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Fig 2. Interaction between immobilized VWF and CHO cells expres-
sing GP1bafIX complex was analysed under flow conditions (114/s).
Fach cell sequenced for the GPIba polymorphism was applied to the
flow chamber system with VWF-immobilized glass, Error bars indicate
SDs. Results are mean value = SD (um/s) of four independent
experiments.

(P = 0:0574). In GPIbPIX-expressing CHO cells, the rolling
cell number was 5-2 + 0-5. Under this flow condition, the cell
rolling velocity was inhibited by GUR83-35; i.e. the velocities
became faster and with soluble-VWF addition (Table III).
Thus, the specificity of interaction between immobilized VWF
and GPIba-expressing CHO cells was confirmed under a shear
condition of 114/s.

Discussion

The present study demonstrated that the *Met and 4R
polymorphisms of GPIba facilitate interaction with inumobi-
lized VWF under flow conditions, which is a highly adaptive
physiologic response. To date, molecular mechanismms for the
functional differences of the ***Thr/Met and/or VNTR poly-
morphisms in GPIba have not been fully understood whereas
numerous epidemiologic data have been reported. We report
the first experimental data obtained using recombinant
proteins to determine the functional differences of **Thr/Met
and VNTR GPIba polymorphisms. Previously, **Met and/or
3R/4R polymorphisms were demonstrated to be associated with

Functional GPlba Polymorphism Under Flow Conditions

an increased risk for arterial thrombosis, such as coronary
artery disease or stroke (Siminonds et al, 2001; Yamada et al,
2002). Because the "**Thr/Met and VNTR polymorphisms are
in linkage disequilibrium, focus on either ***Met or 3R/4R allele
was likely to be sufficient to examine the association between
GPIba polymorphisms and arterial thrombosis in the epide-
miological study. We reported that the frequency of either
15Met- or 4R-allelc among patients with coronary artery
disease was higher than that among control subjects and that
the genotypes with the '*Met-allele were more frequently
found in the patdents with cerebrovascular disease than in
control subjects (Murata et al, 1997; Sonoda et al, 2000), A
large case-cohort study (Afshar-Kharghan et al, 2004) showed
the relationship of the 2R/2R genotype with a lower risk of
coronary heart disease in African-Americans. However, con-
flicting data have also been published (Hato et al, 1997;
Simmonds et al, 2001). In experimental studies of these
polymorphisms, Boncler ef al (2002) demonstrated that the
inhibitory effect of the VWF antagonist on ristocetin-induced
agglutination was higher in '**Met/3R-positive platelets than in
145Met/3R-negative platelets. Ulrichts et al (2003) reported that
platelets with ***Thr or recombinant GPIba (residues 1-289)
with "*Thr had a higher VWF binding affinity than '**Met.
These findings are not consistent with our results although the
experimental conditions of the present study differed from
those of previous studies: use of ristocetin or botrocetin or use
of an assay system. Other studies have also used various
methods with inconsistent results (Mazzucato et al, 1996;
Li et al, 2000; Jilma-Stohlawetz ef al, 2003). These reports
suggest that the functional analyses of GPIbat polymorphisms
seem to be easily affected by several factors in relation to platelet
activation or experimental conditions. Therefore, in this study,
recombinant GPIba and purified humnan VWF were examined
under two experimental conditions to focus on the relationship
between GPIba polymorphisms and interactions with VWF.
The first study, using soluble GPIba lacking the VNTR
polymorphisin site, did not show the effect of the **5Thr/Met
polymorphism on the major conformation because the
immunoreactivity to anti-GPIba antibodies that recognize
confirmation-specific epitopes were not significantly different
between these polymorphisms. The '**Thr/Met polymorphism
did not affect the !25I-VWF binding in the presence of ristocetin
under static conditions. Although ristocetin provides a

Table IIl. Rolling velocity for GPlba-expressing cells interacting with VWEF under 114/s flow condition

Soluble VWF ()

Soluble VWE (+)

GURS3-35 (~) P-value GUR83-35 (+) P-value GUR83-35 () P-value
TIR 10351 + 40-5¢ 12911 * 619 NS 1385-7 & 825 NS
MIR 9511 £ 26-4** *0-00042 14868 & 1095 1165-4 :+ 629
T4R 952:5 =+ 36-9** *NS§ 1638-9 + 3846 12766 + 865
M4R 202:2 + 30-8* 15215 * 866 12935 + 1264

Values for rolling velocity (pen/s) are mean + SD. NS, not significant.
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convenient method to investigate the VWF/GPIba interaction
i1 vitro, it is not a physiologic substance. Thus, the second study
was designed with an alternative approach, an in vitro assay for
VWLE/GPIba interaction under flow conditions. Cells expres-
sing GPIba were prepared as a GPIbaplX complex because
expression of a full-length GPIbo alone was unstable in the cell
culture system (Lopez et al, 1992). Two types of cells with
naturally occurring scquences (T1R and M4R) and two types of
cells with artificial or extremely rare sequences (T4R and MIR)
were used to determine which polymorphism was more closely
related to the VWF/GPIba interaction. We carefully measured
the GPIba expression level on each cell because these levels were
reported to affect the VWF/GPIbat interaction under flow
conditions (Nishiya et al, 2000). After using FACS to obtain
cells expressing similar GPlbo levels, EIA assay was performed
using GUR83-35 and GUR20~5. Because these two antibodies
were shown not to be influenced by the **Thr/Met poly-
morphism (Table I}, we used these antibodies in this assay.
Perfusion analyses of the quantified cells indicated that M4R,
which is a risk factor for arterial thrombosis, had a high ability
to interact with VWF under a flow condition of L14/s, as
compared with TIR. This flow condition of 114/s may
correspond to wall shear vate for large veins in vivo (Bevan
et al, 1995), where VWF-dependent platelet phenomena may
not take place. Compared with platelets, however, CHO cells
have 2:5- to threefold larger diameters, and the GPIba-
expressing CHO cells are approximately 20-fold higher in
GPIba density. The cell size and receptor density are likely to
affect the sensitivity of cells to flow conditions. Also, we were
unable to determine the order of effectiveness of the polymor-
phisms among the four sequences, ***Thr, ***Mel, 1R, and 4R,
in VWF/GPlba interactions because T4R and MIR had a
similar ability to interact with VWF. Although the synergistic
effect of the "*Thr/Met and VNTR polymorphisms on GPIba
function remains unclear, the present data are compatible with
previous speculations (Lopez, 1994; Murata ef al, 1997) that
GPIba with 4R is longer in size and thus places the VWEF-
binding global domain further away from the platelet plasina
membrane, Thus, VWE would be more easily accessible to the
binding site on the receptor under high shear conditions.
Functional polymorphisms of GPIbat might be responsible for
the increased prevalence of arterial thrombosis. Qur observa-
tions might explain the molecular basis for the previous
epidemiologic studies, Further studies to examine the interac-
tions between GPIbo polymorphisms and other ligands are
necessary. The presenl data support a potentially new thera-
peutic approach to arterial thrombosis by targeting specific
GPIba polymorphisms.
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Genetic analysis of hereditary factor X deficiency in a French
patient of Sri Lankan ancestry: in vitro expression study
identified Gly366Ser substitution as the molecular basis of

the dysfunctional factor X

Ikuko Isshiki2, Remi Favier®, Takanori Moriki¢, Toshihiro Uchida®,
Hiroaki Ishiharad, Patrick Van Dreden®, Mitsuru Murata® and Yasuo lkeda?

We investigated a new family with cross-reactive material-
positive factor X (FX) deficiency. The proband was an
11-year-old French girl from Sri Lanka with a tendency
towards severe bleeding. The FX antigen level was 67%,
although the activity with extrinsic pathway was 1 U/dl.
The complete nucleotide sequences of all exons and exon/
intron junctions of the patient’'s genomic DNA revealed a
homozygous G — A substitution in exon 8, which would
result in replacement of Gly366 with Ser. The proband is
the first reported case of homozygote for the FX
Gly366Ser mutation. Heterozygosity for Gly366Ser
substitution was previously reported in a Japanese patient
(FX Nagoya 2). We studied the functional consequences by
expressing mutant FX Gly366Ser protein in HEK293 cells.
FX Gly366Ser was secreted into the culture media at levels
similar to wild-type FX; however, mutant FX activities were
only 0.04, 1.05, and 0.75% of wild-type FX upon activation
by the extrinsic system, the intrinsic system, and Russell’s
viper venom, respectively. Moreover, the activity of FX
Gly366Ser was undetectable when analyzed with

Introduction

Factor X (FX) is a vitamin K-dependent protein that is
synthesized by hepatocytes and circulates in plasma as
a two-chain zymogen composed of a light chain (mole-
cular weight, 16.2 kDa) and a heavy chain (molecular
weight, 42.1 kDa) joined by a disulfide linkage [1,2].
FX is a primary target of serine proteases activated
factor VII (FVIIa) and activated factor IX (FIXa). Once
activated by these enzymes, activated factor X (FXa) is
the main enzyme involved in conversion of prothrom-
bin to thrombin [1].

The human FX gene (F10) is located on the terminal
portion of chromosome 13 in q34 [3~5]. Human FX is
highly homologous to other vitamin K-dependent coagu-
lation factors, such as factor VII, factor IX, and protein
C, and has a similar structure—function relation [6,7].
The gene consists of seven introns and eight exons [6].
Exon I encodes the signal sequence, exon II encodes
the propeptide and y-carboxyglutamic-acid-rich domain,
exon III encodes a short stretch of aromatic amino acid,
exons IV and V encode the epidermal-growth-factor-like
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chromogenic-activated FX and thrombin generation
assays. These data suggest that the Gly366Ser
substitution would cause a major defect in function of the
FX molecule. Blood Coagul Fibrinolysis 16:9~16 © 2005
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domains, exon VI encodes the activation peptide, and
exons VII and VIII encode the catalytic domains.

FX plays a key role in the process of blood coagulation
and is activated at the point of convergence of the
intrinsic and extrinsic pathways. Activators of the
intrinsic pathway include activated factor VIII, factor
IXa, Ca*t, and acidic phospholipids. The extrinsic
pathway is activated by membrane-bound VIIa and
rissue factor with Ca®* [8). Conversion of factor X to
factor Xa involves cleavage of an alanine-isoleucine
peptide bond in the heavy chain that liberates a small
activation peptide of 52 amino acids. This leads to a
conformational change and exposure of the active site
triad of His236-Asp282-Ser379, which plays a critical
role in the characteristic catalytic function of serine
proteases.

In the intrinsic pathway of blood coagulation, this
reaction is catalyzed by FIXa in the presence of
activated factor VIII, Ca®*, and phospholipids. The
same peptide bond is also cleaved by FVIla in the
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presence of tissue factor in the extrinsic pathway of
blood coagulation. FX is also converted to FXa by a
specific enzyme in Russell’s viper venom (RVV-X) [9].
The N-terminal catalytic domain of FX, which contains
His236 and Asp282 of the catalytic triad, is an anion-
binding exosite. The C-terminal domain, which con-
tains Ser379, forms the oxyanion hole as the specific
pocket for substrate binding. FXa combines with
activated factor V in the presence of phospholipid and
Ca** to form prothrombinase, which activates pro-
thrombin to thrombin [10]. The crystal structure of
human Des (1-45) FXa has been determined, and the
active site is similar to that of thrombin [11].

Congenital FX deficiency, which was first described
more than 40 years ago, was named ‘Stuart/Prower
deficiency’ from the names of first two patients in
whom it was identified [12]. To date, more than 50
gene mutations related to FX deficiency have been
identified [13-24]. The cross-reactive material (CRM)-
negative phenotype of FX deficiency is characterized
by significant decreases of both FX activity and antigen
levels, whereas the CRM-positive phenotype shows
decreased FX activity but normal FX antigen levels.

Here we report the molecular analysis and functional
consequence of the CRM-positive FX deficiency
(Gly366Ser) in a French girl of Sri Lankan origin.

Materials and methods

Patient

The proband was an 11-year-old French female of Sri
Lankan descent. She was diagnosed with FX deficiency
on the basis of results from a preoperative hemostasis
test prior to tonsillectomy when she was 4 years old.
Her prothrombin time (PT) was 156 s (control, 12.8 s),
and her activated partial thromboplastin time (aPTT)
was 140 s (control, 34 s). She had a FX activity level of
1 U/dl (normal range, 70-138 U/dl), but her antigen
level was 67% (normal range, 70~130%). At 9 years of
age, she had a large hematoma in her right thigh after
trauma and received prothrombin complex concentrate
(PPSB) by transfusion for 8 days. At 10 years of age,
she experienced a prolonged bleeding after a tooth
extraction and required PPSB treatment for 3 days. At
11 years of age, she had menorrhagia with anemia
(hemoglobin, 7 g/dl). The bleeding was stopped after
antifibrinolytic therapy and PPSB transfusion. At that
time, a hormonal substitutive treatment was started,
and the gynecological bleeding was controlled. Her
father, mother, and sister have FX activity levels of 58,
53, and 52 U/dl, and antigen levels of 89, 88, and 80%,
respectively (Fig. 1).

Isolation and characterization of the mutant 10 gene
The patient’s parents gave their informed consent for
blood sample collections and family genetic studies.

Fig. 1
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Pedigree of the factor X (FX)-deficient family in the present study and
plasma FX activity data. The proband is homozygous for a mutation
causing FX deficiency. The father, mother, and sister are heterozygous
for this position. FX activity was measured by a one-stage clotting
assay based on the prothrombin time.
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The complete nucleotide sequences of all eight exons
and the exon/intron junctions of the F10 gene were
determined in the proband. Polymerase chain reaction
(PCR) primers flanking the 5’ and 3’ ends of each exon
of the F10 gene were described previously [19,20].
Direct sequencing was done for all eight exons with an
ABI Prism 377 (Applied Biosystems, Foster City,
California, USA). For restriction fragment length poly-
morphism (RFLP) analysis of a single A/zl site, the
163 base pair fragment of exon 8 was amplified with
mutated primers 5-GCAAGTTGTCCACGAGITT
CATC and 5'-GCACAGCCCTCTCCCCAACTGACG
(underlined bases are altered).

Site-directed mutagenesis

The expression vector pCMV4/FX wild type, which
contains FX ¢DNA including the complete FX coding
sequence [22], a translation initiation sequence, and
part of the 3’ untranslated region, was a gift from Dr K.
A. High (Children’s Hospital of Philadelphia, Pennsyl-
vania, USA). The point mutation responsible for the



amino acid change from Gly (GGC) to Ser (AGC) was
introduced into the FX ¢cDNA with a PCR-based tech-
nique. The mutagenic primers were forward primers 5'-
GCGACAACAACCTCACGCGTATC and 5'-CTGT
GCTAGCTACGACACC, and reverse primers 5'-GTC
GTAGCTAGCACAGAAC and 5'-TGCAGGCATGCA
AGCTTTGGCTG (underlined bases are altered).
These primers create an Niel site adjacent to the point
mutation without changing the encoded amino acid.
The presence of the mutation and the orientation of
the insert DNA were confirmed by direct sequencing
with the ABI Prism 377. PCR amplification was
performed for 25 cycles of denaturation (94°C, 15s),
annealing (58°C, 30 s), and extension (68°C, 60 s) using
Platinum Pfx polymerase {Gibco BRL, Rockville,
Maryland, USA).

Cell culture and transfection for in vitro expression

Human embryonic kidney cells (HEK293) were grown
at 37°C in 5% CO; with Dulbecco’s modified Eagle’s
medium (DMEM) media (Gibco BRL) supplemented
with 10% (v/v) heat-inactivated fetal calf serum (Gibco
BRL) and vitamin K; (Sigma-Aldrich Japan, Tokyo,
Japan) to a final concentration of 6 pig/ml. Before trans-
fection, the culture media were removed and replaced
with serum-free DMEM including vitamin K;. Plasmid
constructs [wild type, Gly366Ser, and ‘mock’ (pCMV4
vector only); 7.5 ug each] were transiently transfected
into the cells with cationic lipid LipofectAmine™ 2000
reagent (Invitrogen, Carlsbad, California, USA). The
cells were incubated for 24 h after transfection, and
supernatants were collected for analysis.

Determination of FX antigen levels in culture media by
enzyme-linked immunosorbent assay and analysis of FX
molecular size by western blotting

Concentrations of FX antigen in the patient’s plasma
and culture media were determined with a FX enzyme-
linked immunosorbent assay (ELISA) Kit (Stago Diag-
nostica, Paris, France) according to the manufacturer’s
instructions. Data are from three independent measure-
ments. For western blot analysis, the culture media
were subjected to 5-20% gradient sodium dodecyl
sulfate-polyacrylamide gel electrophoresis under non-
reducing conditions. Proteins were transferred to nitro-
cellulose membranes, blocked with 5% powdered non-
fat milk in TBS-T (20 mmol/]l Trs-Cl, 500 mmol/l
NaCl, pH 7.4, 0.5% Tween-20), and then incubated
with horseradish peroxidase-conjugated rabbit anti-hu-
man FX antibody (DakoCytomation, Glostrup, Den-
mark). After two washes with TBS-T, the bound
antibody was detected with a chemiluminescent kit
(Amersham Bioscience, Piscataway, New Jersey, USA).

FX functional assays
Clotting assays of recombinant wild-type and mutant
Gly366Ser FX secreted into the culture media were
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performed with a CA-50 coagulometer (Sysmex, Kobe,
Japan). FX antigen levels of wild-type and Gly366Ser
FX in culture media were adjusted to 150 ng/ml by
ELISA.

For analysis of FX activity in the extrinsic pathway (the
PT), 50 pl supernatant from culture media diluted
serially with serum-free DMEM and 50 pl FX-deficient
plasma (Dade Behring Inc., Liederbach, Germany)
were mixed and incubated for 3 min at 37°C. At the
end of the incubation time, 100 pl thromboplastin C
plus (Dade Behring) was added, and the clotting time
was measured.

For analysis of FX activity in the intrinsic pathway (the
aPTT), 50 ul supernatant diluted serially with serum-
free DMEM and 50 pl FX-deficient plasma (Dade
Behring) were mixed and incubated for 1 min at 37°C.
At the end of the incubation time, 100pl Actin
Activated Cephaloplastin Reagent (Dade Behring) was
added, and the mixture was incubated for 2 min at
37°C. Then 50 ul of 20 mnol/l CaCl; was added, and
the clotting time was measured.

For analysis of FX activity after activation with RVV,
50 pl supernatant diluted serially with serum-free
DMEM and 50 pl FX-deficient plasma (Dade Behring)
were mixed and incubated for 1 min at 37°C. At the
end of the incubation ume, 100 ul LA Test Gradipore
(MBL, Tokyo, Japan) was added, and the clotting time
was measured. For each analysis, the data from serially
diluted wild-type supernatant were analyzed and curve
fitting was performed using computer software (Stat-
view 5.0; SAS International, Cary, North Carolina,
USA) to generate a standard curve. The activity of
Gly366Ser FX was expressed as a percentage of that of
1 X wild-type FX.

Chromogenic assay of FXa

The FX chromogenic activity against synthetic and
macromolecular substrates was estimated with the FXa
fluorogenic substrate $-2222 (50%/50% mixture of Bz-
lle-Glu  (y-OH)-Gly-Arg-pNa-HCl and Bz-lle-Glu
(y-OCH3)-Gly-Arg-pNa-HCl; Chromogenix Instrumen-
tation Laboratory SpA, Milan, Italy). Absorbance at
405 nm was measured with a multilabel counter for
quantitative detection of light emission (Wallac1420;
Perkin-Elmer, Turku, Finland).

Before chromogenic assays, we investigated an activa-
tion of recombinant FX with RVV. Fifty microliters of
supernatant containing 2 nmol/l recombinant FX (wild
type and Gly366Ser) was incubated for 5 min at 37°C
with 0.01 U RVV-FX activator (Pentapharm, Basel,
Switzerland). They were then subjected to sodium
dodecyl sulfate-polyacrylamide gel electophoresis under
non-reducing conditions, and estimated through wes-
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tern blot analysis. Wild-type and mutant FX were
equally digested under this condition (data not shown).

Fifty microliters of supernatant containing 2 nmol/l
recombinant FX (mock, wild type, or Gly366Ser) was
incubated for 5 min at 37°C with 0.01 U RVV-FX
activator (Pentapharm). Then 1 mmol/l FXa fluorogenic
substrate was added, and the absorbance at 405 nm was
measured.

Thrombin generation assay

For the thrombin generation assay, FX-depleted plasma
as a source of other essential factors for the coagulation
cascade was diluted 1:25 in supernatant containing
2 nmol/l recombinant FX (mock, wild type, or Gly366-
Ser) and incubated for 2 min at 37°C with thromboplas-
tin extracted from human placenta (Thromborel S;
Dade Behring). Reactions were quenched with 25
mmol/l ethylene glycol bis(2-aminoethyl ether)-
N,N.N',N'-tetraacetic acid, and absorbance at 405 nm
was monitored with a multilevel counter for quantita-
tive detection of light emission (Wallac1420; Perkin-
Elmer).

Molecular modeling and comparative sequence analysis
The high-resolution crystal structure of wild-type FXa
[11] was obtained from the protein structure databank
(1XKA) and used as the basis to model the structure of
mutant FXa (Gly366Ser). Comparative analyses of the
mutant and wild-type FXa structures were performed
with interactive graphics in a molecular operating
environment (MOE; Chemical Computing Group, Inc.,
Montreal, Canada).

Results

Characterization of the mutant F10 gene

The nucleotide sequences of all eight exons and exon/
intron junctions of the F10 gene were determined for
the proband. Sequence analysis revealed a single homo-
zygous mismatch at position 363 (numbering according
to GenBank accession number 1.29433) of exon 8§,
which results in the codon change Gly366 (GGC) to
Ser (AGC). This mutation is similar to one reported
previously (FX Nagoya) [14]. RFLP analysis confirmed
that the proband was homozygous for this mutation,
and all other family members (father, mother, and
sister) tested were heterozygous (data not shown).

In vitro expression of FX Gly366Ser

Wild-type and mutant FX Gly366Ser were expressed
using HEK293 cells, and the levels of secreted FX
antigen in the culture media were determined by
ELISA. The concentration of wild-type FX in culture
media was 189.4 & 5.1 ng/ml and that of FX Gly366Ser
was 167.6 £ 17.0 ng/ml (Fig. 2). There was no signifi-
cant difference between the levels of wild-type FX and

Fig. 2
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Factor X {FX) antigen levels as determined by enzyme-linked
immunosorbent assay in supernatants of HEK293 cells transfected
with plasmid encoding wild-type FX or mutant FX Gly366Ser. 'Mogk’
indicates supernatants of HEK293 cells transfected with empty vector
(PCMV). There was no significant difference between antigen levels of
wild-type FX and FX Gly366Ser (P = 0.1007, unpaired Student's ¢
test, performed in triplicate).

mutant FX (P =0.1007, unpaired Student’s r test,
performed in triplicate).

On western blots, both wild-type FX and FX Gly366-
Ser present in culture media were detected as a single

band under non-reducing conditions, and the molecular
size was 59 kDa (Fig. 3).

Functional assays of FX Gly366Ser

The clotting activities of wild-type FX and FX Gly366-
Ser in culture media were evaluated with three types of
activation procedures; extrinsic pathway (PT), intrinsic
pathway (aPTT), and RVV activation (RVV time). The
clotting activity of FX Gly366Ser was expressed as a
percentage of the wild-type FX clotting activity. FX
Gly366Ser clotting activities were only 0.04 =+ 0.00%,
1.05 £ 0.04%, and 0.75 £ 0.09% of those of wild-type
FX in the PT, aPTT, and RVV time assays, respec-
tively (Table 1).

We next investigated the catalytic activity of recombi-
nant FX Gly366Ser directly with a low molecular
weight chromogenic substrate for FXa. After activation
of wild-type FX or FX Gly366Ser by RVV in culture
media, fluorogenic substrates of FXa were added, and
the cleaved fluorescent peptides were detected quanti-
tatively. The wild-type FXa catalyzed the substrate in
a time-dependent manner; however, FXa Gly366Ser
had no catalytic activity (Fig. 4).
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Western blot analysis of supernatants of HEK283 cells transfected 0 5 10

with plasmid encoding wild-type factor X (FX) or mutant FX Gly366Ser.
‘Mock’ indicates supernatants of HEK293 cells transfected with empty
vector (pCMV4), Under non-reducing conditions, wild-type FX and FX
Gly366Ser were each detected as a single band (59 kDa).

We then performed a thrombin generation assay to
confirm the enzymatic activity of FX Gly366Ser. Wild-
type FX or FX Gly366Ser in culture media were mixed
with FX-depleted plasma, activated with thromboplas-
tin, and added to thrombin fluorogenic substrates. The
cleaved fluorogenic peprides were then detected as
markers of thrombin generation. The thrombin-generat-
ing activity of FX Gly366Ser was undetectable (Fig. 5).

Molecular modeling

The molecular modeling of FXa suggested that repla-
cement of Gly366 with Ser in the catalytic domain
could affect the interaction between the surrounding
residues. The predicted distance between the Cg atom
of Ser366 and the O atom of Ala365 is so narrowed
(1.9 A) as to ensure the collision of the two atoms (Fig.
6). This collision can be considered inevitable because
the side chain of the Cg atom of Ser366 cannot rotate,
and thus the Gly366Ser mutation would cause a
conformational change of the domain that leads to loss
of catalytic activity.

min

Activity of recombinant factor X (FX) as measured with the
chromogenic substrate of activated factor X (FXa). Supernatants
containing wild-type FX or FX Gly366Ser were reacted with Russell's
viper venom-FX activator and FXa fluorogenic substrate, and the
absorbance at 405 nm was measured. Wild-type FX catalyzed the
substrate in a time-dependent manner, whereas Gly366Ser had no
catalytic activity. Mock, media from cells transfected with empty vector.

Discussion

Genetic analysis of the present case of congenital FX
deficiency revealed the homozygous missense mutation
in exon 8 of the F10 gene that results in substitution of
serine for glycine at position 366. Two heterozygous
patients have been previously described for this muta-
tion [14,19], named FX Nagoya 2. In one report {14], a
Japanese woman was a heterozygote and had FX
activity and antigen levels of 34 and 80%, respec-
tively. The present study is the first to describe an
expression study of this mutation 77 vitre. The proband
showed a severe hemorrhagic tendency and markedly
prolonged PT and aPTT. The patient’s FX antigen
level was 67% of the normal value, and FX activity was
only 1 U/d], suggesting that this variant is not func-
tional. RFLP analysis revealed that the proband’s
father, mother, and sister were heterozygous for the

Table 1 The clotting assay of recombinant wild-type factor X (FX) and FX

Gly366Ser in culture media

Prothrombin time (s)

thromboplastin time (s)

Activated partial Russell's viper

venom time (s}

rFX wild-type 37.0£03
rFX Gly366Ser 2844+ 1.5
(% wild type) (0.04 + 0.00)

66.3+ 0.3 166.1 £ 0.6
1854 £ 1.0 537.9 + 0.6
(1.05 £ 0.04) (0.75 + 0.09)

Data presented as mean = standard deviation, and all assays were performed in triplicate.
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Thrombin generation assay with recombinant factor X (FX). FX-
depleted plasma was diluted 1 : 25 in supernatant containing 2 nmol/l
recombinant FX (mock, wild type, or Gly366Ser) and incubated for
2 min at 37°C with thromboplastin. Then, 300 pmol/l thrombin
fluorogenic substrates was added, and the fluorescence at 405 nm
was monitored. The thrombin-generating activity of FX Gly366Ser was
undetectable.

Fig. 6

mutation, and the results of their phenotypic coagula-
tion tests were consistent with the results of the genetic
analyses.

In vitro expression study of FX Gly366Ser conferred
significant findings to understand the proband’s pheno-
type. Western blot analysis showed that both of the
wild-type and Gly366Ser transfectants secreted FX
antigen of the same molecular weight into culture
media, indicating that this mutation would not have a
major effect on the molecular size of the protein. The
quantitative analysis of secreted FX antigen by ELISA
showed a statistically equivalent level between Gly366-
Ser and wild type (P = 0.1007), although there was a
tendency of slightly lower level of Gly366Ser secretion.
This result of ELISA might be related to the proband’s
slightly lower plasma FX antigen level (67%). Because
our 7z vitro studies utilized a transient expression
system, however, the meaning and significance of the
FX antigen expression level should not be overesti-
mated.

We performed functional characterization of FX
Gly366Ser with the recombinant protein. The activities
of the mutant in PT, aPTT, and RVV time assays were
only 0.04 £ 0.00%, 1.05 4= 0.04%, and 0.75 &+ 0.09% of

Gla domain EGF1

EGF2 Serine protease

Molecular modeling of activated factor X (FXa). Upper: three-dimensional structure of FXa. The structure of the Gla domain was predicted with
1DAN (activated factor VIl with human recombinant soluble tissue factor) from a homology search of the Protein Data Bank. The structure of the Gla
domain was linked to 1XKA (three-dimensional structure of FXa from the EGF domain to the serine protease domain), described previously [11], and
the entire structure of FXa was then developed. Lower: close-up of the FXa Gly366Ser catalytic domain, Gly366Ser substitution results in an
inevitable collision (1.9 A) between the O atom of Ala365 and the Cg atom of Ser366.




those of wild-type FX. Moreover, both the chromogenic
FXa substrate and thrombin generation assays could
not show any FX activity in the Gly366Ser mutant.

Gly366 is located in the serine protease subdomain 2 of
the FX catalytic domain. When FX is acrivated, clea-
vage of the Argl94-1le195 bond initiates the reaction
and then the N-terminal residue of 1le195 forms an
ion-pair with Asp378, which generates the oxyanion
hole and exposure of the cartalytic His236—Asp282—
Ser379 triad [13]. Several mutations associated with
CRM-positive FX deficiency are reported near Gly366.
Among them, FX Roma (Thr317Met) [23], FX Mar-
seille (Ser334Pro) [24], FX Friuli (Pro343Ser) [21], and
FX Gly381Asp [18] have been well characterized. In
these deficiencies, it is interesting that mutation to Ser
occurs in both FX Friuli and FX Gly366Ser. In FX
Friuli, a novel hydrogen bond between mutated Ser343
and Thr318 is thought to be formed, leading to
perturbation of the structure of the substrate-binding
pocket [21]. Molecular modeling of the FXa Gly366Ser
by MOE predicted that the mutation would disrupt the
native conformational structure of the catalytic domain
(Fig. 6). Moreover, the Cys364-Ala365-Gly366 se-
quence in the catalytic domain is conserved in mamma-
lian serine proteases, suggesting that these positions in
the catalytic domain are important for the structure of
mammalian serine proteases [25]. Taken together,
these findings indicate that the Gly366Ser change
would cause partial disruption of the catalytic domain,
possibly through impaired protein folding, leading to
catalytic dysfunction.

The severity of bleeding tendency in homozygous
patients with CRM-positive FX deficiency was contro-
versial. Most of them were affected mildly or moder-
ately; and even in patients with severe hemorrhagic
symptoms with the same homozygous mutation, the
onset was markedly different [18]. Our case exhibited
relatively severe hemorrhagic symptoms compared with
other homozygous patients. This might be attributed to
the extremely low activity of FXaGly366Ser suggested
by RVV activation assay, FXa chromogenic assay and
thrombin generation assay. Moreover, since FX forms a
complex with factor V in the presence of Ca’* and
phospholipids, the clinical bleeding feature could vary
according to the effect of FX mutation on other compo-
nents.

In conclusion, we presented here 2 new case of homo-
zygous FX deficiency and data concerning the relations
between structural and functional aspects of CRM-
positive FX deficiency due to a Gly366Ser substitution.
Our findings suggest that position 366 plays a critical
role in wild-type FX catalytic function and that substi-
tution with Ser results in loss of FX catalytic activity in
the coagulation pathway.

Gly366Ser mutation of FX Isshikietal. 15

Acknowledgements

The authors thank Dr Rodney M. Camire and Dr
Katherine A. High (Children’s Hospital of Philadelphia)
for kindly providing the FX ¢DNA and for their helpful
advice on recombinant FX expression.

References

1 Davie EW, Fujikawa K, Kurachi K, Kisiel W. The role of serine proteases
in the coagulation cascade. Adv Enzymol Relat Areas Mol Biol 1979;
48:277~318.

2 Di Scipio RG, Hermodson MA, Yates SG, Davie EW. A comparison of
human prothrombin, factor IX, factor X and protein S. Biochemistry 1977,
16:698-706.

3 DeGrouchy J, Dautzemberg MD, Turieau C, Beguin S, Chavin-Colin F.
Regional mapping of clotting factor VIl and X to 13q34. Expression of
factor VI through chromosome 8. Hum Genet 1984; 66:230-233.

4 Scambler PJ, Williamson R. The structural gene for human coagulation
factor X is located on chromosome 13q34. Cytogenet Cell Genet 1985;
39:231-233,

5 Royle NJ, Fung MR, MacGillivray RTA, Hamerton JL. The gene for clotting
factor X is located on chromosome 13q34qter. Cytogenet Cell Genet
1986, 41:185-188.

6 Leytus SP, Foster DC, Kurachi K, Davie EW. Gene for human factor X: a
blood coagutation factor whose gene organization in essentially identical
with that of factor IX and protein C. Biochemistry 1986; 25:5098~-5102.

7 Greer J. Comparative model-binding of the mammalian serine proteases.
J Mol Biof 1981; 163:1027~1042.

8 Ahmad SS, Rawala-Sheikh R, Waish PN. Platelet receptor ocoupancy
with factor IXa promotes factor X activation. J Bio/ Chem 1989;
264:20012-20016.

9 Di Scipio RG, Hermodson MA, Davie EW. Activation of factor X (Stuart
factor) by a protease from Russel's viper venom. Biochemistry 1877,
16:5253-5260.

10 Chattopadhyay A, James HL, Fair DS. Molecular recognition sites on
factor Xa which participate in the prothrombinase complex. J Bio/ Chem
1992, 267:12323-12329.

11 Padmanabhan K, Padmanabhan KP, Tulinsky A, Park CH, Bode W, Huber
R, et al. Structure of human Des (1~45) Factor Xa at 2.2A resolution. .J
Mol Biol 1993, 232:947-966.

12 Graham.JB. Stuart Factor: discovery and designation as factor X. J
Thromb Haemost 2003; 1:871-877.

13 Cooper DN, Millar DS, Wacey A, Pemberton S, Tuddenham EGD.
Inherited factor X deficiency: molecular genetics and pathophysiology.
Thromb Haemost 1997; 78:161-172,

14 Miyata T, Kojima T, Suzuki K, Umeyama H, Yamazaki T, Kamiya T, et al.
Factor X Nagoya 1 and Nagoya 2: a CRM-factor X deficiency and a
dysfunctional CRM* factor X deficiency by substitution of Arg306 by Cys
and of Gly 366 by Ser, respectively. Thromb Haemost 1898; 79:486-
490.

15 Zama T, Murata M, Watanabe R, Yokoyama K, Moriki T, Ambo H, et al. A
family with hereditary factor X deficiency with a point mutation Gla32 to
Gin in the Gla domain (factor X Tokyo). Br J Haemato/ 1999; 106:808-
811.

16 Peyvandi F, Menegatti M, Santagostino E, Akhavan S, Uprichard J, Perry
JD, et al. Gene mutations and three-dimensional structure analysis in 13
families with severe factor X deficiency. Br J Haematol 2002; 117.685-
692.

17  Pinotti M, Marchetti G, Baroni M, Cinotti F, Morfini M, Bernardi F.
Reduced activation of the Gla19Ala FX variant via the extrinsic coagula-
tion pathway result in symptomatic CRMred FX deficiency. Thromb
Haemost 2002; 88:236-241,

18 Pinotti M, Camire RM, Baroni M, Rajab A, Marchetti G, Bermardi F.
Impaired prothrombinase activity of factor X Gly381Asp results in severe
familial CRM* FX deficiency. Thromb Haemost 2003; 89:243-248,

19 Miller DS, Elliston L, Deex P, Krawczak M, Wacey Al, Reynaud J, et al.
Molecular analysis of the genotype-phenotype relationship in factor X
deficiency. Hum Genet 2000; 106:249-257.

20 Reddy SV, Zhou ZQ, Rao KJ, Scott JP, Waizke H, High KA, et al.
Molecular characterization of human factor X San Antonio. Blood 1989;
74:1486~1490.

21 Kim DJ, Girolami A, James HL, Characterization of recombinant human
coagulation factor X Friuli. Thromb Haemost 1996; 75:313~-317.

22 Watzke HH, Wallmark A, Hamaguchi N, Giardina P, Stafford DW, High
KA. Factor X Santo Domingo. Evidence that the severe clinical phenotype
arises from a mutation blocking secretion. J Clin Invest 1991, 88:1685-
1689,



16 Blood Coagulation and Fibrinolysis 2005, Vol 16 No 1

23

24

25

De Stefano V, Leone G, Ferrelli R, Hassan HJ, Macioce G, Bizzi B. Factor
X Roma: a congenital factor X variant defective at different degrees in the
intrinsic and the extrinsic activation. Br J Haemato/ 1988; 69:387~391.
Bezeaud A, Miyata T, Helley D, Zeng YZ, Kato H, Aillaud MF, et al.
Functional consequences of the Ser334-Pro mutation in a human factor
X variant (factor X Marseille). Eur J Biochem 1995; 234:140-147,

Lesk AM, Fordham WD. Conservation and variability in the structures

of serine proteases of the chymotrypsin family. J Mo/ Biol 1996, 258:
501-537.



Relation Between Development of
Nephropathy and the p22phox €24 2T

ane Receptor for &@ﬁvameﬁ Glycation
End Product G1704T Gene

atients

olymorphisms in

rpe 2 Diabetic

Serko MatsuNaca-drg, Mp'
TARO MARUYAMA, MD, PHD7
YUKTHIRO YAMAMOTO Mot
Yosniko MOTOIIASIH, Mo

HirosHi Hirose, MD, PIID
AKIRA SHIMADA, MD, PHD!
MITSURU MURAT« MD, PHD!
TAKAD SARUTA, MD, PHD!

OBJIECTIVE — The development of diaberic nephropathy is comsidered 1o be associated with
oxidative stress. NADPH exidase and the receptor for advanced glycation end products (RAGE)
have attracted attention as mechanisms of generating oxidative stress. We studied the relation
between the genetypes of the NADPH p22phox C242T and RAGE G17047T polymorphisis and
the development of diabetic nephropathy in type 2 diabetic patients.

RESEARCH DESIGN AND METHODS — Using a retrospective review of clinical data,
we allocated 181 Japanese type 2 diabetic patients to one of two groups: patients without diabetic
nephropathy (group N n = 108) and patients developing diabetic nephropathy (group Dy n =
73) [or 10 years or more. The p22phox C242T and RAGE G1704T polymorphisms were exam-
ined by Tagman PCR methods.

RESULTS — The frequency of the p22phox CC genotype was significantly higher in group D
than in group N (20 vs. 79%; P = 0.0427). The {requency ol the RAGE GT + TT genotype was
significantly higher in group D than in group N (26 vs. 13%; P = 0.0313). The frequency of the
conmibinarion of 1)221)]10)1 CC. and RAGE GT + TT genotypes was significantly higher in group D
than in group N (22 vs. 8%; P = 0.0057). In multiple logistic regression analysis, systolic blood
pressure, HbA,,, triglyc endes and the combination of polymoqvhmm were shown to be inde-
pendent variables.

CONCLUSIONS — These results suggest that assessment of the combination of NADPH
p22phox €2427T and RAGE G1704T pelymorphisms may be useful in identifying the risk for
developing diabetic nephropathy in type 2 diabetic patients.
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nisms that underlie the pathogenesis of
diabetic nephropathy remain unclear. Re-
cent studies have highlighted the hyper-
glycemia-induced production of reactive
oxygen species (ROS) as one of the mech-
anisms involved in the development of di-
abetic rnicroangicpathy, via the following
patholagical pathways: activation of pro-
tein kinase C \PI\C\ formation of ad-
vanced glycation cnd products (AGEs).

and activation of transcription factors
such as nuclear factor-kB (NF-xB) (1). It
has been proposed that genes associated
with oxidative stress contribule to the risk
of diabetic nephropathy (2-4). Recently,
NADPH exidase and the receptor for
AGEs (RAGE) have received attention as
mechanisins of generating oxidative

stress. NADEH oxidase is 2 membrane-
associated enzyme for superoxide pro-
duction in vascular smooth muscle cells
and endothelial cells (5). It has been re-
ported that the NADPH oxidase p22phox
C242T polymorphism is associated with
vascular superoxide production in hu-
man blood vessels from coronary artery
disease (CAD) patients (6). In addition. it
has been suggested that AGEs might play
a role in the pathogenesis of diabetic ne-
phropathy and the progression to renal
failure (7). The actions of AGEs are de-
pendent on RAGE; thus, the AGE-RAGE
systemn might participate in the develop-
ment of diabetic microangiopathy (7). An
intron polymaorphism in the RAGE gene,
G1704T, has been reported to be associ-
atedd with microvascular dermatoses and
antioxidant status (8.9). Moreover, a re-
cent study has demonstrated that AGE-

induced generation of ROS involves AGE-
RAGE interaction through stimulation of
membrane-bound NADPH oxidase (10).
Therefore, in this study, we decided w
investigale the association of genotypes of
the p22phox C242T and RAGE G1704T
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polymorphisms and the combination of
these polymorphisms with the suscepti-
hilily to developing nephropathy in Japa-
nese type 2 diabetic patients.

RESEARCH DESIGN AND

PAETHODS — The subjects were 691
unyelated Japanese patients diagnosed
with type 2 diabetes accarding to World
Health Organization criteria (11) who
had been [ollowed up on 4 regular basis at
the outpatient clinic of Saitama Social In-
surance Hospital since 1990, From
arnong these subjects, we recruited all the
patients who fulfilled the noted criteria
(n = 181) and allocated them to one of
two groups: group N, comprised of 108
patients without diabetic nephropathy,
and group D, comprised of 73 patients
with developing diabetic nephropathy.
The stage of nephropathy was defined ac-
cording to urinary excretion of albumin
per gram of creatinine (urinary albumin
index; UAD and categorized as follows:
normoalbuminuria, <20 mg/gCr, stage 0;
microalbuminuria, 30-300 mg/gCr,
stage 1; and macroalbuminuria, >300
mg/gCr, stage 2. Diabetic patients with
UATof 21-29 my/gCr were assumed to be
*horderline™ and were therefore excluded
from this study. Group N was defined us-
ing the following criteria: 1) >10 years
alter diagnosis of type 2 diabetes and 2)
normoalbuminuria throughout the fol-
low-up period. Group D was defined
using the following criteria; 1) normo-
albuminuria (stage () or microatbumin-
uria (stage 1) at the beginning of
follow-up and 2) progression from nor-
moalbuminuria (stage 0) to microalbu-
minuria (stage 1) or macroalbuminuria
(stage 2}, or progression from macroalbu-
minuria {stage 1} to macrealbuminuria
(stage 2) during the [ollow-up period. To
exclude patients with nondiabetic renal
disease, patients with microscopic hema-
turia, chinical pyuria, or evidence of bac-
terial infection in a urine culture were
excluded from this study. Diabetic reti-
nopathy was diagnosed by independent
diabetic ophthalmologists using standard
fundus photographs at least every year;
the stage of diabetic retinopathy was clas-
sified as simple, preproliferative, or pro-
liteyative vetinopathy. HbA . levels, Jipid
prohiles, blood pressure, and urinary ex-
cretion of albumin were measured at least
every year. Clinical data, including onset
age, BMI au the diagnosis of diabetes, dis-
case duration since the diagnosis of type 2

Nephropathy and gene polymorphisms in type 2 diabetes

Table 1—Characteristics of patient groups

Group N Group D P
n 108 73 —
Sex (M/F) 52156 39/34 NS
Onset age (years) 443272 452+ 32 NS*
Disease duration (years) 184 * 54 185 %355 N&*
BMI at onset (kg/m®) 234 %37 240 %32 NS
HbA, . (%) 7.3+ 1.1 8.0x1.2 0.0002
Total cholesterel (numol1) 511 £ 0.73 5.15 = 0.78 NS
Triglyceride (mmol/l) 1.25 £ Q.73 1.53 = 0.97 0.0137#
1.DL cholesterol (mmaol/l) 3.08 + 0.7 3.06 £ 0.74 NS
Systolic blood pressure (mmbg) 1240+ 152 149.6 £ 18.0 -20.0001
Diastolic hlood pressure (mmHg) 31.2 88 B36.2 *+ 9.9 0.0004
Retinopathy (%) 43 67 0.0014
Medication (dievOHA/insulin) 43/36/29 9/20/34 N&

Nataare means = SD unless otherwise wdicated. *P values determined by Mann Whithey Utest. OHA, oral

hyperglycemic agents.

diabetes, 1bA,, levels, blood pressure,
lipid profiles, and the use of medication
were oblained from the medical records
of the patients. Written informed consent
was obtained from each subject after full
explanation of the purpose, nature, and
risk of all procedures used. The protocol
of this study was approved by the ethical
review committee of the Saitama Social
Insurance Hospital, Saitama, Japan.

DNA preparation and detection of
polymorphisms in p22phox and
RAGE

Genomic DNA was isolated from periph-
eral blood leukocytes of the 181 patients,
as previously described (12). The C242T
ransition polymorphism in the NADPH
oxidase p22phox gene (GenBank
MA1107), exon 6 region, was determined
by the TagMan (Applied Biosysterns, To-
kyo, Japan) PCR method (13). The fol-
lowing primers and probes were included
in the reaction: forward primer, %'-TTC
CTC CCT CCC CCA GG-375 reverse
primer, 3"-CCT GGT AAA GGG CCC
GAA-3"; T allele—specific probe, 5'-Vic-
ACA GAA GTA CAT GAC CG-3';and C
allele —specific probe, 3'-Fam-AGA AGC
ACA TGA CCG-3'. The G17047 trans-
version polymorphism in the RAGE gene
(GenBank D28769), intron region. was
also determined by TagMan PCRmethod.
The following primers and probes were
included in the reaction: forward primer,
5-AGG ATG TGA GTG ACC TGG AGA
GA-3!; reverse primer, 3'-TCA GCT CCT
AGCCTGCCETTC-3% T allele —~specific
probe, 5'-Vie-CCA TAA CTA TCA ACA

GGG-3'; and G allele—specific probe, 5'-
Fam-CAT AAC TAG CAA CAG GG-3'.
PCR was carried out using an ABI Prism
7700 (Applied Biosystems).

Statistical analysis

The saniple size of this study was estab-
lished on the basis of owr pilot study. Re-
garding p22phox, cur pilol studies
indicated that the frequency of 242CT +
TT would be 0.10 for Group D and 0.28
for Group N. It was caleulated that the .
number of subjects needed to achieve
80% power to detect a difference between
the two groups, with a signiticance level «
(chance of a two-sided o errar) of 0.05
was 59. Regarding RAGE, pilot studies in-
dicated that the frequency of 1704GT +
TT would be 0.30 for Group D and 0.13
for Group N. It was calculated that the
number of subjects needed 1o achieve
80% power to detect a dilference between
the two groups was 72.

Data are expressed as means & 5.
The statistical significance of dillerences
in mean values was analyzed by Student’s
¢ test or lhe Mann-Whitney U test. The
frequencies of various alleles and geno-
types were compared between the groups
hy x2 or Fisher's exact test, and multiple
logistic regression analysis was performed
1o caleulate the odds ratio and to evaluate
the relation between the genotypes and
other conventional risk factors. All statis-
tical analyses were performed using Stat-
view Soltware (version 5.0 for Windows;
SAS Institute, Cary, NC).

RESULTS — Table 1 shows the clinical
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Table 2——Frequencies of genotypes of p22phox C2421 and RAGE G1704T polymerphisms

Group N Group D X P
p22phox242
cC 85 (79) 66 (90)
CT+TT 2321 7(10) 4318 0.0427
RAGEL704
GG 94 BN 54 (74)
GT+TT 14 (13) 19 (26) 4.087 0.0313

Datat are n {%} unless otherwise indicated.

characteristics of the enrolled patients.
Clinical data, including FbA,, levels,
tipid profiles. blood pressure, and the use
of medication were cbtained from the
medical records, and retinopathy was as-
sessed in 2001, There were no significant
differences in age at onset, disease dura-
tion since the diagnosis of type 2 diabetes,
BMI at onset, total or LDL cholesteral, or
the use of medication between groups N
and D, whereas hleod pressure, HbA
levels, triglyceride levels, and the propor-
tion of subjects with utmvpathy were sig-
nificanitly higher in group D than in group
N

The genotype distribution of these
genes in each group is shown in Table 2.
The genotype frequencies in both groups
were in Hardy-Weinberg equilibrium.
The frequency of the CC, CT, and TT ge-
notypes of the p22phox gene were 79,20,
andl 1% in group N compared with 90, 8,
and 2% in group D, respectively. The al-
lelic frequencies of the C and T alleles
were 95 and 5% in group D versus 89 and
11% in group N, respectively. Because the
frequency of the TT genotype was low, we
divided the enrolled subjects inte two
groups: CCand CT + TT. The frequency
of the CT 4+ TT genotypes was signifi-
cantly higher in group N than in group D
OF = 4318, P = 0.0427;2 X 2). In ad-
dition, multiple 1 ogistic regression analy-
sis idcntiﬁecl the HbA,, level, systolic
blood pressure, and triglyceride level as
independent risk factors for the develop-
ment of diabetic nephropathy (P <
0.003) within the following variables: age
at onset, disease duration, BMI at onset,
HbA, ., total cholesterol, triglyceride, ret-
inopathy, systolic blood pressure, and
p22phox polvm orphism; this was not the

23, and 3% in group D. The allelic fre-
quencies of the G and T alleles were 74
and 26% in group D versus 87 and 13% in
group N, respectively. Because the fre-
quency of TT was low, we divided the
enrolled subjects into two groups: GG
and GT + TT. The requency of the GT +
TT genatypes was siqm'ﬁcantz higher in
group D than in group N {x = 987,
P = 0.0313; 2 X 2). Multiple logistic re-
gression analvsu identified HbA,, level
and systolic blood pressure as indepen-
dent risk factors for the development of
diabetic nephropathy (P < 0.005),
whereas this was not the case [or RAGE
GT + TT (P = 0.0522) (data not shown).

Next, we analyzed the relation be-
tween the development of diabetic ne-
phropathy and the combination of these
gene polymorphisms in the patients (Ta-
hle 3). According to the results in Table 2,
we assigned the combinalion of these ge-
notypes to three levels of predicted risk of
developing diabetic nephropathy: high-
risk genotype (p22phox CC and RAGE
GT + TT), intermediate-risk genotypes
(p22phox CC and RAGE GG, p22phox
CT + TT and RAGE GT + TT), and low-
risk genotype (p22phox CT + TT and
RAGE GG). The frequency of |322pho,\:
CC and RAGE GT + TT (high-risk gero-
type) in group D was mgmhcanﬂy Inbher
than that in group N (x* = 10.338,P =
0.0057; 2 X 3). In multiple logistic ve-
gression analysis, HbA, . level, mvlycu—
1dc level, a)’atohc blood pressure, and the
combination ol p22phox CC and RAGE

Matsunaga-lrie and Associates

GT + TT polymorphisms were shown to
be independent variables (P << 0.005)
(Table 4). These analyses revealed that the
combination of these palymorphisms is a
significant factor in the development of
diabetic nephropathy.

CONCLUSIONS — NADPH oxidase
is a critical enzyme for superoxide pro-
duction in phagocytes, vascular smooth
muscle cells, and mesangial cells (3). Re-
cently, Guzik and colleagues (14,15) re-
ported that superoxide production in
human blood vessels from diabetic pa-
tients is mediated by upregulared NADPH
oxidase activity through the PKC path-
way. P22phox is an essential component
of NADPH oxidase, and it has been re-
ported that the C2427T polymorphism'is
associated with vascular superoxide pro-
duction in hwnan blood vessels from
CAD patients (5,6). The C242T polymor-
phism results in an amino acid polymor-
phism (His/Tyr) at residue 72, which is
located in the putative heme-binding sites
(16). Because the histidine residue is con-
sidered to be a candidate for the ligand of
the heme prosthetic group of cytachrome
b, it has been suggested that this polymor-
phism is directly associated with the {unc-
tion of p22phox (17). Inoue et al. (6)
reported that the risk of CAD was lower in
individuals carrying the 242T genotype in
the J’IIMDLSC population, whereas other
investigations showed conflicting find-
ingsin patiems with CAD and cerebrovas-
cular cisease {18-23). It has also heen
reported that this polymorphism is asso-
ciated with significantly lower basal and
NADPH-stimulated vascular superoxide
production in human blood vessels from
patients with atherosclerosis (14). Indi-
viduals with the 2427 genotype might
have lower oxidative stress as a result of
lower ), production compared with in-
dividuals bearing the 242C genotype. In
this study. we showed that patients with
the 242T genotype have a lower risk of
developing diabetic nephropathy. Our re-
swlt was consistent with that of 4 previous

Table 3—Distribution of p22phox C242T and RAGE GI1704T genotypes in patient groups

p22phox and RAGE Group N Group D X P
case for p22phox CT + TT (P = 0.0991)
(data not shown). The frequencies of the CT + TT and GG 1817 54 (5)
GG GT.and TT o L‘Cnl‘ty ves of [he RAGE CT + TT and GT + TT/CC and GG Bl (75) 53 (73)
GL704T gene were 87, 12, and 1%, re-  CCand GT + 1T 9 (8) 16 (22) 10.338 0.0057
spectively, in group N compar«.d with 7 Data are n (%),
Maseres Carg, voLume 27, NuMBer 2, Freruary 2004 305



Nephropathy and gene polymorphisms in type 2 diabetes

Table 4~—Multiple logistic regression analysis of candidate variables for risk factors for

diabetic nephropathy

Jariables QR (95% 1) p
HbA,, 1.54 (1.13-2.10 0.0034
Triglyceride 1.01 (1.00-1.01) 0.02838
Systelic bloed pressure 1.06 (1.03~1.09) 20.0001
Retinopathy 1.78 (0.83-2.80) 0.067
p22phox CC and RAGE GT + TT 2.93 (1.34-6.41) 0.0073

Variables included in the moedel: onset age, disease duration, BMI at enset, HbA,

loml cholesteral, trighyc-

eride, 1énnop1[h) p22phoxand RAGE pnlwrnorphhms and systolic blood pr'.»uw = 0,267, F -2 0.0001
for retinopathy {(none = 0, retinopathy == 1) and for p22phox and RAGE polymeorphisins {CT + T and
GG = 0, CT + T and GT + TI/CC and GG = 1, CCand GT + TT = 2).

study of NADPH oxidase function (14).
The T allele frequency in control subjects
in our study was .11, which was sirilar
to that in previous studies of Japanese
populations, whereas it was ~33% of that
in Caucasian populations (6,20.23),
AGEs by themselves huve been shown
to generate ROS and, conversely, the gen-
eration of AGEs is enhanced by oxidative
stress (24). In vive and in vivo studies
indicate that AGEs play a role in the
pathogenesis of diabetic nephropathy and
the progressicn of renal failure (4). It has
been reported that aminoguanidine and
OPB-9195 are effective in preventing di-
abetic nephropathy (25.26). AGEs can
bind to several hinding sites, including
RAGE. In RAGE-overexpressing mice, it
has been demonstrated that the AGE-
RAGE system is essential for the develop-
ment of diabetic nephropathy (27). The
AGE-RAGE interaction in mesangial and
endothelial cells canses enhanced lorma-
tien of oxygen radicals, with subsequent
activation of NF-kB and release of pro-
inflammatory cytokines and adhesion
molecules, leading to collagen gene ex-
pression in mesangial cells (28). It has
been reported that the A-374T polymor-
phism is associated with diabetic ne-
phropathy in type 1 disbetic patients with
poor metabolic control (4). The G1704T
gene polymorphism has been reported 1o
show a significant association with the
complication-of microvascular dermato-
ses and antioxidant status (8,9). Subjects
bearing the RAGE 1704T pelymorphism
had significantly lower plasma levels of
several antioxidants (total carotencids,
Jutein, lycopene, and tocopherol) than
those bearing RAGE 17040, suggesting
that this polymorphism may relate to ox-
idative stress and supporting our present
results that patients with the 17047 geno-
type have a higher risk of developing di-

abetic nephropathy. The [unctional
impact of the intron site is not clear, but
possible mechanisms include alternative
splicing, a change in mRNA stability, or a
linkage of a nearby coding single nucleo-
tide polymorphism.

We also examined the combination of
the p22phox C242T and RAGE G1704T
polymorphisms in relation to susceptibil-
ity to diabetic nephropathy. We showed
that patients with the combination of
p22phox CC and RAGE GT + TT geno-
types had a significantly higher risk of di-
abetic nephropathy than those with the
vombination of p22phox CT + TT and
RAGE GG genotypes. In this study, the
RAGE G1704T gene polymorphism alone
was wealdly related to the susceptibility to
diabetic nephropathy, but the combina-
ton of p22phox and RAGE gene poly-
morphisnis was more significantly related
to diabetic nephropathy. Both NADPH
oxidase and RAGE are known to be ex-
pressed in mesangial cells, and recently,
NADPH oxidase was reported to be a cen-
tral target of RAGE; ROS generated by this
mechanisim could significantly impact
cellular properties (10).

In conclusion, we propose that the
combination of NADPH p22phaox C242T
and RAGE G1704T p()l"morphﬁms is as-
sociatec with the development of diabetic
nephropathy. It is obvious that mi-
croalbuminuria is the best documented
predictor of the development of diabetic
nephropathy (29). However, we propose
that risk assessiment based on gene poly-
morphisms, such as in this s*tudy, is also
impertant. Further prospective studies
are needed to clarify whether these poly-
morphisms can predict the development
of diabetic nephropathy. Several studies
have suggested that antioxidant treatment
such as with ACE inhibitors (30), probu-
col (30), vitamin E {31), or «-lipoic acid

(32) might be beneficial in preventing the
development of diabetic nephropathy. It
may be uselul to identily the risk of the
development of diabetic nephropathy
and to select a medication such as an
antioxidant.
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