryAOEELE T4 T 8
v R LT ARG R IO B Gl — B,
FSCEEAL L e v v T 4 Ty DA
9 B EEEIG O AR NS 55 E B, X5
2, Mo YU UICRRN RS AR A E S2238
W23 AR T 5 AR EE S0, 3EED
FHEEZHWCHAR/ZEEM 7o b v ol
HaRfE L R, FofE, BAERBOumngE
T O EETH R IEE & W45 HE %2R
L7eds, BRAEBEUNETIEI>&ETOHETE
ARZTEY, BE—BEETRHEA5%), K
WCEERE Bk (32%), #OCE D (66%) DIE
THEIRELL o, Thbh, ERM SO b
Ty E YU ADER)R R REE L,
TATI I RFEHRELLEELET TS
L, 74TV B LT TEINE NS
A I S2238 2 VTR L m it d ¢
DIERT LRI EPBIEIN Y2RS5 T
7y METHRSIZBREOREN Y - R2RL
ToAERE G B, CTEETOWHLhLRERE
H—RFBLTWBEEIIARZED, T2RF Y
Ty PETO M Y EVAORZIZE L2/
REE 208 LR BMW R OELY LT 5 5EE
B ABOMBBERIEEE 0720 B
bz,

4, BErOLE L ORNE{LENIEE

FRMIO oYy bor e giEliL
7oz, AT LofifaRe (hurey - AT (TAT)
BAERIERER) 20w THEROZFN & e
L7zeZh, A3 VIEFETTEER o v ¥
VIZFATIIBLAEHEALZWI E2YHIL, 12
EAEATIE AT LI N 2w L FE S
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B (s06r: ®AT)

(kDa)

o o & &
ST RS

175 7

80
58 7

46 7

30 7

R 5061387 )

@ @ & &
Q@f\?@\@@®@0§ N

N

M2 vUarEsFrbhbrabaorEroFXa/FVals & 35S/ Z — 2
(Miyawaki, etal. : N Engl ] Med, 2012 %*5 %)
BAEH (596R ¢ AE), AR (B96L A Vav¥FrviTsubur¥roy ik FXa/
FVallk b by E At biigins g — v & w2 A% y7ay 54 ¥ L.
FIL ¢ prothrombin, F1, 2: fragment 1+2, P2 : prethrombin-2, Tg : B chain of throm-

bin, Fl : fragment-1

£1. JOorOrE L EMRE

e WAl
PR —— - ; N N
BERE—BEEE | BB | AREEE
WY (596R) 112% 109% 33%
2258 (596L) 118% 32% 66%

o bha ey REMSIZENENEER EEM) Sy T
oy ERRMLCEEMIIE S U, BE—B i, BRE B, AR
B0 3O EE A CCEER (596R) /ERR (596L) Yulroryy

DI W L7z

(Miyawaki, etal. : N Engl ] Med, 2012 7>&%%)

Nz (3., ~ANY VELTCEHERMCHITA
BN 7RIS 7 TAT AR EAEZRLA, 1
SUPNCEE SR TAT AR AR ok
SREIZEET STV, IRLEDFEENS, &
BEAMg VEVTEHATICES Py EVRE
ISR EEIRTHWALZ N PHEEINL.

—FF, 70 by ¥y RZIMEE ISR/ AT
Jubrur¥rg 50% 3oumL A BRI
WICBITA b ¥ AR EE (Thrombin gen-
eration assay @ TGA) Tif, ¥4 Yo b

VR A 7 EDIE R MR IER 7 — Vil gE & g
LT, &E b v U HEERRREV S OORE
EPFELIBELTBY, BRELTE MY
VIEHEIZHY T A ETP (Endogenous thrombin
potential : {EVEME & IR OOl 0FE LW
HMERERDL (K1), $hbb, BEHFLFEPOR
FE7oborerid, MEREREERRENCbO®
—BiE ML E N D & ATR 2R L CEREIE M
(7470 VAR ZHRLETLZ EN/FHEL
n, IHWPBARROBEHRIEDORREIZ RS 2



HAMAEMBERME FI5BEE3IT 20144F
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w
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-
A Lo

0 10 20 30 40 50 60
B (53)

K3 btOrEY-7LFROYEY (TAT) EE56HWEK
(Miyawaki, etal :N Engl] Med, 2012 % 5%Z)
Varyv¥rrhrTubur¥y (EHRE/506R B L OERR/B6L) 2 har ¥y
WEBRL, ZRENT v F I u vy E0BEAE (TAT) % ELISA HI2 THIE.
EHETO TAT BT EBANMAR Sy, ZEA T 3040 THRERR
Kifi, 603 THLITLhTFMILrRoNEh o7

S
N

N

. s o o s o

(]
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LR S Nz,

5. ATRA7 U —Z 2 FBEREEREDRESE
Frld, NN VIFET, EFETTOAT
XA Mar v oRFHLEEE SRR TR
WEIET 52 L TATR 2T A BRREE %
BEZS L., S L7229, ShuE, MRz v
ThuYEF—ERE®EET DD Typan i #
(Oxyuranus scutellatus (Ox)) (2& B 7w b ¥
VERTHSITEEAL, ATICES bPa vy EVRE
(LB RE % K BRI TORE b v ¥ o EE 2l
ELTBET A 0THE. KEOBREIIH2o
Tk, BUSEMHTORE, BISERME, RIGH
MSOE LU 2 L, ATR ¥ 5 HBER
BEEZEE L. AREBRICIBWT, Jorory
EURZIMBBICEHARM AT Z25m UEEL 28
ERIFERIEERIRT, ~NY VIEFEAET Tl
BESEEOATEHRMD? 5 305 THI10% 2 F
T yEVEEIHEESNIZOITHL, FERIC
YRS L - BREDR E BRI T 30 0%
TH 0% UEREL TV (X 4A). /42, &R

MmEEEREEEEL, V7 7Y VRABE
EHWTTNT7 7 YBARMEFI RIS THEN
DWTHHRET LR, ZFRLRERIIHETE
HATICE S Py BV ERORNELEEL B
BYLIETIUNT 7)) VIRABIZH BT RET
Hol. Thbb, ~3) VIEFLLET TR596L
ERIFRA BEREE 30 SRICEVTNRS 20% 12
EETho rEVEEPHEENLOIIHL, 2
% ® RE96L ZEARG BEMAE T L H 1T 30 5
IZRI50% o ha v EUERORESBEE SN
e, ATRBIERTH S L HETE S (M 4B).
ABEEZRAVC, BERATH - 22 IRIMR5E
BEEEAZBNTAILICX Y, HIRLBERSE
BT AHBMRERE - ATR OME OEEHR
ot ensl EPHFESNG. T, A
XN Engl ] Med BEICHIE LK REEELR S H
AANBRMAAER R BT, Bl MK X
)= U FETOBIICE Y Hi2% ATR BAR
MNEBIZ RZE LT AW,



TrFrAarErLIRY YA

300 — M

250 — ERE
= . HAFO
{:} 150
g1w
L.

50

O : et o 288 B Ronss i > . : 1
0 10 20 30 40 50 60

RS (9)

BhoUEVERER (nMamin) 1276 1658 2374 3620
BErIVEVEME (M) 284 283 194 144
RO E L SEME AR (min) 235 26.5 78.0 105.0

4. +pO>ECEREE (TGA)
(Miyawaki, etal. : N Engl ] Med, 2012 % 5t4%)
JubaryErREZMBEIZE)IEF L MTT T LY YRR BN
4 (ERBAFT) T, BEPUERImNAE QEFM) 1AV b a v RS
RV EIEAE L CEL, #RELTHR Mo € ViftksE (ETP @ Endog-

enous thrombin poteitial) ?F L WK %E 7.

6. ATR /R TH - L EEER

2013 4E Djordjevic 5 &, #EEHMEEZ b2k
VEFTA2ERCOTO b v VBEFER
(c1787G>A, p.Argb96Gin) 3 L7z=a8, k4
AR LB I Y wihd ATRZRTC
EXRHENE R0 T, FEIA ¥ F AR
ERBEICBWTHH UEENFEShRESNRT
WAHY TR, LTS HAITHAAL
KRB D ATR R % MBEREA 7 ) —= v 7k
WX D RE LAY, RFRROBET T O EL
VETANEREFL c1787G>A BREHB L,
EHICHFERO AARANMBRIERESTH ATR &M
WL, 230 c1787G>AZEEZFEL TS (H
AANSFERHE). Lo, mietEERE - ATR
WHARAZT TR ABCRAZIZ LD AREIZH
BEHEOREREE LTHELTYS 2 &3

L kieole, MEEMER 7 ) =0 7 EOE R
1, R R AR ARG AT L B A R I IR
THFEEIE L, 2545 ATREFOKRBICE
DOTERTHLEEZLND.

BbhIC

BEEIMAREDFRRK E LT, BET TIIHe L
BEENTFORBZTFRENFE SN TW S
WELRZICREARZBEERIBEDZ D 5.
FAid, BECEBMERSTFEI NS ERERE
F e 7uburyeroBEFERD, MICHIRIL
BAIEDORE & 2 53l 20 FREZ B L, #ifl
MmEHRRE - ATR Z R THOTHE L. 2D
FLWIIREEROFERE, HARAZT TR R
KAFIZ Do ANETCOMBEEHIBIEIIB VT
b FOFEMIHIC X 5 MBERIETFHICoRB5
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(Murata, et al. : Thromb Res, 2014 7~ &tq%s)

At~y VIEFETICBWTIHREE S 8 AT ORMBE N HSTO ra vy
WL, PR (B96R) FEMEMMAETIX 10% BEICE CHEI LD LT,
R (596L) FEHBRELMEEIZ 00% Ll EOBIED A b,

BN YIFETTO by E VIR, 7o by EVEEFICREEO 2V
T ) YREBREREE (O o, O k) TEE AmE Q) LREEORTE
{LEEEZ/RL, 7O POV ROBLEE R AT OIS D280 BEOTI VT 7))
YRR (@, A) TIEHHOLMCATICEIAHELZITIC WHERERL.

EFMFTE, SRELSL ATRFEIZOVT
DIFFERROERPEING.
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Abstract
A new thrombophilia: Antithrombin resistance

Tetsuhito Kojima
Department of Pathophysiological Laboratory Sciences, Nagoya University Graduate School of Medicine,
1-1-20 Daiko-Minami, Higashi-ku, Nagoya, 461-8673, JAPAN

Venous thromboembolism (VTE) is a multifactorial disease that develops due to a variety of con-
genital and/or acquired factors. Previously, it was thought that the incidence of VTE is lower in Japa-
nese than in Caucasians, but it has now been recognized that it occurs quite frequently in Japanese
based on improved diagnosis technology and the westernization of eating habits. Congenital thrombo-
philia due to a genetic deficiency of natural anticoagulant factors such as antithrombin (AT), protein C
(PC) and protein S (PS), is known to exist in Japanese, as in Caucasians, and many of thoée gene de-
fects have been identified. In particular, PS Tokushima mutation (p.K196E) is known as a thrombo-
philia peculiar to Japanese. On the other hand, there is still idiopathic hereditary thrombosis. In a
Japanese family in whom venous thrombosis occurred frequently and the cause was unknown for a
long time, we found that hereditary thrombosis was caused by a mutation in the prothrombin gene
that is usually reversely involved in bleeding symptoms. We thus reported a case of antithrombin re-
sistance (ATR) as a new thrombophilia. In this review, I will discuss an outline of this thrombophilia,

ATR, based on recent findings.

Key words: Thrombophilia, Antithrombin resistance, Prothrombin, Gene mutation
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Target exon resequencing using direct sequencing is a
popular method to discover causative mutations in the
responsible for hereditary diseases.
Homozygous or compound heterozygous mutations are

candidate genes

Abstract

Direct sequencing is a popular method to discover mutations in candidate
genes responsible for hereditary diseases. A certain type of mutation, however,
can be missed by the method. Here, we report a comprehensive genomic quan-
titative polymerase chain reaction (qPCR) to complement the weakness of
direct sequencing. Upshaw-Schulman syndrome (USS) is a recessively inherited
disease associated with severe deficiency of plasma ADAMTSI13 activity. We
previously analyzed ADAMTSI3 in 47 USS patients using direct sequencing,
and 44 of them had either homozygous or compound heterozygous mutations.
Then, we sought to reveal more extensive defects of ADAMTSI3 in the remain-
ing three patients. We quantified copy numbers of each ADAMTSI3 exon in
the patients by using genomic qPCR. Each primer pair was designed to contain
at least one of the two primers used in direct sequencing, to avoid missing any
exonic deletions. The qPCR demonstrated heterozygous loss of exons 7 and 8
in one patient and exon 27 in the other, and further analysis revealed
€.746_987+373del1782 and ¢.3751_3892+587del729, respectively. Genomic
qPCR provides an effective method for identifying extensive defects of the
target genes.

often identified in the corresponding genes of the patients
with autosomal-recessive  diseases. In some cases,
however, only one or no causative mutation is identified
in the responsible gene: (an)other mutation(s) may be

© 2014 The Authors. Molecular Genetics & Genomic Medicine published by Wiley Periodicals, Inc. 1
This is an open access article under the terms of the Creative Commons Attribution License, which permits use,
distribution and reproduction in any medium, provided the original work is properly cited.



Candidate Gene Analysis Using Genomic qPCR

A Direct Sequencing
e Exon
; ’ ~
PCR | ‘
}
Sanger sequencing Sanger sequencing
B Genomic qPCR (in this study)
K- <~500bp M M >~500bp ~ B

Dwns._tream
region

Upstream
region

PCR mapping and Sanger sequencing

Figure 1. Principles of direct sequencing and genomic gPCR for
genetic analysis. (A) In direct sequencing, target regions are amplified
by PCR using primer pairs (arrows) usually designed from the intronic
sequences flanking each exon, and the PCR products are directly
sequenced by the Sanger method. (B) In genomic ¢PCR, copy
numbers of target regions are quantified by real-time PCR. Each
primer pair contains at least one of the two primers used in direct
sequencing: common primer pairs are used for the regions smaller
than ~500 bp, and, for accurate qPCR, one common and one specific
primer are used for the regions larger than ~500 bp. If abnormal copy
numbers are detected, PCR mapping and sequencing are performed
to determine the precise sites of defects.

missed by the method. Although next-generation
sequencing may be useful in such cases, it needs special
equipments and is still expensive. In this study, we report
a comprehensive genomic quantitative PCR (qPCR),
which will be a powerful tool in combination with direct
sequencing.

Upshaw-Schulman syndrome (USS), also called heredi-
tary thrombotic thrombocytopenic purpura (TTP), is an
autosomal-recessive trait associated with severely deficient
plasma ADAMTSI3 activity. Homozygous or compound
heterozygous mutations in the ADAMTSI13 gene (OMIM

Y. Eura et al.

604134) are identified in most patients with USS (Levy
et al. 2001; Kokame et al. 2002; Kokame and Miyata
2004; Matsumoto et al. 2004; Lotta et al. 2010; Fujimura
et al. 2011; Hing et al. 2013). So far, more than 130 caus-
ative mutations have been identified by direct sequencing.
Using that method, we previously analyzed ADAMTSI13
in 47 Japanese USS patients from 41 unrelated families
(Fujimura et al. 2011). Of those, 44 patients from 38 fam-
ilies had either homozygous or compound heterozygous
mutations in ADAMTSI3. In the remaining three
patients, however, only single missense mutations (two
patients) or no mutation (one patient) was detected. In
this study, we sought to reveal more extensive defects of
ADAMTSI13 in these three patients by using genomic
qPCR.

In general, PCR primer pairs for direct sequencing are
designed to hybridize within the intronic sequences flank-
ing each exon (Fig. 1A). Mutations such as substitutions,
insertions, and deletions occurring in exons and exon—
intron boundaries are identified by Sanger sequencing
following genomic PCR, regardless of their heterozygosity
or homozygosity (Fig. SIA). Direct sequencing, however,
misses heterozygous mutations on the allele that contains
no or mismatched primer target sequences: not only
whole or partial deletion but also point mutations includ-
ing single-nucleotide polymorphisms of primer target
sequences can hamper PCR-amplification of the mutant

allele, which may contain other critical mutations in the

exon or exon—intron boundary (Fig. S1B). In these cases,
only the target region of the other (normal) allele is PCR-
amplified and sequenced, and the results are interpreted
as if the regions of both alleles are normal.

Copy number analysis may overcome the limitations of
direct sequencing. Multiplex ligation-dependent probe
amplification (MLPA) analysis (Schouten et al. 2002) is
often used for this purpose. Although MLPA is suitable
for detection of genetic defects including exon deletions
and duplications, it may still miss mutations that occur
outside the probe target sequences. Therefore, to comple-

Figure 2. Genetic analysis of three USS families. (A) Pedigrees and genotypes of the USS patient families. Circles with arrows indicate the
probands, USS-W4, -X5, and -KK3. Clinical data of the patients and the basis of diagnosis were described previously (Fujimura et al. 2011); the
description of USS-KK3 being the second of three children needs to be corrected. Plasma ADAMTS13 activities were measured by us (USS-W and
-X) or by Dr. Miha Furlan at University of Bern in 1999 (USS-KK), and are shown as a percentage of the normal control. ND, not determined. No
subjects had ADAMTS13 inhibitors. Squares and circles with numbers indicate the subjects for genetic analysis. Each mutation was assigned a
name for ¢cDNA according to the nomenclature recommendations of the HGVS (http:/Awww.hgvs.org/mutnomen/) based on the reference
sequences AB069698.2 (cDNA) and NC_000009.11 (genomic). *$Missense substitutions identified by direct sequencing. TDeletions identified by
genomic gPCR in this study. *Pathologically unrelated missense polymorphisms. (B) Identification of exon deletions in ADAMTS13. Ct values of
genomic gPCR are plotted by dots with lines at the mean (n = 2) for each target region. The letters u and d following the exon numbers indicate
upstream and downstream region of each exon, respectively. Red circles, USS-W4; green squares, USS-X5; blue triangles, USS-KK3. Arrows
indicate the dots with Ct values higher than those of the other two patients. (C) Left: PCR-amplification of the 3.6-kbp band from the normal
ADAMTS13 allele produced a 1.8-kbp band from USS-W4, her mother (W2) and her brother (W3), but not from her father (W1). Right: PCR-
amplification of the 1.2-kbp band from the normal ADAMTS13 allele produced a 0.5-kbp band from USS-KK3, but not from her mother (KK2).
(D) Sequencing of the 1.8- and 0.5-kbp bands in (C) indicated a 1782-bp deletion in USS-W4 and a 729-bp deletion in USS-KK3, respectively.
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genomic gPCR should reveal any defects occurring within the basis of diagnosis were described previously (Fujimura
or between primer target sequences. et al. 2011). Plasma ADAMTSI13 activities for patients

The study protocol was approved by the ethical com- and family members are shown in Figure 2A. No subjects
mittee of the National Cerebral and Cardiovascular Cen- had ADAMTS13 inhibitors. The results of direct sequenc-
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ing are also shown in Figure 2A. USS-W4 was a heterozy-
gote with paternal ¢.1648G>A (p.G550R), USS-X5 had no
causative mutations, and USS-KK3 was a heterozygote
with maternal ¢.841T>A (p.C281S). Pathologically unre-
lated missense polymorphisms (p.Q448E, p.P475S,
p.G1181R) (Kokame et al. 2011) were also identified in
them (Fig. 2A).

Genomic DNA was prepared from blood and subjected
to real-time PCR to quantify the copy numbers of each
ADAMTSI13 exon. Each primer pair was designed, using
Primer-BLAST (NCBI), to contain at least one of two
primers used in direct sequencing (Table S1). A primer
pair for the qBiomarker Multicopy Reference Copy Num-
ber Assay (MRef, Qiagen, Valencia, CA), which recognizes
a stable sequence that appears >60 times throughout the
human genome, was used to precisely normalize sample
DNA input (~4 ng/reaction). PCR was performed using
the QuantiFast SYBR Green PCR Kit (Qiagen) for all
regions except exon 7 and the KOD SYBR qPCR Mix
(Toyobo, Osaka, Japan) for exon 7. Dimethyl sulfoxide
was added (final concentration, 5%) for amplification of
exon 8. Fluorescence intensities were detected using the
Mx3000P QPCR System (Agilent Technologies, Santa
Clara, CA), and each threshold cycle (Ct) value was calcu-
lated using the MxPro software (Agilent Technologies).

In genomic qPCR, the difference in Ct among subject
DNAs is important information. An increase in Ct value
of 1.0 indicates a heterozygous deletion of the target
region, whereas a decrease of 0.58 indicates a heterozy-
gous duplication. Ct values of the ADAMTSI3 qPCR
indicated that exons 7 and 8 were heterozygously absent
in USS-W4 and that exon 27 was heterozygously absent
in USS-KK3 (Fig. 2B). By contrast, genomic qPCR
revealed no abnormalities in USS-X5.

To confirm the deletions and narrow the deleted
regions, we performed PCR using primer pairs specific to
regions surrounding the deleted exons. Primers 5-CAC-
CTCCCCACAGACTCCTA-3" (intron 6) and 5-AG-
GCGGGCAAATCATGAGG-3' (intron 8) amplified a 3.6-
kbp band from the normal allele and a 1.8-kbp band
from the mutant allele of USS-W4 (Fig. 2C, left). Thus,
~1.8 kbp was deleted within the region straddling exons 7
and 8 in USS-W4. The precise sites where the deletions
occurred were determined by sequencing the lower PCR
band, which revealed that loss of exons 7 and 8 was
caused by a 1782-bp deletion ranging from the 60th
nucleotide of exon 7 to the 373rd nucleotide of intron 8
(c.746_987+373del1782) (Figs. 2D, S2A). We confirmed
the compound heterozygosity of p.G550R  and
c.746_987+373del1782 in USS-W4 by genomic PCR of
the family members. The patient’s mother and brother,
but not father, had c.746_987+373del1782 (Fig. 2C, left).
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Direct sequencing indicated that the patient’s father, but
not mother and brother, had p.G550R (Fig. 2A, left).

On the other hand, primers 5-AGTCACATAGCCA
GCAGTGG-3" (intron 26) and 5-GCACTGAGCAGAG
TGGTCTT-3 (intron 27) amplified a 1.2-kbp band from the
normal allele and a 0.5-kbp band from the mutant allele of
USS-KK3 (Fig. 2C, right). Thus, ~0.7 kbp was deleted within
the region straddling exon 27 in USS-KK3. Sequencing the
lower band revealed that loss of exon 27 was caused
by a 729-bp deletion ranging from the 36th nucleotide
of exon 27 to the 587th nucleotide of intron 27
(c.3751_3892-+587del729) (Figs. 2D, S2B). Although the
patient’s father could not be genetically analyzed, her
mother had p.C281S  (Fig. 2A, right), but not
€.3751_3892+587del729 (Fig. 2C, right). Thus, it was likely
that USS-KK3 was a compound heterozygote of p.C281S
and ¢.3751_3892+587del729.

In conclusion, this study identified two USS patients
carrying ADAMTS13 alleles bearing exon deletions.
Extensive defects of ADAMTSI3 may be more common
than we expect, and genomic qPCR analysis will be
effective for identifying such defects in USS patients. Of
the three patients we examined, one did not exhibit
abnormalities detectable by either direct sequencing or
genomic qPCR. Because these combined analytical meth-
ods cannot detect large-scale events such as inversions
and translocations that do not affect sequences or copy
numbers of target regions, the patient may carry such a
defect in ADAMTSI3. Alternatively, plasma ADAMTS13
deficiency in the patient may be brought about by
defects other than ADAMTSI3, for example, genes
involved in synthesis, folding, or secretion of ADAM-
TS13. Finally, we propose well-designed comprehensive
genomic qPCR to complement the weakness of direct
sequencing. of candidate genes.
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online version of this article:

Table S1. Primer pairs for ADAMTSI3 genomic qPCR.
Figure S1. Combinatorial analysis of direct sequencing
and genomic gPCR should catch any defects occurring on
and between the primer target sequences. Direct sequenc-
ing detects mutations such as point mutations (including
substitutions, insertions, and deletions), short insertions,
and deletions in the exons and exon-intron boundaries
(A), but misses mutations on the allele that contains no
or mismatched primer target sequences (B). Genomic
qPCR for quantifying the copy numbers of target regions
complements the results of direct sequencing.

Figure S2. Deleted regions and flanking sequences of AD-
AMTSI13 identified in two patients with USS. The 1782-
and 729-bp regions (red letters) were deleted in patients
USS-W4 (A) and USS-KK3 (B), respectively. Lowercase
and uppercase sequences indicate introns and exons,
respectively. Underlined sequences adjacent to the break-
points may cause microhomology-mediated end joining
(MMEJ) (McVey and Lee. Trends Genet. 2008;24:529-538).
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Abstract In pregnant women, activated partial thrombo-
plastin time (APTT) does not precisely reflect the antico-
agulant effect of a therapeutic dose of heparin. However,
the measurement of anti-Xa activity can be used to moni-
tor the anticoagulant effect of heparin, since the plasma
concentrations of coagulation factors increase in pregnant
women. We evaluated the in vitro effects of increased con-
centrations of fibrinogen and other coagulation factors
(FVIIL, FVI, and FIX) on the results of assays of APTT
and anti-Xa activity in plasma samples with various thera-
peutic concentrations of unfractionated heparin (UFH). In
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the presence of UFH, APTT was shortened by increased
concentrations of fibrinogen, FVII, or FVIIIL, and this effect
was much stronger when the FVIII concentration was
increased. In the plasma samples containing 0.5 or 0.7 U/
mL of UFH, the APTT was shortened by approximately
half or one-third, respectively, when 6 U FVIII/mL was
added to the sample. The anti-Xa activity was not influ-
enced by increased concentrations of the coagulation fac-
tors. In the present study, we also evaluated the sensitivi-
ties to UHF of four APTT reagents, and found a 1.65-fold
difference in the sensitivity to UFH among APTT reagents.
Our results demonstrate that increased FVIII concentration
shortens APTT under therapeutic doses of UFH, and that
APTT thus underestimates the anticoagulant effect of UFH
in pregnant women, mainly due to the increased FVIII
concentration.

Keywords Anticoagulant monitoring - Anti-Xa activity -
APTT - Heparin - Pregnancy

Introduction

Heparin is widely used as an anticoagulant for the treat-
ment and prevention of thromboembolic disease. Since the
anticoagulant response to heparin varies among patients,
the anticoagulant effects are routinely monitored using the
activated partial thromboplastin time (APTT), and the dose
is adjusted to target a therapeutic range of 1.5-2.5 times the
control APTT value obtained from normal plasma [1-4].
The APTT test is a global clotting assay that primar-
ily reflects the function of the intrinsic and common
pathways of the coagulation cascade. The test is thus
potentially affected by changes in the concentrations of
coagulation factors including factor VIII (FVIII) and
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fibrinogen, and coagulation inhibitors such as lupus anti-
coagulants [5-7]. Since the APTT is shortened due to
the increased concentrations of coagulation factors dur-
ing pregnancy, the therapeutic range of heparin obtained
in non-pregnant individuals is not applicable in pregnant
women [8, 9]. Because the bleeding risk increases with
the heparin dose [10], the management of heparin therapy
is problematic in pregnant women. In addition, the APTT
value has a high degree of variability from one reagent to
another [3, 11].

Anti-Xa activity specifically determines the anticoagu-
lant activity of heparin by measuring the ability of heparin-
bound antithrombin to inhibit factor Xa [12, 13]. Therefore,
increased concentrations of coagulation factors (such as
FVIII and fibrinogen) during pregnancy would not interfere
with the anti-Xa activity. It is recommended that the APTT
goal range be based on the corresponding heparin concen-
tration of 0.3-0.7 U/mL determined by the anti-Xa activity
[4].

During pregnancy, plasma concentrations of coagula-
tion factors are greatly changed [14, 15]. The FVIII level
increases during pregnancy, beginning at 16-20 weeks,
peaking at 36-40 weeks with a mean value of 212 % of
the non-pregnant reference value (95 % range 79-570 %),
and persisting for up to 3 days postpartum. By weeks
13-20, 50 % of pregnant women have FVIII levels above
the upper non-pregnant reference value. Fibrinogen,
which is approximately 250 mg/dL in normal plasma,
also increases significantly during pregnancy, peaking at
36-40 weeks with the mean value of 423 mg/dL (95 %
range 290-615 mg/dL). Factor VII (FVII) and factor IX
(FIX), 0.5 and 5 pg/mL in normal plasma, respectively,
are also increased during pregnancy, but their increments
are not pronounced compared to those of FVIII and
fibrinogen [15].

It is known that the anticoagulant effect of heparin,
measured by determining the APTT, often decreases in the
third trimester, leading to an apparent need for higher doses
of heparin [16]. An infusion of cryoprecipitate including
a high concentration of FVIII to rabbits led to significant
shortening of the APTT [17].

The measurement of anti-Xa activity is an effective
method for monitoring the heparin dose in patients with
venous thromboembolic disease whose APTT remains sub-
therapeutic despite treatment with a high dose of heparin
[8]. However, a detailed in vitro analysis of the effects of
increased concentrations of coagulation factors on the
APTT and the anti-Xa activity under a therapeutic dose of
heparin has not yet been undertaken. In the present study,
we evaluated the in vitro effects of fibrinogen, FVII, FVIII,
and FIX on the assay results of APTT and the anti-Xa
activity in plasma samples with various therapeutic concen-
trations of unfractionated heparin (UFH).

@_ Springer

Materials and methods

Preparation of plasma samples with increased
concentrations of coagulation factors

To examine the effects of fibrinogen, FVI, FVIII, and
FIX on the APTT and the anti-Xa activity in the pres-
ence of heparin, we prepared plasma samples with vari-
ous concentrations of fibrinogen, FVII, FVIII, and FIX,
as described below. The following proteins and heparin
were purchased: Human Fibrinogen Plasminogen Depleted
(Enzyme Research Laboratories, South Bend, IN, USA),
Coagulation Factor VII and Coagulation Factor IX (Bio-
pur, Reinach, Switzerland), and UFH, Heparin Sodium
Injection-Tanabe (Mitsubishi Tanabe Pharma, Osaka,
Japan). Plasma-derived human FVIII was from the Chemo-
Sero Therapeutic Research Institute, Kumamoto, Japan.
This study was approved by the Ethics Review Commit-
tee of the National Cerebral and Cardiovascular Center of
Japan. Written informed consent was obtained from each
participant.

Blood samples were drawn from an antecubital vein
of healthy volunteers (4 males, 4 females) through a nee-
dle into disposable, siliconized, evacuated plastic tubes
containing 0.1 volume of 3.13 % trisodium citrate. The
plasma samples were centrifuged at 3,430g for 10 min
at room temperature and stored at —80 °C until analy-
sis. The plasma samples contained 250 mg/dL of fibrino-
gen, 0.5 pg/mL of FVIL, 1 U/mL of FVIII, and 5 pg/mL
of FIX. The frozen plasma samples were thawed at 37 °C
and mixed to make pooled plasma. We mixed nine volumes
of pooled plasma and one volume of coagulation factor
solution, and prepared plasma samples with 500 mg/dL of
fibrinogen (corresponding to a twofold increase in plasma
concentration), 1.0 pg/mL of FVII (corresponding to a two-
fold increase), 2, 4, and 6 U/mL of FVIII (corresponding
to twofold, fourfold, and sixfold increases), or 10 pg/mlL
of FIX (corresponding to a twofold increase). As a con-
trol, we prepared a normal plasma sample mixed with nine
volumes of pooled plasma and one volume of saline.
Subsequently, 99 volumes of each plasma sample were
mixed with 1 volume of UFH to give a final concentration
0f 0.0,0.3,0.5, 0.7 or 1.0 U UFH/mL.

We measured the fibrinogen concentrations of the nor-
mal plasma sample and plasma samples with the twofold
increase in fibrinogen concentration and found that they
were 243 and 544 mg fibrinogen/dL, respectively. We also
measured the FVIII and von Willebrand factor (VWF) con-
centrations of the normal plasma sample and plasma sam-
ples with twofold, fourfold, and sixfold increases in FVIII
concentration, and we found that they were 1.0, 2.0, 4.0,
and 5.9 U FVIlI/mL, and 88, 362, 1,026, and 1,786 %
VWE, respectively.



