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Key Points

• FV-A2086D impaired
FVa susceptibility and
FV cofactor activity for
APC, similar to FV-
W1920R.

• FV-A2086D and FV-
W1920R impaired the
inhibitory effects on
tissue factor–induced
coagulation reactions.
/2060037/blooda_adv-2022-008918-m
ain.pdf by guest
Factor V (FV) plays pivotal roles in both procoagulant and anticoagulant mechanisms.

Genetic mutations, FV-W1920R (FVNara) and FV-A2086D (FVBesançon), in the C1 and C2

domains of FV light chain, respectively, seem to be associated with deep vein thrombosis.

However, the detailed mechanism(s) through which these mutations are linked to

thrombophilia remains to be fully explored. The aim of this study was to clarify thrombotic

mechanism(s) in the presence of these FV abnormalities. Full-length wild-type (WT) and

mutated FV were prepared using stable, human cell lines (HEK293T) and the piggyBac

transposon system. Susceptibility of FVa-A2086D to activated protein C (APC) was reduced,

resulting in significant inhibition of APC-catalyzed inactivation with limited cleavage at

Arg306 and delayed cleavage at Arg506. Furthermore, APC cofactor activity of FV-A2086D in

APC-catalyzed inactivation of FVIIIa through cleavage at Arg336 was impaired. Surface

plasmon resonance–based assays demonstrated that FV-A2086D bound to Glu-Gly-Arg-

chloromethylketone active site–blocked APC and protein S (P) with similar affinities to that

of FV-WT. However, weakened interaction between FVa-A2086D and phospholipid

membranes was evident through the prothrombinase assay. Moreover, addition of FVa-

A2086D to plasma failed to inhibit tissue factor (TF)-induced thrombin generation and

reduce prothrombin times. This inhibitory effect was independent of PC, PS, and

antithrombin. The coagulant and anticoagulant characteristics of FV(a)-W1920R were

similar to those of FV(a)-A2086D. FV-A2086D presented defects in the APC mechanisms

associated with FVa inactivation and FV cofactor activity, similar to FV-W1920R. Moreover,

both FV proteins that were mutated in the light chain impaired inhibition of TF-induced

coagulation reactions. These defects were consistent with congenital thrombophilia.
 on 08 June 2024
Introduction

Factor V (FV) is involved in both procoagulant and anticoagulant mechanisms.1,2 The procoagulant
activity of FV is mediated as a cofactor for activated FX (FXa) in the prothrombinase complex that
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converts prothrombin to thrombin on phospholipid (PL) mem-
branes.3-5 These reactions lead to thrombin-catalyzed proteolytic
cleavages of FV at Arg709, Arg1018, and Arg1545, resulting in its
conversion to activated FV (FVa). The activated molecule is rapidly
inactivated by proteolytic cleavage of the heavy chain (HCh) at
Arg306, Arg506, and Arg679 by activated protein C (APC) and
protein S (PS) to downregulate the potential for hypercoagulant
reactions.6,7 Cleavage at Arg506 is important for the exposure of
other cleavage sites but is not essential for the decrease in FVa
activity8,9; however, cleavage at Arg306 results in near complete
loss of FVa activity. Nevertheless, any defect in 1 or more of these
cleavage reactions influences the process of APC-induced inacti-
vation of FVa.

Alternatively, FV functions as an anticoagulant cofactor for APC,
and enhances APC/PS-catalyzed inactivation of FVIIIa through
proteolytic cleavage at Arg336.10,11 Hence, the anticoagulant
potential of FV is mediated by promoting the proteolysis by APC
before thrombin cleavage. Cleavage at Arg506 of FV that still
contains the B domain contributes to anticoagulant activity but
cleavage at Arg306 is less important in this respect.12,13 Any
molecular defect in these cleavage reactions potentiates APC
resistance (APCR). The FV B domain contains an essential region
that interacts with tissue factor pathway inhibitor (TFPI).14,15

Consequently, the anticoagulant functions of FV are associated
with both APC and TFPI.16,17 In addition, Al Dieri et al18 identified a
novel anticoagulant mechanism for FVa involving inhibition of tissue
factor (TF)-induced procoagulant function, regardless of the pres-
ence of APC and TFPI. The use of recombinant human FV (rFV)
may help to clarify the precise mechanism(s) of the anticoagulant
properties of FV. The large size (~7.0 kb) of human FV comple-
mentary DNA, however, presents significant challenges for the
stable expression of full-length FV in high yields.

APCR has been recognized as a molecular abnormality of FV
involved in the pathogenesis of thrombosis. A point mutation in the
FV gene, R506Q (FVLeiden), is the most common defect known to
affect the APC cleavage site in FV.1 This inherited disorder impairs
APC-induced inactivation of FVa directly, and via FV cofactor of
FVIIIa, which has been identified in ~20% of Caucasians with deep
venous thrombosis (DVT).2 Other mutations, including R306T
(FVCambridge),

19 R306G (FVHongKong),
20 I359T (FVLiverpool),

21

E666D,22 and A512V (FVBonn)
23 have also been identified in

association with DVT. These mutated residues are within the HCh,
at or close to the APC cleavage site. We also previously identified
a novel FV-W1920R mutation (FVNara), located in the C1 domain,
remote from APC cleavage site, that is responsible for APCR-
related recurrent DVT.24 This mutation appeared to decrease the
affinity for PL binding and for PS in the complex.25 A mutation, FV-
A2086D (FVBesançon), in the C2 domain that is associated APCR
has recently been identified.26 The individual properties of FV(a)-
A2086D have previously been investigated using highly diluted
plasma of the patient with the homozygous FV-A2086D as a
source of the mutant FV. The study revealed that FV(a)-A2086D
resulted in APCR and decreased APC-cofactor activity associ-
ated with lower affinity for PLs. In contrast, FVa-A2086D has
slightly (≤1.5 fold) unfavorable kinetic parameters (Km and Vmax) of
prothrombin activation compared with normal FVa. The investiga-
tors concluded that FV(a)-A2086D affects the anticoagulant
pathways more strongly than prothrombinase activity. However, the
detailed analyses using recombinant FV-A2086D have not been
2832 SHIMONISHI et al
evaluated, and the molecular relationships between these muta-
tions and thrombophilia are yet to be fully explored.

In this study, we successfully expressed full-length rFV proteins in
high yield, using a stable, human cell system with the piggyBac
transposon vector. The defective mechanisms of FV-related
function under the FV-A2086D mutation were investigated and
FV-W1920R mutants were also studied. The data from these
experiments provide novel insights into the causes of DVT in these
genetic disorders.

Materials and methods

Reagents

Commercially available reagents were purchased from interna-
tionally reputable suppliers. These included restriction enzymes
(New England Biolabs, Beverly, MA); infusion cloning (Takara-Bio,
Otsu, Japan); specific primers (Hokkaido System, Sapporo, Japan);
rFVIII (NovoEight, Novo Nordisk A/S, Bagsværd, Denmark); FV,
FIXa, FX/FXa, APC, PS, and mAbAHV-5146 (Hematologic Tech-
nologies, Essex Junction, VT); α-thrombin, r-hirudin, and Glu-Gly-
Arg-chloromethylketone (EGR-ck) (Calbiochem, San Diego, CA);
FV-deficient, PC-deficient, PS-deficient, and antithrombin-deficient
plasma (Affinity Biologicals, Ancaster, Canada); FVIII-deficient and
FIX-deficient plasma (George King. Overland Park, KS); chromo-
genic substrate S-2222 and S-2238 (Sekisui Medical, Tokyo,
Japan); rTF (Innovin; Dade, Marburg, Germany); and thrombin-
specific fluorogenic substrate (Bachem, Bubendorf, Switzerland).
The monoclonal antibody (mAb) C5 was kindly provided by
C. Fulcher (Scripps Research, La Jolla, CA).27 PL vesicles (phos-
phatidylserine, phosphatidylcholine, and phosphatidylethanolamine
at 10%, 60%, and 30%, respectively) and EGR-APC were pre-
pared as reported previously.28,29

Vector construction

The piggyBac transposon system30 was used to express wild-type
(WT) and mutant FV as illustrated in supplemental Figure 1. The
pPB-CAG-EBNXN sequence,31 which contains the constitutively
active CAG promoter to express the gene of interest,32 was used
as a backbone piggyBac vector. The enhanced green fluorescent
protein (EGFP) coding region from pCX-EGFP33 was amplified
using the following primers: EGFP-BgSg-F1, 5′-GGCAGATC
TGCGATCGCCATGGTGAGCAAGGGCGAGGAGCTG-3′ and
EGFP-PmXh-R1, 5′-CGGCTCGAGGTTTAAACTTACTTGTACA
GCTCGTCCATGCC-3′. Therefore, BglII-SgfI sites and PmeI-XhoI
sites were introduced upstream and downstream of the EGFP
fragment, respectively. The EGFP fragment was digested with BglII
and XhoI, and cloned into the BglII-XhoI site of the pPB-CAG-
EBNXN, between the CAG promoter and the bovine growth hor-
mone polyadenylation signal, yielding in pPB-CAG-EGFP-BSPX
plasmid. The PGKpuropA expression cassette was excised from
pPGKpuro by PstI-SalI digestion and cloned into the PstI-SalI site
of the pPB-CAG-EGFP-BSPX, between the bovine growth hor-
mone polyadenylation signal and the piggyBac transposon
sequence, resulting in pPB-CAG-EGFP-BSPX-PGKpuro. The
full-length WT-FV coding sequence was excised from
pF1KB4969 (Kazusa DNA Research Institute, Kisarazu, Japan)
by SgfI-PmeI digestion, and the EGFP region of the pPB-CAG-
EGFP-BSPX-PGKpuro was replaced with this fragment using
the same restriction enzymes, generating pPB-CAG-F5-PGKpuro
27 JUNE 2023 • VOLUME 7, NUMBER 12
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(supplemental Figure 1). Construction of a vector containing the
mutations is described in detail in the supplemental Methods.

Expression and purification of recombinant FV

HEK293T cells were transfected with FV expression vectors and
the piggyBac transposase expression vector pCMV-hyPBase34

using lipofectamine3000 (Life Technologies, Carlsbad, CA) and
selected using puromycin (1 μg/mL) to stably express rFV proteins.
HEK293T cells were maintained in media supplemented with 10%
fetal bovine serum and ampicillin and streptomycin. After the cells
became confluent, the supernatant was replaced with serum-
reduced medium (Opti-MEM). FV activity (FV:C) was measured
using a PT-based clotting assay. FV antigen (FV:Ag) was measured
with an enzyme-linked immunosorbent assay using a Factor
V-Paired Antibody set (Affinity Biologicals, Ancaster, Canada) per
the manufacturer’s protocol. The product was loaded onto a
SP-Sepharose column and eluted with 1 M NaCl. Collected active
fractions were loaded onto Q-Sepharose columns, followed by
elution with 1 M NaCl. Active fractions were applied to Superd200-
GL columns. Protein quantity was measured by UV analysis. The
proteins were concentrated using AmiconUltra-15 (cutoff, 100 kDa).

APC-catalyzed FVa inactivation

FV (10 nM) was incubated with thrombin (10 nM) for 5 minutes at
37◦C, before the addition of hirudin (5 U/mL). The FVa solution
was incubated with APC (1 nM), PS (30 nM), and PL (20 μM) in
HBS buffer (20 mM HEPES pH 7.2, 0.1 M NaCl, 1 mM CaCl2, and
0.005% polysorbate20) for the indicated times.24,35 Aliquots were
obtained from the mixtures and diluted ~30 fold. Residual FV:C
was measured using PT-based clotting assays. The presence of
thrombin and hirudin in the diluted samples had little effect on
these assays (data not shown). FVa proteolytic cleavage was
confirmed by western blotting.24

FV cofactor activity for APC

FV cofactor activity for APC was measured by a FVIIIa degradation
assay.35 FVIII (10 nM) was activated in the presence of PL (20 μM)
by thrombin (5 nM) for 30 seconds, followed by the addition of
hirudin (2.5 U/mL). The generated FVIIIa was incubated with APC (2
nM) and PS (10 nM) with rFV for the indicated times in HBS buffer.
Reactants were incubated with FIXa (2 nM) and FX (200 nM) for
1 minute, followed by measurement of generated FXa. Relative
FVIII:C was calculated from the amounts of generated FXa. FVIIIa
proteolytic cleavage was confirmed by western blotting.24
Table 1. Characteristics of FV levels (medium) and APCsr (purified prep

FV mutants FV:C *,‡ FV:Ag *

U/dL μg/mL

FV-WT 21.3 ± 1.3 2.35 ± 0

FV-A2086D (FVBesançon) 2.3 ± 0.1 0.29 ± 0

FV-W1920R (FVNara) 3.9 ± 0.1 1.04 ± 0

FV-R506Q (FVLeiden) 20.2 ± 1.4 2.43 ± 0

Measurements were performed as described in “Materials and methods.” All data were measu
*Data from supernatant in media.
†Data from purified preparations.
‡FV:C, FV activity was measured by using a PT-based 1-stage clotting assay.
§FV:Ag, FV antigen level was measured by an ELISA.
‖APCsr, APC sensitive ratio was measured by an aPTT-based assay as described in suppleme

27 JUNE 2023 • VOLUME 7, NUMBER 12
Prothrombinase assay

FV (100 pM) was activated with thrombin (5 nM) for 5 minutes,
followed by the addition of hirudin (2.5 U/mL). Reactants were mixed
with PL and FXa, before the addition of prothrombin at the indicated
concentration in HBS buffer.36 Thrombin generation rates were
determined after the addition of S-2238 (final concentration [f.c.]
0.33 mM). Thrombin generation was quantified based on a standard
curve that was prepared using known amounts of thrombin.

Surface plasmon resonance (SPR)-based assay

FV interaction with EGR-APC or PS was determined using Biacore
T200 (Cytiva, Sheffield, United Kingdom). EGR-APC and PS were
coupled to the CM5 sensor-chip. The association of the ligand was
monitored in running (HBS) buffer at a flow rate of 25 μL/min for
2 minutes. Dissociation of the bound ligand was recorded over a
2-minute period by replacing the ligand solution with buffer alone.
The level of nonspecific binding, corresponding to the ligand
binding to the uncoated chip, was subtracted from the signal. Rate
constants for association (kass) and dissociation (kdiss) were
determined by nonlinear regression analysis. Dissociation con-
stants (Kd) were calculated as kdiss/kass.

Coagulation potential of FVa mutant–added plasma

1. Thrombin generation–based: FV (450 nM) samples were incu-
bated with thrombin (5 nM) for 30 minutes, followed by the
addition of hirudin (2.5 U/mL). FVa (f.c. 4.5 nM) was added to
plasma, and thrombin generation was measured.18,37

2. Diluted PT–based: PT was assessed using 100-fold diluted PT
reagent (Innovin). Diluted PT reagent (50 μL) was mixed into
plasma (50 μL) with FVa (4.5 nM) and incubated for 2 minutes,
followed by the addition of 25 mM CaCl2 (50 μL).

Results

Expression and purification of FV mutants

FV-WT and mutants (FV-A2086D, W1920R, and R506Q) were
expressed in HEK 293T cells using the piggyBac transposon
vector. FV:C and FV:Ag levels in these products are summarized in
Table 1. FV:Ag in FV-A2086D and FV-W1920R mutants were
reduced compared with WT but levels of FV-506Q were compa-
rable with those of WT. These characteristics of FV mutants were
consistent with those found in patient plasma samples as previ-
ously reported.24,26 Using sodium dodecyl sulfate–polyacrylamide
arations) in FV-WT and mutants

,§ Specific activity (fold) APCsr †,‖
U/μg

.18 0.091 (1.00) 2.12 ± 0.18

.10 0.079 (0.86) 1.84 ± 0.16

.06 0.038 (0.42) 1.57 ± 0.14

.22 0.083 (0.91) 1.24 ± 0.04

red 3 times, and the average ± standard deviation values are shown.

ntal Methods.
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Figure 1. APC-mediated inactivation and cleavage of FVa-A2086D. (A)

APC-mediated inactivation. FV-WT and FV-A2086D (10 nM) were incubated with

thrombin (10 nM) for 5 minutes, followed by the addition of hirudin (5 U/mL). FVa

(2 nM) was reacted with APC (1 nM) and PL (20 μM) in the presence or absence of

PS (30 nM) for the indicated times. After dilution, FVa activity (FVa:C) was measured

via a PT-based clotting assay. An initial FV:C was regarded as 100%. Experiments

were performed at least 3 times, and average values ± standard deviations are

shown. The plotted data were fitted using an equation of single exponential decay

(dashed lines). The rate constants (min−1) obtained were FV-WT; 1.02 ± 0.26

(plus PS) and 0.68 ± 0.15 (minus PS), and FV-A2086D; 0.26 ± 0.15 (plus PS)

and 0.11 ± 0.05 (minus PS). (B) APC-catalyzed proteolytic cleavage of the HCh
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gel electrophoresis (SDS-PAGE), the purity of the rFV proteins was
confirmed to be >90% (supplemental Figure 1B). APCR was
confirmed using an aPTT-based APCR assay, for which all muta-
tions are shown in Table 1.

APC-catalyzed inactivation and cleavage of FVa-

A2086D

APC-catalyzed inactivation of the FVa mutant was examined using
a PT-based clotting assay to investigate residual FVa activity
(Figure 1A). In the presence of PS, FVa-WT activity (FVa-WT:C)
rapidly decreased after the addition of APC, and had declined to
between ~20% and 30% of its initial level at 2 minutes. However,
FVa-A2086D:C decreased more slowly and remained at ~60% of
initial activity at 10 minutes. The inactivation rate constant of FVa-
A2086D was ~4-fold lower compared with that of FVa-WT. In the
absence of PS, FVa-WT:C was inactivated after the addition of
APC and had declined to ~30% of the initial level at 10 minutes,
whereas FVa-A2086D:C remained at ~70% of the initial level. The
inactivation rate of FVa-A2086D was ~6 fold lower than that of
FVa-WT.

SDS-PAGE analyses of APC cleavage were designed to investi-
gate the mechanism(s) contributing to disordered APC-catalyzed
FVa inactivation (Figure 1B). In the presence of PS, the 1-506
fragment band rapidly appeared in FVa-WT within 1 minute after
the reaction with APC, followed by 307-506 bands, demonstrating
rapid and consecutive cleavage at Arg506 and Arg306. In the
absence of PS, cleavage at Arg306 was not readily apparent after a
20-minute incubation, confirming the contribution of PS in cleavage
at Arg306 (lower panels). The appearance of the 1-506 band in
FVa-A2086D was markedly delayed relative to its appearance in
WT, and cleavage at Arg306 was not detected, regardless of the
presence of PS (upper panels). These results suggest that the
impaired APC-catalyzed inactivation of FVa-A2086D was owing to
markedly delayed cleavage at Arg506 and limited cleavage at
Arg306, independently of PS. These data also indicate that these
mutations might directly interfere with APC and/or PS interactions,
similar to that of FVa-W1920R.24,25

FV-A2086D as a cofactor in APC-catalyzed

inactivation of FVIIIa

The characteristics of FV-A2086D as a cofactor of APC were
examined using a FVIIIa degradation assay (Figure 2). FV-WT
enhanced APC-catalyzed inactivation of FVIIIa in a dose-
dependent manner. FXa generation was decreased by ~60% at
the maximum concentration of FV-WT used (2 nM) compared with
the control in the absence of FV. FV-A2086D also moderated FXa
generation but the effects were less than those observed with FV-
WT (~30% of control). The time courses of APC-catalyzed inac-
tivation of FVIIIa are illustrated in Figure 2Ba. FXa generation was
decreased to between ~20% and 30% of that in the control after
Figure 1 (continued) of FVa-A2086D. FV-WT and FV-A2086D (5 nM) were

incubated with thrombin (5 nM) for 5 minutes, followed by the addition of hirudin

(2.5 U/mL). Generated FVa was incubated with APC (1 nM) and PL (20 μM) in the

presence or absence of PS (30 nM) for the indicated times. Samples were analyzed

on 8% gels, followed by western blotting using an anti-FV HCh mAb 5146

immunoglobulin G.

27 JUNE 2023 • VOLUME 7, NUMBER 12
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Figure 2. APC cofactor activity of FV-A2086D on APC-

induced FVIIIa degradation. (A) FVIIIa inactivation. FVIII (6

nM) with PL (20 μM) 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 (1 nM), PS (10 nM),

and FV-WT or FV-A2086D (0-2 nM) for 20 minutes. FXa

generation was initiated by the addition of FIXa (2 nM) and FX

(200 nM) for 1 minute. Values of FXa generation in the absence

of FV were regarded as 100%. All experiments were performed

at least 3 times, and the average values are shown. (B) FVIIIa

inactivation and A1 cleavage at Arg336 in FVIIIa by APC. rFVIII

(6 nM) with PL (20 μM) was activated by thrombin (5 nM) for

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

Generated FVIIIa was incubated with mixtures of APC (2 nM),

PS (10 nM), with or without FV-WT or FV-A2086D (2 nM) for

the indicated times. (Ba) FXa generation was initiated by the

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

were fitted using an equation of single exponential decay

(dashed lines). All experiments were performed at least 3 times,

and the average values are shown. The rate constants (min−1)

obtained were FV-WT, 0.19 ± 0.02; FV-A2086D, 0.13 ± 0.05;

no FV, 0.11 ± 0.04. (Bb) The same samples as in panel B were

analyzed on 8% gels, followed by western blotting using an

anti-A1 mAbC5 immunoglobulin G. (Bc) Band densities of

intact A11-372 observed from panel b were measured by

quantitative densitometry. The density before the addition of

APC was regarded as 100%.
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20 minutes in the presence of FV-WT. However, in the presence of
FV-A2086D, FXa generation was restricted to only ~50% of that of
the control at the same time point. The rate of FVIIIa degradation in
FV-A2086D was ~0.68 fold of that of WT, and the degree of this
rate was almost comparable with that observed in the absence of
FV.

APC-catalyzed inactivation of FVIIIa is regulated by cleavage at
Arg336 in the A1 domain of FVIII.38 Figure 2Bb,c illustrates the time-
dependent cleavage at Arg336 and the changes in band density
analyzed by western blotting using mAb C5, which recognizes
residues 351-365 epitope. In using this technique, the disappear-
ance of the A1 band identifies cleavage at Arg336.39 For FV-WT,
the band density of intact A1 decreased gradually in a time-
dependent manner. In contrast, the disappearance of the A1
band in FV-A2086D was markedly delayed, similar to the condition
without FV. These results suggest that the APC cofactor activity of
FV-A2086D was significantly impaired.

Impact of PL on prothrombinase activity with FVa-

A2086D

The interactions of FV-A2086D with PL were further examined
using a prothrombinase assay. The results are shown in Figure 3
and summarized in Table 2. With FVa-A2086D, the Kd value for
PL vesicles was ~22 fold greater than with FVa-WT, showing that
Fva-A2086D had reduced affinity for PL. In addition, the Kd value
for Fxa was ~2-fold greater with FVa-A2086D than with FVa-WT.
However, similar Km values for prothrombin were recorded
between FVa-A2086D and FVa-WT, as previously reported.26
27 JUNE 2023 • VOLUME 7, NUMBER 12
Direct binding of FVa-A2086D to immobilized

EGR-APC or PS

Our findings were consistent with defective APC-related mech-
anisms associated with FV-A2086D,26 similar to FV-W1920R.24

To examine the influence of FV mutant interaction with APC or
PS, direct binding for these interactions was investigated using
semifluid-phase SPR-based assays. Active site–blocked EGR-
APC was used in these experiments to limit APC proteolysis of
the FV molecule. For this experiment, in addition to FV-A2086D, 2
FV mutants with APCR, FV-W1920R and FV-R506Q, were pre-
pared. Figure 4A-B shows binding curves corresponding to the
association and dissociation of FV mutants on immobilized EGR-
APC or PS, respectively. The data were analyzed by nonlinear
regression using a 1:1 binding model with a drifting baseline.
Based on the blood concentrations of FV, PC, and PS, the
differences in the Kd values between FV-A2086D, FV-W1920R,
FV-R506Q, and FV-WT for binding to either EGR-APC or PS
seemed unlikely to be significant (Table 3). These findings
suggest limited disturbance in the binding of FV-A2086D and FV-
W1920R to EGR-APC and PS. However, interpretation of these
data is limited, because of the absence of PL, and its interaction
with FV instead of FVa.

Inhibitory effect of FVa mutants on TF-induced

procoagulant function

Additional mechanism(s) related to DVT other than APCR were
examined by focusing on possible inhibitory reactions of the LCh
region in FVa, using TF-induced thrombin generation assays.18
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were quenched with EDTA (f.c. 50 mM). Rates of thrombin generation were determined after the addition of S-2238. Thrombin generation was quantified by extrapolation from
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Therefore, we speculated that FVa-A2086D and FV-W1920R
mutated in the LCh may exacerbate the inhibitory effect on
thrombin generation, and FV-R506Q mutated in the HCh may
exhibit an inhibitory effect similar to that of FV-WT. FVa mutants
were added to pooled normal plasma before evaluating TF-induced
thrombin generation. Exogenous FVa-A2086D and FVa-W1920R
mutants had little effect on thrombin generation, whereas the
addition of FVa-WT and FVa-R506Q mutant severely decreased
peak levels of thrombin activity (Figure 5A). Thrombin generation
patterns like those with FVa-A2086D and FVa-W1920R were
demonstrated in control experiments in the absence of FVa. We
confirmed that small amounts of thrombin and hirudin had no effect
on thrombin generation (data not shown). Similar results were
obtained with AT-, PC-, and PS-deficient plasmas (Figure 5B-D),
suggesting that the inhibitory effects were independent of these
factors.

Alternative experiments were also conducted by adding FVa
mutants to pooled normal plasma, followed by measuring pro-
thrombin times (PTs) with a diluted PT reagent (Figure 6). Exoge-
nous FVa-WT and FVa-R506Q prolonged the PT, consistent with
the inhibition of procoagulant function. However, PT in the pres-
ence of FVa-A2086D and FVa-W1920R were comparable to
Table 2. Kinetic parameters of the prothrombinase activity of FV

mutants

Kd Km

FV mutant PL FXa Prothrombin

μM nM μM

FV-WT 1.02 ± 0.21 0.061 ± 0.016 0.675 ± 0.126

FV-A2086D 22.2 ± 2.8 0.129 ± 0.013 0.708 ± 0.066

Reactions performed are described in “Materials and methods.” Kinetic parameters were
calculated by fitting the data presented in Figure 3. Data are shown as average ± standard
deviation values.
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plasma without FVa. Small amounts of thrombin and hirudin had no
effect on diluted PT assays (data not shown). These results
demonstrate that FVa-A2086D and FVa-W1920R mutants had
lost the ability to moderate TF-induced procoagulant activity. In
addition, we confirmed that similar results were obtained using
AT-, PC-, and PS-deficient plasmas (Figure 6B-D, respectively),
consistent with the results obtained for thrombin generation.
e 2024
Discussion

We have successfully expressed full-length FV in HEK293T cells
using the piggyBac transposon system.30,31 To the best of our
knowledge, there have been no reports of a stable, human cell line
expressing full-length FV. The piggyBac transposon, originally iso-
lated from the cabbage looper moth Trichoplusia ni, is highly active
in mammalian cells,31 and mobilizes 100-kb DNA fragments.40

Moreover, the technique was successfully used for the in vivo
delivery of FVIII.41 Supplementary histone deacetylase inhibitors
are shown to increase expression of recombinant FV in baby
hamster kidney cells,42 but our method enabled higher levels of
expression using human cells without modification of the culture
medium. The results suggest that the piggyBac transposon offered
a promising approach for the expression of other factors.

Castoldi et al,26 using patient plasma, reported that FV-A2086D
exhibited APCR. However, sufficient amounts of recombinant FV
could not be obtained, and, as the authors described, an influence
of plasma components could be not fully excluded. In this study, we
again confirmed that recombinant FV-A2086D exhibited APCR.
Compared with FV-WT, the binding affinity of FVa-A2086D with
FXa and prothrombin were not significantly different from what was
previously reported.26 Similar to that reported by Castoldi et al,26

the effect of PS was reduced in APC-induced inactivation,
compared with WT, similar to that observed with FV-W1920R. In
addition, we confirmed that FV cofactor activity in FVIIIa inactivation
was reduced, similar to FV-W1920R.
27 JUNE 2023 • VOLUME 7, NUMBER 12
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Table 3. Binding parameters of the interaction of FV mutants and immobilized EGR-APC or PS in an SPR-based assay (BIAcore)

EGR-APC immobilized PS immobilized

FV mutant kass kdiss Kd Chi2 kass kdiss Kd χ2

×105 M−1s−1 ×10−3 s−1 nM ×105 M−1s−1 ×10−3 s−1 nM

WT 3.37 3.59 10.7 1.29 5.20 3.93 7.56 1.76

A2086D 1.32 2.68 20.3 0.824 9.84 1.93 19.6 0.919

W1920R 3.38 4.33 12.8 0.832 1.45 3.82 26.2 0.708

R506Q 2.39 4.57 19.1 0.106 7.11 3.74 5.26 0.960

Reactions were performed are described in “Materials and methods.” Parameter values were calculated by nonlinear regression analysis from data in Figure 4A-B using the evaluation software
provided by Biacore AB.
EGR-APC, EGR active site-blocked APC. D
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Pioneering studies established that FV(a) bound to APC on the PL
membrane,43 and later reports demonstrated that FVa residues
311-325 represent an APC-binding region.44 The current data
using an SPR-based assay confirmed that variant FV bound directly
to APC in the absence of PL. However, in this study’s APC-related
investigations, no significant differences between FV-A2086D, FV-
W1920R, and FV-WT were observed. Therefore, results from this
study suggested that mutations in the C1 and C2 domains are
unlikely to affect APC associations. However, we performed an
SPR-based assay using FV instead of FVa, in the absence of PL,
and therefore, interpretation of APC-induced FVa inactivation from
these data might be limited. The results support, however, that the
reduction in cofactor function for FVIIIa inactivation would be
because of other factors and not the reduced affinity of APC.

Gierula et al25 concluded that membrane interactions between
FVa-W1920R and PS are essential for FVa cofactor function. Our
SDS-PAGE analyses clearly demonstrated that FV-A2086D and
FV-W1920R24 were not proteolyzed by APC at Arg306, irre-
spective of the presence of PS, and our assays of FVa activity
indicated that these mutations interfered with APC function. Mini-
mal differences were observed, however, in direct interaction of PS
with FV-A2086D and FV-W1920R, compared with FV-WT.
Structural analysis of FV/FVa by cryoelectron microscopy
revealed that the 2 C domains in FV are similar to each other,45

however, some differences are evident in FVa. The C2 domain
exhibits an open conformation that penetrates the PL bilayer, and in
silico analysis revealed that FV-A2086D and FV-W1920R might
display a more closed conformation.26 Both mutations seem to
affect near-homologous residues in the C1 or C2 domain, causing
comparable structural changes and modifying PL-binding proper-
ties. We thought that the APCR of FV-A2086D and FV-W1920R
was caused by defective interactions of FVa with APC or PS, or
association with PL in the FV(a)/PS/APC complex, which is also
based on previous reports.25,26

FVa markedly inhibits TF-induced thrombin generation,18 a function
considered to be related to the LCh fragment of FV. This study
indicated that inhibitory mechanisms were severely impaired in FV-
A2086D and FV-W1920R, mutated in the C1 and C2 domain,
Figure 4 (continued) show representative curves for FV mutants at 7.8, 15.6, 31.3, and 6

thin line). (B) PS binding. Various concentrations of FV mutants (WT, A2086D, W1920R, an

followed by a change of running buffer for 2 minutes. The lines show representative curves f

binding model are shown (solid thin line).
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respectively. FV-R506Q, with a mutation in the A2 domain
demonstrated an anticoagulant effect similar to FV-WT. Further-
more, clotting times using a diluted PT assay showed similar
results. Our findings support the argument of Al Dieri et al,18 and
strongly suggest that these defective molecular interactions could
contribute to thrombosis in patients with FV-A2086D and FV-
W1920R. Confirmatory data were also obtained using TFPI-,
FIX-, and FVIII-deficient plasma samples in the diluted PT assays
(supplemental Figure 2). These results indicate that the inhibitory
effect of FVa is independent on these factors, as suggested by Al
Dieri et al.18

In a clinical context, this report could help improve the assessment
and risk of thrombophilia. The reported mean age at the first
thrombotic event in patients homozygous for the FV R506Q
mutation was 25 years (range, 10-40 years) and 36 years (ranges
18-71) for heterozygotes.46 However, only a single case of FV-
A2086D and FV-W1920R was reported,24,26 and it is difficult to
compare age-related risks in these instances, although both
patients developed thromboses as teenagers. Our assays of aPTT-
based APCsr, which are usually used to evaluate APCR, showed
progressively less APCR in the order of FV-R506Q, FV-W1920R,
and FV-A2086D. However, the inhibitory effect of LCh of FV was
not observed with the aPTT reagent (data not shown), consistent
with q previous report that the intrinsic pathway was not involved.18

Therefore, we used the diluted PT reagent instead of the aPTT
reagent for the APCR assay to evaluate anticoagulant function
potential that reflect both APCR and an inhibitory effect. The
clotting time of FV-deficient plasma mixed with FV-WT in the
presence of APC was prolonged by 1.48 ± 0.08 fold. However,
that of FV-deficient plasma mixed with FV-A2086D, FV-W1920R,
and FV-R506Q was prolonged by 1.07 ± 0.02, 1.08 ± 0.02, and
1.10 ± 0.06 fold, respectively (supplemental Table 2), suggesting
similar levels of APCR in all mutants. The diluted PT–based APC
sensitivity ratio may offer a more appropriate assessment of APCR
in patients with genetic FV defects.

This study has some limitations. The important relationship
between FV and TFPI was identified in an inherited bleeding
disorder linked to the FV variant, A2440G (FVEast Texas).

47 FV
2.5 nM, and the fitted curves prepared using a 1-site binding model are shown (solid

d R506Q) were added to PS (3000 RU) immobilized on the sensor chip for 2 minutes,

or FV mutants at 3.9, 7.8, 15.6, and 31.3 nM, and fitted curves prepared using a 1-site
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Figure 5. Inhibitory effects on TF-triggered thrombin generation of the addition of FVa mutants to anticoagulant-deficient plasmas. FV mutants (WT, A2086D,

W1920R, and R506Q) and no FV were incubated with thrombin (5 nM) for 30 minutes, and reactions terminated by the addition of hirudin (2.5 U/mL). The generated FVa

(f.c. 4.5 nM) was added to plasma, followed by the measurement of thrombin generation after the addition of TF (5 pM) and PL (4 μM). (A) Representative thrombin-generation

curves (Aa) and peak thrombin parameter (Ab) on the addition of FVa in pooled normal plasma are shown. Peak thrombin after the addition of FVa to (B) antithrombin

(AT)-deficient, (C) PC-deficient, and (D) PS-deficient plasma are shown. Experiments were performed at least 3 times, and the average values ± standard deviations are shown.

One-way analysis of variance was performed on experimental data.
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appeared to enhance the function of TFPI, along with PS, during
the initial coagulation phase.48 FV possesses anticoagulant activity
in plasma in the presence of TFPIα.49 Because the relationship
between FV and TFPI was not investigated in the present study,
this is a topic for future work. We have successfully evaluated the
association of FV with APC and PS but, as mentioned earlier, we
need to evaluate the association of FVa with APC and PS, and it
would be important to evaluate the binding affinity on the PL
membranes. Furthermore, regarding the inhibitory effect of LCh of
FV, we used FVa and could not perform the same experiment using
the isolated LCh of FV. Further investigation is required to clarify
the precise mechanism(s).
27 JUNE 2023 • VOLUME 7, NUMBER 12
We conclude that FV-A2086D presented defects in APC mech-
anisms associated with FVa susceptibility and FV cofactor activity
for APC. In addition, anticoagulant function of FV was attributed to
an inhibitory effect on TF-induced procoagulant activity, and was
defective in FV-A2086D and FV-W1920R, mutated within the LCh.
The impaired FV/FVa-associated anticoagulant properties of FV-
A2086D included the diminished FVa susceptibility and defective
FV cofactor activity of APC, inhibition of TF-induced procoagulant
function, and low levels of TFPI.26 Furthermore, FVa, FV cofactor,
and TF-related abnormalities were evident in FV-W1920R. These
disordered reactions appeared to represent a hypercoagulable
phenotype, likely enhancing the risk of DVT.
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Figure 6. Inhibitory effects of the addition of FVa

mutants to anticoagulant-deficient plasmas,

determined with the diluted-PT reagent-based assay.

Diluted PT reagent was added to (A) pooled normal, (B)

AT-deficient, (C) PC-deficient, and (D) PS-deficient plasma,

and mixed with generated FVa mutant samples (f.c. 4.5

nM), followed by the addition of CaCl2. Clotting times were

measured in seconds as described in “Methods.”

Experiments were performed at least 3 times, and the

average values ± standard deviations are shown. One-way

analysis of variance was performed on experimental data.
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