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Key Points

• FVNara (W1920R), associated
with serious deep vein
thrombosis, is more resistant
to APC relative to FVLeiden

(R506Q).
• This mechanism results from

significant decreases in FVa
susceptibility to APC and FV
cofactor activity for APC.

Factor V (FV) appears to be pivotal in both procoagulant and anticoagulant mechanisms.

A novel homozygote (FVNara), a novel mechanism of thrombosis associated with

Trp1920→Arg (W1920R), was found in a Japanese boy and was associated with serious

deep vein thrombosis despite a low level of plasmaFVactivity (10 IU/dL). Activatedpartial

thromboplastin time–based clottingassaysand thrombingenerationassaysshowed that

FVNara was resistant to activated protein C (APC). Reduced susceptibility of FVaNara to

APC-catalyzed inactivation and impaired APC cofactor activity of FVNara on APC-

catalyzed FVIIIa inactivation contributed to the APC resistance (APCR). Mixtures of FV-

deficient plasma and recombinant FV-W1920R confirmed that themutation governed the

APCR of FVNara. APC-catalyzed inactivation of FVa-W1920R was significantly weakened,

by ∼11- and ∼4.5-fold, compared with that of FV–wild-type (WT) and FVLeiden (R506Q),

respectively, throughmarkedly delayed cleavage at Arg506 and little cleavage at Arg306,

consistent with the significantly impaired APC-catalyzed inactivation. The rate of APC-

catalyzed FVIIIa inactivation with FV-W1920R was similar to that without FV, suggesting a loss of APC cofactor activity. FV-W1920R

bound tophospholipids, similar to FV-WT. In conclusion, relative to FVLeiden, themorepotentAPCRofFVNara resulted fromsignificant

loss of FVa susceptibility to APC and APC cofactor activity, mediated by possible failure of interaction with APC and/or protein S.

(Blood. 2014;123(15):2420-2428)

Introduction

Factor V (FV) contributes to opposing mechanisms in the regulation
of coagulation.1,2 The procoagulant action of FV is associated with
cofactor activity for FXa in the prothrombinase complex, which
catalyzes the conversion of prothrombin to thrombin on a phospho-
lipid (PL) surface.3-5 FV is converted to FVa by proteolytic cleavage
by thrombin. Development of a hypercoagulant state is controlled by
downregulation by activated protein C (APC) with protein S (PS).
Hence, FVa is rapidly inactivated by proteolytic cleavage of the
heavy chain (HCh) at Arg306, Arg506, and Arg679.6,7 Cleavage at
Arg506 is essential for the exposure of other cleavage sites but is not
directly required for the decrease in activity. Cleavage at Arg306
results in near-complete loss of FVa activity. Nevertheless, any defect
of 1 or more cleavage reactions significantly affects the processes of
APC-induced inactivation.8,9 The alternative function of FV is as an
anticoagulant cofactor of APC in FVIIIa inactivation.1 FVIIIa func-
tions as a cofactor in the tenase complex and is responsible for
PL-dependent FXa generation by FIXa.10-12 In the process of APC-
induced FVIIIa inactivation, FV acts as an anticoagulant cofactor of
APC with PS, resulting in acceleration of FVIIIa inactivation through
cleavage at Arg336.13,14 This anticoagulant activity of FV ismediated

by a product of proteolysis by APC before cleavage by thrombin.
Cleavage at Arg506 of FV attached to the B domain is essential to the
anticoagulant activity of FV, whereas cleavage at Arg306 appears to
contribute less to this mechanism.15,16 Any molecular defect of these
cleavage reactions confers APC resistance (APCR).1

A pointmutation of theF5 gene, Arg506→Gln (R506Q; FVLeiden),
is the major cause of APCR2 and is detected in;20% of Caucasians
with deep venous thrombosis (DVT).17,18 The loss of the APC
cleavage site at Arg506 in FVLeiden results in a loss of APC-induced
FVa inactivation and impairment of FV cofactor activity of APC in
FVIIIa inactivation. Rare FV point mutations Arg306→Thr (R306T;
FVCambridge)

19,20 andArg306→Gly (R306G;FVHongKong)
20,21 affect the

APC cleavage site at Arg306 and are associated with mild APCR.22

No FV mutations linked to APCR have been identified in Japanese
populations, however. We describe the findings in a Japanese boy
with severe DVT in the paradoxical presence of FV deficiency with
FV activity (FV:C) 10 IU/dL.We have identified a novel mechanism
of thrombosis associated with a Trp1920→Arg (W1920R) mutation
in the F5 gene (FVNara). The defect resulted in APCR more potent
than that seen with FVLeiden.
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Materials and methods

Blood samples were obtained after informed consent following local ethical
guidelines.DNAdirect sequencing and the expression of recombinant protein
were approved by theMedical Research Ethics Committee of TokyoMedical
University. This study was conducted in accordance with the Declaration
of Helsinki.

Reagents

The pMT2/FV mammalian expression plasmid containing the full-length F5
cDNA was provided by Dr Kaufman (University of Michigan, Ann Arbor,
MI). The EZ1 DNA Blood Kit, QIAquick Gel Extraction Kit, and QIAfilter
PlasmidKit (Qiagen,Dusseldorf,Germany) and theQuickChangeSite-Directed
MutagenesisKit (Stratagene, La Jolla, CA)were purchased. Recombinant FVIII
was a generous gift from Bayer Corporation, Japan. A monoclonal antibody
(mAb)C5,23 recognizing the C-terminus of the FVIII A1 domain, was provided
by Dr Carol Fulcher (Scripps Research Institute, La Jolla, CA). FV, FIXa, FX,
FXa,a-thrombin,APC, PS,mAbAHV-5146 against the FVHCh (Hematologic
Technologies, Essex Junction, VT), lipidated TF (Innovin; Dade Behring,
Marburg, Germany), and fluorogenic substrate Z-Gly-Gly-Arg-AMC (Bachem,
Bubendorf, Switzerland) were purchased commercially. FV-deficient plasmas
(George King. Overland Park, KS), PT, and activated partial thromboplastin
time (aPTT) reagent (Instrumentation Laboratory, Bedford, MA; Sysmex,
Kobe, Japan) were purchased. PL vesicles containing phosphatidylserine/
phosphatidylcholine/phosphatidylethanolamine, 10%/60%/30%, were pre-
pared using N-octylglucoside.24

DNA direct sequencing

Genomic DNA was extracted from leukocytes, using the BioRobot EZ1
workstation. PCR assays were performed with Taq DNA polymerase
(TaKaRa-Bio, Otsu, Japan). PCR products were electrophoresed on agarose
gels and purified by gel extraction. Purified PCR products from genomic
DNA and F5 plasmids were confirmed by sequencing using a BigDye
Terminator v3.1 Cycle Sequencing kit (Applied Biosystems) and analyzed
with a 3730 DNA analyzer. All sequences were compared with wild-type
(WT) F5 sequences (GenBank number Z99572).

Expression of recombinant FV

Themutationswere introduced independently into a pMT2/FVplasmid by site-
directed mutagenesis.25 The WT and mutant plasmids used in transfection
experiments were purified. Vectors expressing recombinant proteins were
transfected intoHEK293 cells, using the lipofectionmethod.After 60 hours, the
culturemedia and cells were harvested. Conditionedmedia (CM)were collected,
centrifuged to remove cell debris, and stored at 280°C. FV antigen (FV:Ag)
levels in CM and cell lysates were measured by enzyme-linked immuno-
sorbent assay (ELISA; Affinity Biologicals). FV:C in CM was measured in
PT-based clotting assays, using the ACL9000 coagulation analyzer (In-
strumentation Laboratory). The specific activity of FVwas calculated as the
ratio of FV:C to the concentration of FV:Ag, both of which were measured
inCM. The proteinswere harvested in serum-freemedium and concentrated
by filtration (cutoff ;100 kDa).

APCR assay

aPTT-based assays. TheAPC-resistance kit, which is not approved and not
commercially available in Japan, was provided by Instrumentation Laboratory
for research use. This assay was performed using ACL9000 with predilution
of sample plasmas in FV-deficient plasma. The APC sensitivity ratios (APCsrs)
were expressed as ratios of aPTT clotting times in the presence of APC divided
by clotting times in its absence. This assay reflects the effect of APC on in-
activation of both FVa and FVIIIa; hence, a low level of APCsr indicates a defect
in the inactivation of FVa and/or FVIIIa and, consequently, reflects APCR.

Thrombin generation-based assays. Calibrated automated throm-
bin generation assay (Thrombinoscope) was performed as previously
reported.26 Platelet-poor plasma (PPP) or platelet-rich plasma (PRP) was

preincubated for 10 minutes with TF (5 pM), APC (8 or 40 nM), and PL
(0 or 10 mM), respectively. PRP was adjusted to 15 3 104 platelets/mL.
Measurements were commenced after the addition of CaCl2 and fluorogenic
substrate (final concentration [f.c.] 16.7 mM and 417 mM, respectively).
Fluorescent signals were monitored continuously in a Fluoroskan microplate
reader (Thermo Fisher Scientific, Franklin, MA). For data analyses, the
parameters (lag time, peak thrombin, time to peak, and endogenous thrombin
potential [ETP]) were derived. The APCsrs were expressed as ratios of the
parameter in the absence (or presence) of APC, divided by the ratio in its
presence (or absence).

FXa generation-based assays. Normal or patient’s plasma was mixed
with FV-deficient plasma in various proportions and assayed using the FXa
generation assay (COATEST SP-FVIII, Chromogenix, Milan, Italy), with
minor modifications.27 The test specifically quantifies FVIIIa:C in 16-fold
diluted plasma by measuring intrinsic FXa generation mediated by excess
exogenous FIXa and FXwith PL. The simultaneous addition of APC (40 nM)
with cofactors PS and FV in plasma inhibits intrinsic FXa generation by
inactivating FVIIIa. The APCsrs were expressed as ratios of the amount of
generated FXa in the absence of APC divided by that in its presence. A low
level of APCsr indicates a defect in FVIIIa inactivation and, consequently,
reflects APCR.

Prothrombinase assay

FV (2 nM) was activated by thrombin (20 nM) for 1 minute, followed by the
addition of hirudin. The reactants were mixed with prothrombin (1.4 mM),
PL, and 5-dimethylamino-naphthalene-1-sulfonylarginine-N-(3-ethyl-1,5-
pentanediyl)-amide (30 mM), followed by initiation by the addition of
FXa (10 pM). Aliquots were removed to assess the initial rates of product
formation, and the reactions were quenched with EDTA (f.c. 50 mM). Rates
of thrombin generation were determined at absorbance 405 nm (Abs405)
after the addition of S-2238 (f.c. 0.46 mM). Thrombin generation was
quantified from a standard curve prepared using known amounts of
thrombin.

FV–PL binding

Binding of FV to immobilized PL was examined in ELISAs.28 a-phospha-
tidyl-L-serine (5 mg/mL) in methanol was added to microtiter wells and air-
dried. The wells were blocked by the addition of gelatin solution (5 mg/mL),
and serial dilutions of FV were added and incubated at 37°C for 2 hours.
BoundFVwasquantifiedby theadditionof anti-FVmAbAHV-5146 (2.5mg/mL)
and goat anti-mouse peroxidase-linked antibody, followed by measuring
at Abs492. The amount of nonspecific immunoglobulin G (IgG) binding
without FV was ,3% of the total signal. Specific binding was estimated by
subtracting the amount of nonspecific binding.

APC-catalyzed inactivation of FVa

FV (8 nM) was incubated with thrombin (100 nM) for 5 minutes at 37°C, and
reaction was terminated by the addition of hirudin (25 U/mL). Samples
containing the generated FVa (2 nM) were incubated with APC (25 pM), and
PS (30 nM) with PL (20mM), for the indicated times. Aliquots were obtained
from the mixtures and diluted ;30-fold. Residual FV:C was measured in
aPTT-based clotting assays. The presence of thrombin and hirudin in the
diluted samples had little effect in these assays.

APC cofactor activity of FV

The APC cofactor activity of FV variants was measured in a FVIIIa
degradation assay,29 with minormodifications. FVIII (10 nM) and PL (20mM)
were activated by thrombin (5 nM) for 30 seconds, and the reaction was
terminated by the addition of hirudin (2.5 U/mL). The generated FVIIIa was
then incubatedwithAPC (0.5 nM) and PS (5 nM)with various concentrations
of FV variants for 20 minutes. The reactants were diluted 9-fold before
incubation with FIXa (2 nM) and FX (200 nM) for 1 minute. Generated FXa
was measured in a chromogenic assay with S-2222 at Abs405. Relative FVIII:C
was calculated from the amounts of generated FXa.
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Western blotting

Sodium dodecyl sulfate/polyacrylamide gel electrophoresis was performed using
8% gels, followed by western blotting.30 Protein bands were probed using the
indicated mAbs, followed by the addition of goat anti-mouse peroxidase-linked
antibody.30 Signals were detected using enhanced chemiluminescence,
and densitometric scans were quantified using Image J 1.34.

Results

Patient’s profile

A 13-year-old boy was admitted for massive DVT in association with
swelling of the lower extremities. There was no personal or family
history of thrombosis.Laboratoryfindings demonstrated prolongedPT
and aPTT (18.9/67.6 seconds; control, 12.2/30.2 seconds). FV:C and
FV:Ag were 10 and 40 IU/dL, respectively, indicating a cross-reactive
material–reduced reaction. Anti-FV inhibitor was not detected. Other
procoagulant and anticoagulant factors, including fibrinolytic factors
and antiphospholipid syndrome-associated factors, were within normal
range. Free tissue factor pathway inhibitor was 20.2 ng/mL (normal,
15-35 ng/mL).31 His parents and 3 siblings had normal levels of FV:C
and FV:Ag (Table 1). He was treated with warfarin to maintain
prothrombin time-international normalized ratio 2.5 to 3.0. Neverthe-
less, a fresh thrombus developed in his left external iliac-vein, and the
right inferior vena cava was completely occluded. After heparinization
and urokinase therapy, the patient was treated with higher doses of
warfarin to maintain prothrombin time-international normalized ratio
4.0 to 5.0, and he has since been free of recurrent DVT.

Gene analysis

Direct sequencing identified aW1920Rhomozygousmutation of exon
20 of F5 in the patient (Figure 1). His parents heterozygously carried
thismutation, but itwas undetected in his siblings.Neither the FVLeiden

mutation (R506Q) nor FV-HR2 haplotype (H1299R and D2194G)
were found in the patient or his family members. The W1920R mu-
tation was not detected in 100 alleles from Japanese control subjects

using direct sequencing, and the novel F5 missense mutation that we
identified was designated FVNara.

APCR in FVNara plasma

We investigatedwhether the FVNarawas resistant toAPC. aPTT-based
APCR assays, reflecting APC inactivation of FVa and FVIIIa, were
performed. The APCsr obtained in patient’s plasma was similar to
those of FVLeiden patients and significantly lower than those in healthy
control patients (Table1).APCsrs in the parentswere intermediate, and
those in the siblings were equal to the levels of healthy controls.
APCsrs of 3 mild FV-deficient patients with FV:C ;50 IU/dL were
similar to those of control. APCsrs of inherited FV-deficient patients
with FV:C ;10 IU/dL were not measurable, however, because the
clotting times after the addition of APC were markedly prolonged
(data not shown). These results demonstrated that the FVNara mutation
conferred APCR.

Table 1. FV levels and APCR in plasmas of the patient and family members

Case FV:C (IU/dL) FV:Ag (IU/dL) F5 mutation

aPTT-based APCR assay

aPTT, seconds

APCsr (plus/minus APC)Minus APC Plus APC

FVNara family members

Patient 10.0 40.0 W1920R homozygote 79.7 131 1.64

Father 74.1 74.0 W1920R heterozygote 43.3 98.0 2.26

Mother 87.6 75.0 W1920R heterozygote 39.0 104 2.67

Brother 109 77.0 WT 32.2 98.4 3.06

Sister-1 113 101 WT 32.6 107 3.28

Sister-2 132 115 WT 32.2 99.8 3.10

FVLeiden patient

Patient 1 56.5 96.0 R506Q heterozygote 35.2 57.2 1.63

Patient 2 65.2 61.0 R506Q heterozygote 36.8 61.2 1.66

FV-deficient patient

Patient 1 50.0 44.0 39.2 124 3.16

Patient 2 54.0 53.0 38.4 118 3.07

Patient 3 55.0 47.0 43.4 124 2.85

Healthy controls

Male (n 5 17) 32.6 6 0.70 108.4 6 4.50 3.32 6 0.11

Female (n 5 15) 33.5 6 1.47 108.6 6 3.64 3.24 6 0.08

All data were measured at least 3 times, and the average values are shown. For the levels of healthy controls, the average value 6 standard deviation is shown.

Figure 1. DNA direct sequencing of exon 20 of F5 gene from the patient, his

parents, normal WT. The mutation (T–C) is present at codon 1920, resulting in

a Trp1920→Arg substitution in the FV protein (FVNara).
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APCR in the FVNara patient was examined using PPP in thrombin
generation assay initiated by low concentrations of TF with APC. The
time-related parameters (lag time and time to peak) and peak thrombin
obtained with FVNara PPP were prolonged and decreased, respectively,
compared with control (Figure 2Aa and Table 2). The addition of APC
showed that the peak thrombin and ETP with FVNara were less
moderated than those with control, although the time-related readings
wereunaffected.TheAPCsrs (minusAPC/plusAPC)withFVNara (1.22
and 1.25) were significantly lower than those with control (3.48 and
3.70), supportive of theAPCRwithFVNara. Platelet FValso participates
in the clotting function of FV; to evaluate the role of platelet FV in these
mechanisms, therefore, experiments were repeated using PRP. Similar
to PPP, the addition of APC showed that APCsrs (plus APC/minus
APC) in time-related parameters in FVNara were lower than those in
control, and the APCsrs (minus APC/plus APC) with FVNara were also
lower than those with control (Figure 2Ab). These findings provided
further evidence of APCR with FVNara. Similar experiments in PPP
using 40 nM APC (equal amount in PRP) showed that the thrombin
generation of FVNara, as well as normal plasma, was little detected

(data not shown), again confirming that the platelet FV was
particularly resistant to APC-mediated inactivation.

To further assess the contribution of plasma FV in the APCR of
FVNara, normal FV was added to the patient’s PRP before measuring
thrombin generation with APC (Figure 2B). In the presence of normal
FV (10 IU/dL) corresponding to the level in patient’s plasma, the time-
related parameters were moderately shortened, and the peak thrombin
and ETP were slightly increased. Thus, the presence of native FV
improved reactivity to APC in FVNara PRP, suggesting that the
APCR of FVNara might be caused by defective patient’s plasma FV.
Furthermore, even small amounts of plasma FV appeared to influence
APC-induced deceleration of blood coagulation.

APC cofactor activity of FVNara

APCR resulting from a F5 mutation or mutations is caused by
a reduced sensitivity of FVa to APC-catalyzed inactivation7,32 and/or
reduced FV cofactor activity in APC-catalyzed FVIIIa inactivation,33

but these components are difficult to distinguish. FXa generation

Figure 2. Thrombin generation in the FVNara

patient’s plasma. (A) Effects of the addition of APC:

thrombin generation after extrinsic activation (TF; 5 pM)

of PPP (a) or PRP (b) in normal individuals (circle

symbols) and PPP (a) or PRP (b) in FVNara patient

(square symbols) in the absence (open symbols) or

presence (closed symbols) of APC was measured as

described in “Materials and methods.” With PPP, APC

(8 nM) was added with PL vesicles (10 mM), whereas with

PRP, APC (40 nM) was added without PL. A represen-

tative thrombogram is shown. (B) Effects of the addition

of native FV: thrombin generation was measured after

extrinsic activation (TF; 5 pM) of the patient’s PRP

with the addition of native FV (circles, 0 IU/dL;

squares, 10 IU/dL) in the absence (open symbols) or

presence (closed symbols) of APC (40 nM). All

experiments were performed at least 3 separate

times, and a representative thrombogram is shown.

Table 2. Parameters obtained from thrombin generation on the PPP and PRP with FVNara

Lag time (APC minus/plus,
minutes [APCsr])*

Time to peak (APC minus/plus,
minutes [APCsr])*

Peak thrombin (APC minus/plus,
nM [APCsr])†

ETP (APC minus/plus,
nM 3 minutes [APCsr])†

PPP

Control 2.50/2.62 (1.05) 6.12/5.62 (0.92) 242/70 (3.48) 1648/446 (3.70)

FVNara 12.3/12.5 (1.02) 15.3/15.3 (1.00) 176/144 (1.22) 1711/1373 (1.25)

PRP

Control 3.01/6.55 (2.18) 11.5/15.7 (1.36) 191/71 (2.69) 2860/968 (2.95)

FVNara 12.8/18.2 (1.42) 21.2/26.2 (1.23) 169/103 (1.64) 2811/1620 (1.74)

1 FV (10 IU/dL) 2.86/6.45 (2.25) 11.5/16.2 (1.42) 201/70 (2.87) 2988/930 (3.21)

Values were calculated from the parameter data obtained in Figure 2.

*Values were expressed as plus APC divided by minus APC.

†Values were expressed as minus APC divided by plus APC.
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assays, reflecting intrinsic tenase activity, were used to examine the
APC cofactor activity of FV.27 We therefore determined APCsrs
in samples after the addition of APC to probe APCR resulting from
defective FV cofactor activity. Normal or FVNara plasma was mixed
with FV-deficient plasma in proportions from 2.5% to 100%. Because
FVNara:Ag was 40 IU/dL, the concentration of FVNara in these assays
varied between 2.5%and 40%.APCsrs increased linearly in proportion
to the level of normal FV, and clear differences were demonstrated
between 0% and 100% normal plasma (1.8 and 2.6, respectively),
similar to an earlier report.27 APCsrs were independent of the concen-
tration of FVNara, however, and remained relatively constant or
modestly decreased (Figure 3A). The slopes obtained with normal
and FVNara plasmas (DAPCsr; 0.72 and20.18/IU FV, respectively)
were significantly different (P, .01), indicating that FVNara possessed
little APC cofactor activity.

APCR of FV-W1920R mutant

The measurements of APCR of FVNara could have been affected
by quantitative or qualitative abnormalities of individual plasma
components other than FV. To confirm FV specificity, recombinant
FV-WT and 2 FV mutant proteins (W1920R and R506Q) were
prepared. The levels of FV:Ag and specific activity of the W1920R
mutant expressed in CM were similar to the data observed with
patient’s plasma, at 50% and 45% ofWT, respectively. Correspond-
ing levels inCMofR506Qwere 125%and 86%ofWT, respectively.

APCR assays were repeated using mixtures of FV-deficient
plasmas and recombinant FV variants. FXa generation assays were
devised in which FV-deficient plasma and FV were diluted 16-fold
before mixing with APC; this facilitated measurements at lower levels
of FV:Ag (0.3-2.5 nM). These concentrations were comparable to
diluted plasma containing physiological levels of FV:Ag (5-40 nM;

Figure 3. APCR in FXa generation assays. (A) Effects of FV levels on the APCsr in the FVNara plasma. Normal plasma (open circles) and the patient’s plasma (closed

circles) were mixed with FV-deficient plasma in various proportions, and FXa generation was measured with COATEST SP FVIII after the simultaneous addition of APC (40 nM)

as described in “Materials and methods.” The APCsrs were expressed as ratios of the amount of generated FXa in the absence of APC divided by that in its presence. All

experiments were performed at least 3 separate times, and the average values are shown. (B) APCR of FV-deficient plasma mixed with recombinant FV-W1920R. Various

concentrations of FV (WT, open circles; W1920R, closed circles; R506Q, open squares) were mixed with diluted FV-deficient plasma, and FXa generation was measured with

COATEST SP FVIII after the simultaneous addition of APC (40 nM), as described in “Materials and methods.” The APCsrs were expressed as ratios of the amount of

generated FXa in the absence of APC divided by that in its presence. All experiments were performed at least 3 separate times, and the average and/or standard deviation

values are shown.

Figure 4. FV-W1920R affecting the association with PL. (A) FV-PL binding. a-Phosphatidyl-L-serine (5 mg/mL) was added to microtiter wells and air-dried. After blocking,

serial dilutions of FV were added to the immobilized PL. Bound FV-WT (open circles) and FV-W1920R (closed circles) was quantified by the addition of AHV-5146, as

described in “Materials and methods.” The average values and standard deviations are shown. (B) The effects of PL on prothrombinase activity; FV (WT, open circles;

W1920R, closed circles; 2 nM) was activated by thrombin (20 nM) for 1 minute, followed by the addition of hirudin. The reactants were incubated with prothrombin (1.4 mM)

and various amounts of PL, followed by initiation by the addition of FXa (10 pM). Aliquots were removed, and the reactions were quenched by the addition of EDTA. Rates of

thrombin generation were determined at Abs405 after the addition of S-2238. Thrombin generation was quantified by extrapolation from a standard curve prepared using

known amounts of thrombin. The plotted data were fitted using the Michaelis-Menten equation. All experiments were performed at least 3 separate times, and the average

values are shown.
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15%-120%ofnormalFV:Ag). InmixtureswithWT,APCsrs increased
dose-dependently (DAPCsr; 2.85 3 1022/nM FV; Figure 3B). The
APCsr inW1920R was lower by;4-fold (0.713 1022/nM FV) than
WT, in keeping with the impairment of APC cofactor activity in
W1920R. With R506Q, the APCsr was greater by ;2.7-fold
(1.91 3 1022/nM FV) than that with W1920R. These findings
demonstrated that APCR in FVNara plasma resulted fromW1920R,
and the APC cofactor activity of W1920R appeared to be more
defective than that of R506Q.

The C1 and/or C2 domains of FV(a) bind to PL membranes,34,35

which governs the susceptibility of FVa for APC-catalyzed in-
activation and the APC cofactor activity of FV.W1920 is in proximity
to the PL-binding region or regions,36 and we speculated that the
APCR of FV-W1920R might be a result of significant disturbances
in PL binding. The PL binding of W1920R was maintained at;90%
that of WT in ELISA, however (Figure 4A). The influence of PL
on prothrombinase activity with W1920R was also investigated.
Thrombin generation with W1920R was;70% the level of that with
WT, again supporting the cross-reactive material–reduced type on
FVNara. However, the affinity of PL forW1920Rwas not significantly
different compared with WT (Km: 3.25 6 0.77/2.22 6 0.24 mM,
respectively; Figure 4B). Thrombin and PL-dependent FXa activation
ofW1920R showed a similar reaction to the activation ofWT (data not
shown). These findings indicated that W1920R–PL interactions were
not disturbed.

APC-catalyzed inactivation of FVa-W1920R

APC-catalyzed inactivation of FVa-W1920R, compared with the
inactivation ofWT and R506Q (FVLeiden), were examined in 1-stage
clotting assays. FVa-WT:C was very rapidly decreased after the
addition of APC and PS and declined to;2% of the initial level at 5
minutes (Figure 5A). FVa-R506Q:C was reduced to ;20% of the
initial level at 5 minutes. Surprisingly, FVa-W1920R:C decreased
very slowly and persisted at ;60% of the initial level. The
inactivation rate of W1920R was ;11- and ;4.5-fold lower than
the rates of WT and R506Q, respectively (Table 3), indicating
significantly defective APC-induced inactivation of W1920R.
Without PS, the inactivation rate of FVa-WT:C was significantly
decreased, with ;20% of the rate obtained with PS (Figure 5B),
whereas inactivation of FVa-R506Q:C was not observed. The
inactivation rate of FVa-W1920R:C appeared to be ;40% less than
that with PS, but this was;6-fold lower than that of WT, supporting
the theory that W1920R as a cofactor for PS contributed less to the
mechanisms of APCR than WT and R506Q.

Sodium dodecyl sulfate/polyacrylamide gel electrophoresis of
APC cleavage was designed to investigate the mechanism or mech-
anisms contributing to the defective APC-catalyzed inactivation of
FVa-W1920R (Figure 6). Using FVa-WT, the band of residues 1 to
506 rapidly appeared within 20 seconds after the addition of APC,
followed sequentially by the appearances of the 307 to 506 and 307 to
709 bands, consistent with rapid, consecutive cleavage at Arg506 and
Arg306. Cleavage of FVa-R506Q at Gln506 was not evident during
a5-minute reaction.Theappearanceof the307 to709bandwas evident
at similar velocity to that inWT, but the total ratio of Arg306 cleavage
in R506Q was reduced. The appearance of the 1 to 506 band in
W1920R was markedly delayed compared with WT, however, and
cleavage at Arg306 was not detected. These results suggested that the
loss of APC-catalyzed inactivation of FVa-W1920R was a result of
a significant delay in cleavage at Arg506 and little cleavage at Arg306.

Cofactor FV-W1920R on APC-catalyzed FVIIIa inactivation

Properties of FV-W1920R as a cofactor for APC were examined in
a FVIIIa degradation assay.29 FV-WT significantly enhanced APC-
catalyzed FVIIIa inactivation with a ;3-fold inactivation rate com-
pared with that in its absence, again confirming the APC cofactor
activity of FV (Figure 7Aa and Table 4). FV-R506Q moderately
diminished APC-catalyzed inactivation with the ;50% inactivation
rate of WT. However, the rate with W1920R was similar to that in its
absence, emphasizing earlier findings that APC cofactor activity was
markedly depletedwithW1920R.With regard to the effects of varying
amounts of FV onAPC cofactor activity, FV-WT enhanced the APC-
catalyzed inactivation dose-dependently (50% reduction, 0.25 nM)
(Figure 7Ab). Inactivation with R506Q was also enhanced, but the
50% reduction of 0.55 nM was greater than that with WT. However,
even at 1 nM of W1920R, little enhancement of this mechanism was
demonstrated, indicating that impairment of APC cofactor activity
with W1920R was more pronounced than with R506Q.

Figure 5. APC-mediated inactivation of FVa-

W1920R mutant. FV variants (8 nM) were incubated

with thrombin (100 nM) for 5 minutes, and the reaction

was terminated by the addition of hirudin (25 U/mL). FVa

variant samples (2 nM) were reacted with APC (25 pM)

and PL (20 mM) in the presence (A) or absence (B) of PS

(30 nM). After dilution, FVa activity was measured in an

aPTT-based 1-stage clotting assay. The symbols used

are as follows: open circles, WT; closed circles, W1920R;

open squares, R506Q. Initial activities of FVa variants

were regarded as 100%. The plotted data were fitted in

an equation of single exponential decay. All experiments

were performed at least 3 separate times, and the

average values are shown.

Table 3. Kinetic parameters determined on APC-catalyzed
inactivation of recombinant FVa variants

FVa variants

PS, minutes21 (-fold)

Plus Minus

WT 1.07 6 0.06 (1) 0.230 6 0.016 (1)

W1920R 0.100 6 0.001 (0.09) 0.038 6 0.008 (0.16)

R506Q 0.417 6 0.061 (0.39) Not determined

Values were calculated by nonlinear least squares regression from the data

shown in Figure 5A-B, using the single exponential decay.

BLOOD, 10 APRIL 2014 x VOLUME 123, NUMBER 15 NOVEL MECHANISM OF POTENT APCR IN FVNARA 2425

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/123/15/2420/1375600/2420.pdf by guest on 02 June 2024



APC-catalyzed FVIIIa inactivation is regulated by cleavage at
Arg336 in A1.37 Figure 7B illustrates time-dependent cleavage at
Arg336 analyzed by western blotting using mAbC5. This mAb
recognizes the residues 337 to 372, and the disappearance of this band
represents cleavage at Arg336.38 With FV-WT, intact A1 gradually
decreased time-dependently (Figure 7Ba). With FV-W1920R,
however, cleavage at Arg336 was not observed during a 10-minute
reaction time, and the rate of cleavage with FV-R506Q appeared to
be ;40% of that of FV-WT (Figure 7Bb and Table 4), consistent
with the results obtained in FXa generation assays. These data
confirmed that APC cofactor activity was partially or completely
impaired with R506Q and W1920R, respectively.

Discussion

Wedescribed a novel FV-W1920Rmissensemutation associatedwith
APCR in a Japanese boywith serious DVT. TheAPCR of FVNara was
greater than that of FVLeiden and involved a novelmechanism related to
a significant inhibition of cleavage at both sites because of the possible
failure of direct and/or indirect interactions with APC and/or PS.

FV-W1920 is a highly conserved residue among other mamma-
lians. According to the crystal structure of APC-inactivated bovine
FVa,36 bovine-W1907 (corresponding to human-W1920) is located
on the internal structure in theC1domain,which is involved in3 spike-
like structures ofb-strand as PL-binding sites.W1907 forms hydrogen
bonding with W1891 (W1904) and L2013 (L2026), which is
located at the first and second spike of PL-binding, respectively.
W1920Rmay have an effect on the PL binding at the C1 interface and
may be an unstable molecule by modification (eg, misfolding).
However, because a functional assay such as prothrombinase
activity, FXa activation, and a PL-binding assay did not indicate
significant differences between WT and W1920R, this molecule
would be not significantly disturbed structurally; thereby, the reason
for secretion defect is unclear.

Our assays for APC-catalyzed FV cleavage demonstrated little
cleavage of W1920R at Arg306, and cleavage at Arg506 was
markedly delayed. As discussed earlier, the Arg506 cleavage is
considered to be essential for direct and FVIII-related anticoagulant
properties of FV,15,16,29 whereas the Arg306 cleavage is associated
with FVa inactivation. Mutations at Arg306, including FVCambridge,
contribute to mild APCR, and a similar mutation FVHong Kong,
appears not to affect the APC response.19-21We speculate, therefore,
that the impairment of APC-catalyzed cleavage at Arg506 in FVNara

resulted in persistent levels of FVIIIa:C and FVa:C and was the

Figure 6. APC-catalyzed proteolytic cleavage of the HCh of FVa-W1920R. FV

variants (8 nM) were incubated with thrombin (100 nM) for 5 minutes, and the

reaction was terminated by the addition of hirudin (25 U/mL). FVa variant samples

(0.5 nM) were incubated with APC (1 nM) and PS (30 nM) in the presence of PL

(20 mM) for the indicated times. Samples were analyzed on 8% gels, followed by

western blotting using an anti-FV HCh mAb 5146 IgG, as described in “Materials and

methods.” A vertical line is inserted to indicate a repositioned gel lane.

Figure 7. APC cofactor activity of FV-W1920R

assessed by the degradation of FVIIIa. (A) FVIIIa

inactivation. FVIII (10 nM) with PL (20 mM) was

activated by thrombin (5 nM), followed by the addition

of hirudin (2.5 U/mL). Generated FVIIIa was incubated

either with mixtures of APC (0.5 nM), PS (5 nM), and

FV variants (0.5 nM) for the indicated times (a) or with

various concentrations of FV variants for 20 minutes

(b). FXa generation was initiated by the addition

of FIXa (2 nM) and FX (200 nM) for 1 minute. The

symbols used are as follows: open circles, WT; closed

circles, W1920R; open squares, R506Q; closed

squares, no FV. Values of FXa generation at the

initial time (a) or in the absence of FV variants (b)

were regarded as 100%. The data in (a) were fitted

on an equation of single exponential decay (dashed

lines). All experiments were performed at least 3

separate times, and the average values are shown.

(B) A1 cleavage at Arg336; FVIII (10 nM) with PL

(20 mM) was activated by thrombin (5 nM) for 30

second, followed by the addition of hirudin (2.5 U/mL).

Generated FVIIIa was incubated with mixtures of APC

(0.5 nM), PS (5 nM), and FV variants (0.5 nM) for the

indicated times. Samples were analyzed on 8% gels,

followed by western blotting using an anti-A1 C5 IgG,

as described in “Materials and methods” (a). Band

densities of intact A11-372 observed from panel a were

measured by quantitative densitometry. Density be-

fore the addition of APC was regarded as 100% (b).

The plotted data were fitted in an equation of single

exponential decay (dashed lines). The symbols used

are as follows: open circles, WT; closed circles,

W1920R; open squares, R506Q. All experiments

were performed at least 3 separate times, and the

average values are shown.
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most influential defect in the APCR mechanism. The complete
loss of cleavage at Arg306 in FVNara also contributed to the
stability of FVa:C. These findings provide potential new insights
into the physiological role or roles of FV in (anti)coagulation
systems.

The recurrence of DVT in FVNara was evident despite low levels of
plasma FV:C. This observation appears to be unique in FVmutations
reported with APCR. The precise reason or reasons for thrombotic
symptoms in these circumstances remain to be clarified but could be
explained by some laboratory features. First, moderately low levels of
plasma FV:C (.5%) promote thrombin generation near to normal
plasma and could facilitate significant effects onAPCR.The thrombin-
related procoagulant capacity of lower levels of FV:C (,2;3%) is
very restricted, however, and the anticoagulant function of FV might
be negligible. Second, platelet FV:C might be more important than
plasma FV:C in physiological procoagulant activity.39 Platelet FV:C
in FVNara was;20% (data not shown), and the peak level of thrombin
formation in PRP was comparable to that of normal PRP (;90% of
normal). The peak thrombin after the addition of APC was increased
(145% of normal) (Figure 2Ab). Third, other hemostasis-related
mechanisms may have a potential effect on the thrombotic diathesis.
Other laboratory findings were within normal range in our patient,
however, and we demonstrated directly that FV-W1920R conferred
APCR.

The APCR mechanisms in FVNara appeared to be distinct from
other APCR-associated FV mutations. With the exception of
FVLiverpool (I359T),

40 all FV mutations have been identified in the
HCh and constitute point mutations at cleavage sites that lead to the
impairment of FV(a) inactivation. Delayed cleavage at Arg306 was
described in FVLiverpool, resulting in impaired inactivation of FVa
and in clinically severe DVT. This mutation led to the creation of
a glycosylation consensus sequence at Asn357 that is slightly remote
from the Arg306 site. Cleavage at Arg506 in FVa and APC cofactor
activity for FVIIIa inactivation was normal. However, W1920R is
significantly remote from the APC-cleavage sites and frommoderated
cleavage at both Arg306 and Arg506. AlthoughW1920 in FV is close
to the PL-binding site,36 the binding ability of W1920R to PL was
almost equivalent to that of FV-WT, indicating thatW1920R inFVNara

might affect the direct association (binding-site) or indirect association
(conformational change) with APC. In addition, W1920R was little
cleaved by APC at Arg306, depending on PS, whichmight supporting
a defective interaction with PS. Our conclusion that FVNara was resis-
tant to APC inactivation through an impaired interaction with this
protease might be further supported by observations that FVa-
W1920R, when assembled into prothrombinase, was protected from
FXa-catalyzedAPC inactivation and that the inhibitory effect of FXa
on APC-catalyzed inactivation of FVa-W1920R was observed,
similar to WT (data not shown).

FVLeiden is known to be a major cause of hereditary thrombotic
diseases among Caucasians.2,41 Studies of the ethnic distribution of

FVLeiden indicated that the mutation was not found in Asians.17,18 A
different FVmutation (E666D) causing APCR coupled with DVT has
been reported in China,42 but there are no reports of FV-associated
APCR in Japan. The parents of the current propositus were het-
erozygous for the W1920R mutation, but they have not developed any
thrombotic symptoms todate, althoughaPTT-basedassaysdemonstrated
mildAPCR. It ispossible that similar toFVLeiden, theheterozygoteFVNara

may have a potential risk for thrombosis compounded by other
prothrombotic factors.
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1. Dahlbäck B, Carlsson M, Svensson PJ. Familial
thrombophilia due to a previously unrecognized
mechanism characterized by poor anticoagulant
response to activated protein C: prediction of
a cofactor to activated protein C. Proc Natl Acad
Sci USA. 1993;90(3):1004-1008.

2. Bertina RM, Koeleman BP, Koster T, et al.
Mutation in blood coagulation factor V associated
with resistance to activated protein C. Nature.
1994;369(6475):64-67.

3. Rosing J, Tans G. Coagulation factor V: an old
star shines again. Thromb Haemost. 1997;78(1):
427-433.
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