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Table 3. Clinical Profiles of Hypertensives with Missense Mutations in Exonl3 of SCNNIB

Hypertens Res Vol. 27, No. 5 (2004)

Case .
I 2 3 4 5 6 .

Polymorphism Pro5928er Pro392Ser Pro5928er Thr394Met Thr594Met Glu632Lys
Age (years old) 62 73 67 58 91 66
Sex male male female femnale female female
BMI (kg/m?) 282 26.3 228 28.5 23.6 20.5
Diagnosis EHT, NIDDM, EHT, HL, EHT, NIDDM,  EHT, NIDDM, EHT, HL, RVHT, IGT, HL,

HL, OMI EA HL © HL OCI AS0, OCI
HT duration (years) 30 20 11 23 50 11
HT family Hx father mother none brother mgther, brother none
SBP (mmHg) 140 138 150 174 122 150
DBP (mmHg) 88 70 80 96 62 70
Medication CCB, BB, CCB CCB CCB, ARB, CCB, BB CCB, ARB,

spironelactone AB spironolactone
Na (mEq/l) 137 - 138 139 140 142 142
K (mEqg/1) 43 4.9 3.9 4.4 4.4 2.7
Cl (mEg/1) 101 109 100 102 108 98
Creatinine (mg/dl) 0.8 0.9 0.3 0.3 09 1.2
Overt proteinuria - - - + .- +
PRA (ng/ml/h) 48 no data 1.1 0.8 1.4 22
PAC (ng/dl) 1.8 no data 8 226 9.3 102.9
FBS (mg/dl) 109 89 143 110 108 106
HbAlc (mg/dl) 7.2 53 8.0 5.3 56 5.7

SCNNIB, f-subunit of epithelial sodium channel gene; BMI, body mass index; EHT, essential hypertension; NIDDM, non-insulin de-
pendent diabetes mellitus; HL, hyperlipidemia; OMI, old myocardial infarction; EA, effort angina; OCI, old cerebral infarction; RVHT,
renovascular hypertension; IGT, impaired glucose tolerance; ASO, atherosclerotic obliterance; HT, hypertension; Hx, history; SBP,
systolic blood pressure; DBP, diastolic blood pressure; CCB, calcium channel blocker; BB, S-adrenergic blocker; ARB, angiotensin IT
receptor blockade; AB, al-adrenergic blocker; PRA, plasma renin activity; PAC, plasma aldosterone concentration; FBS, fasting blood

sugar.

SCNNIB (cases 2, 3, 5, Table 3) and SCNNIG (cases 1-3,
Table 4) did not show specific abnormalities of electrolytes,
renin and aldosterone levels, or renal function.

Discussion

By the direct DNA sequence method, we determined the
DNA sequence of the 381 bp-coding region in exon 13 of the
SCNNIB gene and of the 381 bp-coding region in exon 12 of
the SCNNIG gene in 948 and 953 Japanese patients with hy-
pertension and identified seven and five mutations, respec-
tively. Several previous studies have screened for mutation
in exon 13 of the SCNNIB gene using the single-strand con-
formational polymorphism (SSCP) method (//-13, 15, 16).
SSCP is highly sensitive for detecting polymorphism (25).
We adopted the direct DNA sequence method instead of the
SSCP method, because it is more accurate than the SSCP
method. A screening of mutations by sequencing was previ-
ously performed in a large Japanese cohort including S0 hy-
pertensives and 51 controls (24). In that study, however, the
authors only sequenced a part of SCNNIB and none of
SCNNIG. Therefore, our study is the first complete, large-
scale screening effort to detect mutations in the coding re-

gion of exen 13 of the SCNNIB gene and exon 12 of the
SCNNIG gene, i.e., in the regions where the causative muta-
tions of Liddle’s syndrome are located.

Among the three missense mutations we identified in exon
13 of the SCNNIB gene, the P5925 mutation was previously
identified in four out of 803 Japanese subjects by SSCP
screening followed by DNA sequencing (13). It has been re-
ported that this missense mutation was not associated with
either home or casual blood pressure values. Although we
were not able to determine whether this P5928 mutation in
the SCNNIB gene was associated with blood pressure eleva-
tion in the present study, since all our subjects were hyper-
tensive, one essential hypertensive patient with the P592S
mutation showed high PRA, low PAC, and normokalemia,
even though he was taking 3 blockade and spironolactone.

The T594M mutation we identified in the SCNNIB gene
was originally reported im 6.1% of African-American sub-
jects but not seen in Caucasians (17). In other studies, this
mutation was not observed in Japanese individeals (/3, 14).
So far, therefore, the T594M mutation has been identified
only in individuals of African descent ({I-15). However,
our intensive sequence study clearly showed that this muta-
tion is also present in the lapanese population, even though
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Table d. Clinical Profiles of Hypertensives with Missense Mutations in Exon12 of SCNNIG

Case

l 2 3
Polymorphism Ala578Val Pro6035er Leut(}9Phe
Age (years old) 70 80 65
Sex female male male
BMI (kg/m?) 21.5 2335 244
Diagnosis EHT, NIDDM EHT, NIDDM, HL EHT, EA
HT duration {years) 30 32 7
HT family Hx none mother : none
SBP (mmHg) 134 160 128
DBP (mmHg) 74 110 90
Medication CCB, ACEL ARB CCB —
Na (mEg/f) 143 140 140
K (mEqg/l) 38 42 ' 43
Cl (mEqg/) 106 105 106
Creatinine (mg/dl) 0.5 1.2 1.0
Overt proteinuria - + —
PRA (ng/ml/h) : 03 1.3 28
PAC (ngfdl) 12.2 9.8 15.6
EBS (mg/dl) 136 105 93
HbAlc (mg/dl) 8.6 6.1 4.6

SCNN1G, y-subumit of epithelial sodium channel gene; BMI, body mass index; EHT, essential hypertension; NIDDM, non-insulin
dependent diabetes mellitus; HL, hyperlipidemia; EA, effort angina; HT, hypertension; Hz, history; SBP, systolic blood pressure; DBP,
diastolic blood pressure; CCB, calcium channel blocker; ACEI, angiotensin converting enzyme inhibitor; ARB,'angiotensin II receptor
blockade; PRA, plasma renin activity, PAC, plasma aldosterone concentration; FBS, fasting blood sugar.

the prevalence is quite low (2/956, 0.2%). In a study on
black residents in London, a gender difference was observed,
with females tending to carry the M allele (18). Notably, two
individuals having the M allele in our study were also fe-
* males.

‘Whole-cell voltage clamp recording of lymphocytes from
patients having the variant channel with the T394M mutation
showed a greater response following stimulation with cAMP
analog compared to. wild-type lymphocytes {1I). Further-
more, the cells isolated from the homozygote showed that
phorbol 12-myristate 13-acetate had no effect on cAMP ana-
log-induced electrophysiological responses, indicating that
the T594M mutation plays an important role in regulating
ENaC (/7). These functional analyses may explain the clini-
cal phenotype of patients with the TS94M mutation. The
T594M mutation contributes to the elevation of blood pres-
sure and suggests that consideration should be given to the
use of amiloride in affected individuals (79).

In the present study, we found a novel missense mutation,
E632K, in exonl? of the SCNNIB gene. As shown in Table

"3,a patient with this missense mutation (case 6) was diag-
nosed with renovascular hypertension, and showed specific
abnormalities in potassium level, PRA and PAC, This pa-
tient had taken angiotensin II receptor antagonist and
spironofactone, but still had marked hypokalemia. Therefore,
to clarify the consequences of this mutation, functional

analysis of the mutant ENaC f subunit with E632K will be
needed.

In previous studies, individuals with either one of two
synonymous mutations, Ser520 and Thr594, in exon 13 of
the SCNNIB gene showed no significant differences in home
or casual blood pressure values, age, body mass index, bio-
chemical profiles of electrolytes or PRA, gender, or use of
antihypertensive medication compared to individuals without
mutation (I3, 16). In the present study, we confirmed that
these two mutations did not influence body mass index, bio-
chemical profiles, or use of antihypertensive medications.
However, we were not able to evaluate these mutations with
respect to blood pressure elevation, since all our subjects
were hypertensives.

Three hypertensive patients with novel missense muta-
tions in exon 12 of the SCNNIG gene did not have specific
abnormalities in electrolytes or the repin-angiotensin aldos-
terone system. However, it was considered worthwhile to
perform functional analysis of these missense mutations in
the SCNNIG, because single nucleotide polymorphism in the
promoter region has been associated with blood pressure
regulation in Japanese (21).

In summary, we identified three missense mutations, in-
cluding one novel mutation, E632K, in the SCNNIB gene
and three novel missense mutations, A578V, P603S and
L609F, in the SCNNIG gene, in Japanese patients with hy-
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pertension.

It remains unclear what roles these missense mutations of
the SCNNIB or SCNNIG gene play in the pathogenesis of
hypertension and the regulation of clectrolytes in hyperten-
sive patients. Thus, further investigations, including func-
tional analyses, of these mutations will be needed.
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reported to be associated with the incidence of MI [3].
However, a second report showed that this association was
valid in females, but not in males [S]. We also did not observe
any positive agsociation in our male subjects. Thus, in Japanese
male subjects, MMP-3 S5A/6A does not seem to predict the
incidence of ML In females, it is possible that we did not
observe any positive association, at least partially, due to the
relatively small number of female patients with MI, and further
investigations may be needed.
Several association studies and meta-analyses have investi-
“gated the association between the MTHFR gene and an
increased risk of MI [6]. In the Japanese population, Yamada
et al. did not find an association between MTHFR C677T and
the incidence of MI [5]. Considering these and our present
results, it is unlikely that MTHFR C677T is associated with an
increased risk of MI in Japanese.
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The frequency of factor (F)V Leiden mutation is relatively high
among individuals of Caucasian descent, being from 2 to 15%
in the general population and up to 50% in selected patients
with thromboembolism [1]. The risk of the first episodes of
thromboembolism as estimated in a large case-control study is
7-fold for heterozygous FV Leiden carriers [2). Although the
frequency of deficiencies of natural anticoaguiants, protein C
or antithrombin in the general population is low, prospective

studies indicate that low levels of protein C and antithrombin
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are associated with increased incidence of venous thrombosis
[3.4]. We tried to elucidate the association between the
deficiency of protein C or antithrombin and deep wvein
thrombosis in Japanese, since the FV Leiden is not in the
Japanese population [5] and there have been no reports
assessing the prevalence of protein C or antithrembin defici-
ency in Asian populations.

The reference group was a population randomly selected
from the residents of Suita, a ity located in the second largest

-urban area in Japan (Osaka area). The sample comprised
12 200 men and women aged 32-89 years. The subjects have
been visiting the National Cardiovascular Center every 2 years
since 1989 for regular health checkups [6]. In the present study,
4517 blood donors (2090 male, 2427 female) aged 32-89 years
were enrolled for measurement of protein C and antithrombin
activity. As a study population for the patient group, 108
consecutive outpatients between April 1994 and March 1998
(54 men, 54 women; mean age £ SD 57.8 £ 17.2 years and
49.6 % 18.0 years, respectively) with deep vein thrombosis
admitted to the Department of Cardiology at the National
Cardiovascular Center were enrolled. The diagnoses of deep
vein thrombasis were based on radioisotope venography and/
or contrast venography. Protein C amidolytic activity was
roeasured using S-2366 as a substrate and Protac derived from
Agkistrodon contortrix venom as the activator. Antithrombin
activity was measured ds a heparin cofactor activity using a
chromogenic substrate §-2238.

In the identification of protein C deficiency, the ratio of
protein C to factor (F)X was recommended by the Scientific
and Standardization Committee of the International Society on
Thrombosis and Haemostasis [7). In our study, we calculated
Lhe ratio of protein C activity to antithrombin activity (AT/PC
ratio), because the antithrombin activity assay was easier and
more reliable than the FX antigen assay. Using the criteria of
an AT/PC ratio > 3 SD (1.27) and protein C activity < 3 SD
{59.3%), six and seven individuals were identified as a
heterozygous protein C deficiency from the reference group
and patient group, respectively. Furthermore, by the same
criteria, seven and six individuals were identified as an
antithrombin deficiency from the reference group and patient
group, respectively (Table 1).

The prevalence of protein C deficiency (0.13%) obtained by
use of the combined critetia of protein C activity and the

Table ! Comparison of 'prevalcncc‘ of protein C and antithrombin
deficiencies between the deep vein thrombosis group and the general
pepulation

Number of hetetozygote

{prevafence, %}
Odds ratio
Patients  General (95% CD
with DVT population  (vs, general
{n=108} (n=4517) population) P-value
Protein C 7(6.48%) 6 (0.13%) 521 (17.2,157.9) <0.0001

Antithrombin 6 (5.56%) 7 (0.15%) 37.9 (2.5, i14.8) <0.0001

C1, Confidence interval; DVT, deep vein thrombosis.
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antithrombin/protein C ratio agreed with the results previ-
ously reported in Scotland (0.20%) [8]. Also, the prevalence

- {0.15%) of antithrombin deficiency obtained in our study was

very similar to the result previously reported in Scotland
(0.17%) 19].
We obtained the prevalence of protein C (6.5%) and

‘antithrombin (5.6%) deficiencies in patients with deep vein

thrombosis. The prevalence in the deep vein thrombosis group
was statistically higher than that in the general population,
indicating that each deficiency is a severe risk factor for deep
vein thrombosis in the Japanese population (Table 1). The
prevalence of protein C deficiency in the deep vein thrombosis
group in Europe or the USA was reported to be 1.1% and

©2.4% in unselected and selected patients, respectively, and

antithrombin deficiency was 3.2% and 3.8% in unselected and
selected patients, respectively [10]. Thetefore, the prevalence of -
each deficiency in the Japanese desp vein thrombosis group
scemed to be higher than that in Westerners with deep vein -
thrombosis. One possible reason is that the FV Leiden
mutation and the prothrombin G20210A. mutation are present

. only in the Caucasian population [1,11] and not in the J apanese

population [5,12].
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Lethal toxin of Bacillus anthracis inhibits:tissue factor

expression in vascular cells
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Bacillus anthracis, the causative agent of anthrax, has been

postulated to be a likely agent of biowarfare and bioterro:ism,'

and received much notoriety following a recent outbreak of
anthrax associated with bioterrorism in the USA [1]. Case
reports of patients with anthrax attacks of 2001 document that
many of these patients developed disseminated intravascular
coagulation (DIC), respiratory failure and septic shock, in
some cases Jeading to death [2-5]. The clinical course in patients
with fatal inhalational anthrax [4] and cutaneous anthrax [2,6]
showed convincing evidence of the activation of coagulation
upon anthrax infection. At present, it is unclear how anthrax
activates the coagulation system. \

Three proteins secreted by B. anthracis, lethal factor (LF),
edema factor {EF) and protective antigen (PA), are central
to its pathogenicity [7]. Lethal toxin (LeTx), a complex of
LF and PA, is primarily responsible for anthrax virulence
[7). Sublytic concentrations of LeTx were shown to induce
interleukin (IL)-1p and tumor necrosis factor (TNF)-o in
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macrophages i vitro [8]. Fuither, the administration of
LeTx to mice was shown to induce endotoxic shock-like
death, and antisera against IL-1p and TNF-a protected
mice from LeTx challenge [8,9]. Since the septic shock
caused by B. anthracis/purdfied LeTx resembles Escherichia
coliflipopolysaccharide (LPS)-mediated shock, where tissue
factor (TF) is shown to play a critical tole in the
pathogenesis of septic shock [10-12), we investigated in the
present study whether LeTx, similar to LPS, induces TF
expression in vascular cells.

To determine whether anthrax toxins induce TF expression
in wvascular cells, monolayers of human umbilical vein
endothelial cells (HUVEC) were treated with varying concen-
trations of LeTx or edema toxin (EdTx) (l0ng to
1000 ng mL™") for 6 h and the induction of TF activity was
measured in factor X activation assay [13]. Both LeTx and
EdTx failed to induce TF activity in endothelial cells
(Fig. 1A). Similarly, a combination of LeTx and EdTx
treatment also had no effect on TF induction. When HUVEC
were stimulated with LPS, as expected, there was a marked
increase in TF activity. Interestingly, pretreatment of endot-

. helial cells with LeTx markedly attenuated LPS-induced TF

expression (Fig. 1A). The suppressive effect of LeTx was dose-
dependent and 100 ng mL™' LeTx suppressed TF induction
maximally. In contrast to LeTx, EdTx had only a minor effect
on LPS-induced TF activity in HUVEC. As observed with
endothelial cells, LeTx also markedly inhibited LPS-induced
TF expression in [reshly isolated human mononuclear celis

© 2004 International Society ot Thrombosis and Haemostasis
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Evaluation of the Lys198Asn and —134delA Genetic
Polymorphisms of the Endothelin-1 Gene

Chihiro TANAKA, Kei KAMIDE*, Shin TAKIUCHI*, Yuhei KAWANO*, and Toshiyuki MIYATA

Endothelin-1 (ET-1) is a potent vasoconstrictor and shows various pharmacological responses. Two single
nuclectide polymorphisms in the ET-1 gene (EDNT) have been reported to be associated with blood pres-
sure (BP). One is the Lys198Asn polymorphism, which showed a positive association with BP in overweight
people. Another is the 3A/4A polymorphism {—134delA) located in the 5-untranslated region. In this study,
we investigated the expression of the Lys198Asn polymorphism in ET-1 in vitro, as well as the association
between either of the two polymorphisms and the plasma ET-1 level. We expressed both the major (Lys-
type) and minor type (Asn-type) preproET-1 in three different cell lines, and measured the levels of ET-1 and
big ET-1 in the culture supernatant. There was no significant difference in the levels of ET-1 or big ET-1 be-
tween the Asn-type and Lys-type transfectant. In the association study, the plasma levels of ET-1 in 54 hy-
pertensive patients having an amino acid substitution from Lys to Asn at position 198 were not different
from those of hypertensives without the substitution. However, we found a significant difference in ET-1 lev-
els between individuals with the 3A/3A and 3A/4A genotypes. Our transient expression study indicates that
the Lys198Asn polymorphism may not directly affect ET-1 and big ET-1 production. Another variant in the
EDNT gene in linkage disequilibrium with the Lys198Asn polymorphism may be responsible for the associa-
tion with BP, or the interaction between the EDNT Lys198Asn polymorphism and other factors such as obe-
sity may be involved in the mechanisms elevating BP jn vivo, (Hypertens Res 2004; 27: 367-371)

Key Words: endothefin-1, Lys198Asn polymorphism, hypertension, vasoactive peptide, plasma endothelin-1 level

essential hypertension (4). Thus, it is thought that ET-1 plays
an important role in the etiology of hypertension and athero-

Introduction sclorosis ()

Endothelin-1 (ET-1), a 21-amino-acid peptide, is & potent
vasoconstrictor and pressor substance mainly produced by
vascular endothelial cells (1), ET-1 is thought to contribute
to the development of cardiovascular diseases, and is as-
sumed to modulate vascular tone and blood flow and pro-
‘mote vascular cell growth in an autocrine or paracrine fash-
ion through two subtypes of receptor {2). In a previous clini-
cal study, the plasma ET-1 level was significantly higher in
essential hypertensive patients (3). Furthermore, an elevated

ET-1 level has been associated with carotid atherosclerosis.

and asymptomatic cercbrovascular lesions in patients with

ET-1 is synthesized from a 212-amino-acid precursor pro-
tein, preproET-1, through multiple proteclytic steps, as
shown in Fig. 1 (2, 6, 7). In the first step, preproET-1 is
cleaved by signal peptidase, resulting in the formation of
proET-1. ProET-1 is then cleaved at the paired dibasic
amino acids by a furin-like enzyme to give rise to 38-amino-
acid big ET-1 or other intermediates. Big ET-1 is subse-
quently cleaved at Trp73-Val74 by another endopeptidase,
endothelin converting enzyme (ECE), resulting in the pro-
duction of mature ET-1. Although ET-1 is biologically ac-
tive, intermediate polypeptides, including big ET-1, are bio-
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furin-like  furin-like
enzyme  enzyme
' ECE ' Lys198Asn
V |
EE
1 18 53 74 893 212
L :
ET-1
||
big ET-1

Fig. 1. Processing of preproendothelin-1. The cleavage
sites of furin-like enzyme and endothelin converting enzyme
are shown by black and white arrowheads, respectively. ET-
1 is a 21-amino acid peptide with residues 53-73. Big ET-1
is a 40-amino acid peptide with residues 53-92. The position
of the Lys198Asn polymorphism is also shown by an arrow.
SP, signal peptide; ET-1, endothelin-1; ECE, endothelin
converting enzyme. ’

logically inactive (8).

There are two single nucleotide polymorphisms in the ET-
1 gene (EDNI) that are associated with blood pressure (BP),
A G-to-T transversion in exon 5 that causes the Lys-to-Asn
substitution at codon 198 has been reported (9-11). Recent
association studies suggest that the Lys198Asn polymor-
phism interacts with BP in overweight people (9, 10), or with
body mass index (BMI) in association with hypertension (11).
Concerning plasma ET-1 level, pregnant women with the Asn/
Asn genotype have significantly elevated plasma ET-1 levels,
and the Asn-allele has been associated with raised systolic BP

(SBP), suggesting the functional importance of this polymor-

phism in pregnancy (I2). In a study using human mammary
artery rings in vitro, artery segments from individuals with
the Lys/Lys genotype were found to have an elevated re-
sponse to phenylephrine-induced contractions compared to
those with the Lys/Asn or Asn/Asn genotype (13).

Another polymorphism associated with hypertension is
the 3A/4A variant {(— 134delA) located 138 bp downstream
from the transcription start site in the 5"-untranslated region
in EDNI {14, 15). In.an in vitro assay for using the luciferase
reporter gene, Popowski et al. reported that the 4A allele
showed increased expression compared to the 3A allele (16).
Furthermore, the human umbilical vein endothelial cells
(HUVECs) obtained from homozygotes with the 4A allele
showed a significantly increased expression of ET-1 protein
due to enhanced mRNA stability (76). However, the associa-
tion of plasma ET-1 levels with the 3A/4A genotypes has not
been investigated.

The studies on the Lys198Asn polymorphism so far per-
formed (9-13) have raised the question of whether the
Lys198Asn polymorphism by itself has functional signifi-
cance or, alternatively, whether it is Yinked to another variant
in the EDNI gene. The Lys198Asn polymorphism is located
near the carboxyl terminal region, which is removed from

preproET-1 by the proteolytic action of the furin-like en-
zyme (Fig. 1). If the EDNI Lys198Asn polymorphism is di-
rectly involved in the ET-1 function, it may affect the pro-
cessing of preproET-1 to mature ET-1 through big ET-1 for-
mation. To test this hypothesis, we performed transfection
experiments, We measured the concentration of ET-1 and
big ET-1 in the culture supernatant obtained from Lys-type
or Asn-type transfectants using three different cell lines. In
addition, we measured the plasma levels of ET-1 and investi-
gated the influence of two EDNI polymorphisms,
Lys198Asn and 3A/4A, on the plasma ET-1 level in patients
with hypertension.

Methods

Cell Culture

COS1 cells and 293 cells were purchased from American
Type Culture Collection (Manassas, USA), and HUVECs
were purchased from CellSystems (St. Katharinen, Ger-
many). COS1 and 293 cells were cultured in DMEM medi-
um (Invitrogen, Carlsbad, USA) supplemented with 10% fe-
tal bovine serum (FBS) (JRH Biosciences, Lenexa, USA),
while HUVECs were cultured on a type I collagen-coated
culture dish in MCDB131 medium (Invitrogen) supplemented
with 10mmol/l GlutaMAX (Invitrogen), 20 mmol/l HEPES
(Invitrogen), 2% FBS, and 10ng/ml basic fibroblast growth
factor (Roche Diagnostics, Mannheim, Germany). ‘These
cells were incubated in humidified 5% CO: in air at 37°C.
HUVECs were used for the experiments after 3—5 passages.

Site-Directed Mutagenesis

The preproendothelin-1 cDNA covering the entire coding re-
gion was subcloned between the EcoRI and Sall sites of the
pCI mammalian expression vecior (Promega, Madison, USA).
Since this cDNA encodes Lys at codon 198, the obtained
expression vector was designated pCI/hET-1/Lys. To replace
Lys with Asn at codon 198, site-directed mutagenesis was
performed. The following primers were used for polymerase
chain reaction with a Pfu DNA polymerase {Stratagene, La
Jolla, USA) (the mutated codon is underlined): forward 5-
CAAGCTGAAAGGCAATCCCTCCAGAGAGCG-3", and
reverse 5 -CGCTCTCTGGAGGGATTGCCTTTCAGCTTG
-3’. Successful introduction of this mutation was confirmed
by sequencing the entire coding region, and the obtained
plasmid was designated pCI/hET-1/Asn.

Transient Expression and Measurement of the Con-
centration of Extracellular ET-1

COS1 cells were seeded at 1X10° celisiwell in six-well
plates on the day before transfection, and transfected with a
mixture of 1ug of expression plasmid (pCU/hET-1/Lys,
pCIhET-1/Asn or pCI) and 5ng of pMI-SEAP (Roche
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Diagnostics) using 5pl of Polyfect Transfection Reagent
(QIAGEN, Hilden, Germany) according to the manufacturer’s
instructions. After a 24-h incubation, the culture medium
was exchanged to fresh medium containing 10% FBS. The
transfected cells were incubated for another 24 h and then
the culture supernatant was collected for measurement of
immunoreactive ET-1 and big ET-1. The activity of secreted
human placental alkaline phosphatase (SEAP) in the culture
supernatant was measured by SEAP Reporter Gene Assay
(Roche Diagnostics) for normalization of the transfection
efficiency. The 293 cells were seeded at 2 X 10°cells/well in
six-well plates and transfected by the same method as used
for the COS! cells, except for the use of 3 ul of FUGENE 6
Transfection Réagent (Roche Diagnostics). HUVECs were
seeded at 1 X 10°cells/well in six-well plates and transfected
with a mixture of 0.5 ug of expression plasmid and Sng of
PMI-SEAP using 3 ul of FuGENE 6 Transfection Reagent.
After a 6-h incubation, the culture medium was exchanged
with fresh medium. The transfected cells were incubated for
another 42 h, and then the culture supernatant was collected.
The amounts of immunoreactive ET-1 and big ET-1 in the
culture supernatant were measured by enzyme-linked im-

- munosorbent assay (ELISA) using the Endothelin-1 Mea-
surement Kit-IBL and Human Big Endothelin-1 Measure-
ment Kit-IBL, respectively (Immuno-Biological Laborato-
ries Co., Ltd., Fujioka, Japan).

Comparison of the Plasma ET-1 Level between Each
Genotype in EDNT Gene Polymorphisms

We measured the plasma ET-1 level and genotyped two
EDNI gene polymorphisms, Lys198Asn (5727G>T) in exon
5 and 3A/4A in the 5’-untranslated region (—134delA), in
54 randomly selected essential hypertensive patients enrolled
at the Division of Hypertension and Nephrology at the Na-
tional Cardiovascular Center. All subjects provided written
informed consent to participate in the study, and the study
protocol was approved by the Ethical Review Committee of
the National Cardiovascular Center. The plasma ET-1 level
was measured by radioimmunoassay after extraction (I7).
Genotyping was performed by the TagMan PCR method us-
ing the following probes and primers: for Lys198Asn, probes
Fam-AGGCAAGCCCTCCA-MGB (Lys-allele), Vic-AAGG
CAATCCCTCCAG-MGB (Asn-allele), and primers 5-CAG
CGTCAAATCATCTTTTCATG-3" and 5-GTCACCAATG
TGCTCGGTTGT-3', and for 3A/4A, probes Fam-AGTGCC
CITTTAACGG-MGB (4A-allele) and Vic-AAGTGCCC
TTTAACGG-MGB (3A-allele), and primers 5-AAACAGC
TTCAGGTCCCTCAAA-3" and 5-GCAGTCCCAGCTCTC
CACC-3"(18).

Statistical Analysis

The comparison of ET-1 and big ET-1 levels in the culture
supernatant between the different transfected cell lines, and
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of the plasma ET-1 level and all of the clinical parameters
between the two genotypes in patients with essential hyper-
tension were performed by unpaired Student’s f-test using
the program StatView (SAS Institute, Inc., Cary, USA). A
value of p<0.05 was considered to be statistically signifi-
cant. In order to evaluate the linkage disequilibrium (LD),
we calculated the D" and #? value using SNPAlyze version
3.0 software (DYNACOM, Mobara, Japan).

Results

The Lys198Asn Polymorphism Did Not Affect the ET-1
and Big ET-1 Levels in the Culture Supernatant

To examine whether the Lys198Asn polymorphism in the
EDNI! gene affects production of ET-1, COS1 cells were
transfected with either a Lys-type plasmid or Asn-type plas-
mid, and the amounts of secreted ET-1 were measured by
ELISA. Since ECE is expressed in many cell lines, including
COS|1 cells, preproET-1 should be converted to ET-1. In the
cultre supernatant collected from the cells transfected with

_ either the Lys-type or Asn-type plasmid, higher levels of ET-
1 were detected as compared with that in cells transfected
with the vector alone (Fig. 24, left panel). No difference in
ET-1 level was observed between the Lys-type and Asn-type
transfected cells (Fig 2A, left panel). We also measured the
big ET-1 fevels. The amount of big ET-1 in the supernatant
was much higher than that of ET-1, and also was not signifi-
cantly different between Asn-type and Lys-type transfected -
cells (Fig. 2A, right panel). Using co-transfected pMI-SEAP
plasmid, we normalized the transfection efficiency of the
plasmids, but the results were same.

Regarding the other cell lines, 293 cells and HUVECs,
there were no significant differences in either the ET-1 or big
ET-1 levels in the culture supernatant between Asn-type and
Lys-type transfected cells, as indicated in COS1 cells (Fig.
2B, C). Normalization of the transfection efficiency by co-
transfection of pMI-SEAP plasmid did not alter the results.

' Relationship between EDN1 Gene Polymorphism and
Plasma ET-1 Level in Hypertensives

We assessed the difference in plasma ET-1 level between
genotypes in LysI98Asn (5727G>T) and 3A/4A (—134delA)
in 54 patients with essential hypertension (mean age: 61.0%
12.8 years old;, male/female: 30/24; mean BMIL 253+
3.6kg/m* mean BP; 144.5417.3/82.2+10.5mmHg). As
shown in Fig. 3A, the plasma levels of ET-1 tended to be
higher in subjects with the Asn-allele (GT-+TT) than in

~ homozygotes with 198Lys (GG), but the difference was not

significant (p=0.057). In contrast, there was a significant
difference in plasma ET-1 level between 3A/3A and 3A/4A
(Fig. 3B). There were no differences in age, sex, BMI, BP
levels or renal function between the two genotypes of these
EDN1 gene polymorphisms (data not shown).
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Fig. 2. A: Levels of ET-1 (left panel) and big ET-I (right
panel} in the culture supernatant of COS1 cells. B: Levels of
ET-1 (left panel) and big ET-1 (right panel} in the culture
supernatant of 293 cells. C:. Levels of ET-1 (left panel} and
big ET-1 (right panel) in the culture supernatant of
HUVECs. Each cell line was transfected with pCI/RET-
1/Lys, pCI/RET-1/Asn or pCl. The levels of ET-1 and big ET-
1 in the culture supernatant-were measured by ELISA. The
data represent the means*SD from three independent ex-
periments. ET-1, endothelin-1; HUVECs, human umbilical
veir endothelial cells.

Discussion

Several reports have described that the Lys198Asn polymor-
phism. in preproET-1 showed a positive association with BP
elevation in overweight people, and this was observed not
only in Caucasians but also in Japanese (9-71). Another
study focusing on pregnant women showed that the Asn-

allele was associated with SBP, and homozygotes with -

Asn198 had a significantly increased level of plasma ET-1
compared to women with other genotypes (12). These stud-
ies suggested that the LysI98Asn polymorphism may affect
BP regulation through the production of ET-1. However,
none of the studies examined the functional consequence of
the Lys198Asn. polymorphism on preproET-1. Because the
Lys198Asn polymorphism is located in the coding region of
the EDNI gene, it is likely that the polymorphism affects the
processing of prepioET-1 rather than modifying the gene ex-
pression or the stability of the mRNA. Here, we have de-
signed a strategy to test this hypothesis by expressing the
Lys-type and Asn-type preproET-1 transiently in three dif-
ferent cell lines, COS1 cells, 293 cells and HUVECs. The re-
sults showed that neither ET-1 nor big ET-1 levels in the cul-
ture supernatant of the Asn-type transfected cells were sig-

A B
P=0.057 P<0.0001
—_—
—
10
£® s
2, 2
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h=37

Aan atlele (GT+TT)
N=29
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N=17
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N=25
Fig. 3. A: Comparison of plasma ET-I level between Asn-
allele and Lys homozygotes of the EDN1 LysI98Asn poly-
morphism (5727G>T). B: Comparison of plasma ET-1 level
between 3A/3A and 3AMA of the EDN1 3A/4A polymor-
phism in the 5"-untranslated region ( —134delA). The data
represent the means = SD. ET-1, endothelin-1.

nificantly changed compared to those of the Lys-type trans-

" fected cells.

The amount of big ET-1 in the medium was much higher
than that of ET-1 in all cell types (Fig. 2). ET-1 is synthe-

sized from big ET-1 through proteolytic cleavage by ECE.

The large amount of big ET-1 in the culture supernatant indi-
cated the inefficient cleavage of big ET-1 by endogenous
ECE, because transient expression of preproET-1 using
cytomegalovirus promoter would result in overproduction of
big ET-1 for the endogenous enzyme.

It has been reported that ET-1[1-31], a peptide 10 amino
acids longer than ET-1, is synthesized from big ET-1 by the
proteolytic action of chymase and is also bicactive (19-21).
The Lys198Asn polymorphism might affect the production
of ET-1[1-31]. Unfortunately, in the present study, ET-
1[1-31] could not be detected in the culture supernatant by
ELISA (data not shown), probably due to the very low activ-
ity of chymase in the cells that we used,

In the measurement of the plasma ET-1 level in the 54 pa-
tients with essential hypertension, we were not able to find a
significant difference between the genotypes in the EDNI
Lys198Asn polymorphism, though the Asn-allele subjects
tended to have a higher plasma ET-1 level than subjects with
the Lys-allele. This finding seems to be concordant with the
results obtained from the transfection study. Barden er al.,
however, reported that plasma ET-1 levels were increased in
Asn homozygotes in pregnant women (12). In addition, the
positive correlation between this polymorphism and high BP
has been observed only in overweight subjects (9, 70). Thus,
it is suggested that a study focusing on normotensives is nec-
essary, because the expression and/or production of ET-1
might be maodified by BP or other factors such as obesity.
Furthermore, the interaction between the EDNI Lys198Asn
polymorphism and other factors, such as insulin resistance or
activation of the renin-angiotensin system, may be involved
in the mechanisms elevating BP in vivo.

An association between hypertension and the 3A/4A poly-
morphism (~134delA) located 138bp downstream from the
transcription start site in the 5-untranslated region in the
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EDNI gene has been reported (/4, 15). Popowski et al. re-
ported that the HUVECs obtained from homozygotes with
the 4A-allele type showed a significantly increased expres-
sion of ET-1 protein due to enhanced mRNA stability (/6).
In the present study, significantly higher plasma ET-1 levels
were observed in hypertensive subjects with the 4A-allele
compared to 3A/3A homozygotes, although Popowski er al.
could not find increased expression of ET-1 in the HUVECs
obtained from heterozygotes. The reason why they did not
observe the increased secretion of ET-1 in the ex vivo system
was likely due to the difference in the background of the in-
dividuals—that is, they obtained their results using HUVECs
from healthy German newboms and our results were ob-
tained from Japanese hypertensives. LD analysis revealed
that the Lys198Asn and 3A/MA polymorphisms are slightly
in LD (D'=0.65, r#=0.20). In the present study, the tenden-
cy for a positive correlation between the Lys198Asn poly-
morphism and plasma ET-1 levels was also recognized.

In conclusion, our results indicated that the EDNI
Lys198Asn polymorphism did not directly affect ET-1 pro-
duction in the expression assay using cultured transfected
cells. Therefore, we propose that another variant having LD
with this polymorphism, such as maybe the 3A/4A polymor-
phism, might be responsible for the association with BP ele-
vation via plasma ET-1 up-regulation, or the interaction be-
tween the £DN] Lys198Asn polymorphism and other factors
such as obesity might be involved in the mechanisms elevat-
ing BP in vivo.
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Human ADAMTSI13 was recently identified as a gene
encoding von Willebrand factor-cleaving protease,
hADAMTS13. Both congenital and acquired defects in
this enzyme can cause thrombotic thrombocytopenic
purpura. hADAMTS13 consists of 1,427 amine acid resi-
dues and is composed of multiple structural domains
including thrombospondin type 1 motifs and CUB do-
mains. To analyze the functional roles of these domains
in vivo, we determined the cDNA sequence of the mouse
ortholog, mADAMTS13. Unexpectedly, iwo forms of the
mouse Adamizl3 gene were isolated that differed in the
insertion of an intracisternal A particle (IAP) retro-
iransposon including a premature stop codon. The IAP
insertion was found in BALB/¢, C3H/He, C57BL/6, and
DBA/2 strains but not in the 129/8v strain. The outbred
ICR strain had either the IAP-free or IAP-inserted allele
or both, IAP-free Adamisl8 encoded mADAMTSI3L, a
protein of 1,426 amino acid residues with the same do-
main organization as hADAMTS13. In contrast, IAP-
inserted Ademisi3 encoded a C-terminally fruncated en-
zyme, mADAMTS13S, that is comprised of only 1,037
amino acid residues and lacking the C-terminal two
thrombospondin type 1 motifs and two CUB domains.
Strain specificity was also confirmed by reverse tran-
scription-PCR and Northern blot analyses. Both recom-
binant mADAMTS13L and mADAMTS138 exhibited von
Willebrand factor cleaving activities in vitro. The natu-
ral variation in mouse ADAMTS13 should allow for the
determination of hitherto unknown functions of its
C-terminal domains in vivo.

von Willebrand factor (VWEF)! is a large glycoprotein that
mediates adhesion between the platelet surface and damaged
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subendothelium (1, 2). VWF is mainly synthesized in endothe-
lial cells and secreted into the circulating blood as unusually
large VWF (UL-VWF) multimers (1, 2}. In healthy individuals,
UL-VWF multimers are cleaved to smaller sizes in plasma (3).
If cleavage is impaired, however, UL-VWF multimers accumu-
late in the plasma. Because UL-VWF multimers possess an
extremely high thrombotic activity (4, 5), UL-VWF multimers
in the circulation lead to platelet clumping at the sites of
vascular injury. The importance of VWF proteolysis is best
illustrated by the severe consequences of thrombotic thrombo-
cytopenic purpura, a condition associated with increased levels
of UL-VWF multimers (6), This disease is characterized by
microangicpathic hemolytic anemia, thrombocytopenia, neuro-
logical dysfunction, renal failure, and fever (7). The mortality of
affected patients may exceed 90% without treatment such as
plasma exchange.

Human ADAMTS13 (hADAMTS13), an enzyme responsible
for the proteolytic processing of UL-VWF multimers, was re-
cently purified, and its partial amino acid sequence was deter-
mined (8-10). hADAMTS13 cleaves a peptidyl bond between
Tyr*¥% and Met!%% in the VWF A2 domain {11~13). The gene
encoding hADAMTS13 was identified as a member of the “a
disintegrin-like and metalloprotease with thrombospondin
type 1 motif (ADAMTS)” family and designated as ADAMTSI3
(8, 14, 15). ADAMTS13 contains 29 exons and spans ~37kbon
chromosome 9934 (8, 14, 15). The mBNA is detected primarily
in liver (8, 14, 15). Analysis of genomic DNA in patients with
congenital thrombotic thrombocytopenic parpura revealed that
mutations of ADAMTSI3 could lead to an inactive enzyme
{15-20). Notably, a common single nucleotide polymorphism,
P4758, with ~10% heterozygosity in the Japanese population,
resulted in a decrease of enzymatic activity (16).

hADAMTS13 consists of several different domains: a signal
peptide, a propeptide, a reprolysin-like metalloprotease do-
main, a disintegrin-like domain, a thrombospondin type 1
(TSP1) motif, a cysteine-rich domain, a spacer domain, seven
additional TSP1 repeats, and two CUB domains. In vitro stud-
ies using C-terminally {runcated hADAMTS13 constructs re-
vealed that the C-terminal TSP1 motifs and CUB domains
were dispensable to maintain the VWF cleaving activity (21,
22). However, the biochemical and physiological roles of these
domains in vivo remain to be resolved. As a first step to
develop suitable animal models for following potential roles
of this enzyme in vivo, we have cloned the mouse ortholog of
hADAMTS13, mADAMTS13, and determined its complete
genomic structure, In the present study, we report two types of
the Adamis13 gene in mice caused by the strain-specific inser-
tion of an intracisternal A-particle (JAP) retrotransposon. We
further examine the VWF cleaving activity of mADAMTS13.

This paper is available on line at http://www.jbc.org
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EXPERIMENTAL PROCEDURES

Animals—Male 129/8v mice were purchased from Clea Japan, Inc.
Male BALB/c, C8H/He, C57BL/6, DBA/2, and ICR mice were purchased
from Japan SLC, Inc. Blood (~100 pl) was collected by cardiac puncture
into a syringe containing 10 gl of 3.8% sodium citrate and centrifuged
to obtain plasma. Spleen and liver were excised, rinsed in phosphate-
buffered saline, and immediately used for DNA and RNA preparation.

DNA Sequencing—All of the sequence analyses were performed by
373A or 3700 automated DNA sequencer (Applied Biosystems) with a
BigDye Terminator Kit (Applied Biosystems).

Determination of the mnADAMTS 18 cDNA Sequence—Total RNA was
prepared from the livers of C57BL/6 and 129/Sv mice with Isogen
{Nippon Gene), and poly(A)* RNA was purified with an mRNA purifi-
eation kit {Amersham Biosciences) according to the manufacturer’s
instruction. The ¢DNA was synthesized from the poly(A)" RNA with a
first strand ¢cDNA synthesis kit (Amersham Biosciences). PCR was
carried out with primers designed from the genomic DNA sequence
(forward sequence in 5'-uniranslated region, 5'-AGGAAGCTCCCAAG-
AGTAAACACTGCCT-3"; reverse sequence within the metalloprotease
domain, 5'-TCAGAGAGGGTGATTAGCTTCACCAGGT-3). PCR prod-
ucts were ¢loned into pCR2.1 vector using a TA Cloning™ kit (Invitro-
gen) and sequenced.

In addition, 3'-RACE was performed using a 3'-Full RACE Core Set
(Takara), according to the manufacturer's instructions, After reverse
transcription from liver poly{A)" RNA, PCR was performed using the
Adaptor Primer provided with the kit and a gene-specific forward
primer within the metalloprotease domain, 5'-TGGAGTTGCCTGATG-
GCAACCAGUCA-3'. The second PCR was performed using the first PCR
products as a template with Adaptor Primer and a gene-gpecific in-
ternal forward primer, 5'-CATCACCTTTTCCTACTTTCAACTGAAGC-
AG-3'. The cycling parameters were as follows: 35 eycles of 94 °C for
30 s, 55 °C for 30 s, and 72 °C for 3 min, followed by 72 °C for 7 min,
PCR products were cloned into pCR2.1 vector and sequenced.

PCR Analysis of IAP Insertion in the Adamis13 Gene—Genomic DNA
was extracted from ear punches of 129/Sv, BALB/c, C3H/He, C57BL/S,
DBA/2, and ICR mice by DNeasy Tissue Kit (Qiagen). Presence or
absence of an IAP insertion in the Adamisl3 gene was determined by
PCR with HotStarTaq DNA polymerase {Qiagen). The amplification
was carried out using mixture of three primers; the intron 23-specific
forward primer, 5-ACCTCTCAAGTGTTTGGGATGCTA-3, the IAP-
specific reverse primer, 5'-TCAGCGCCATCTTGTGACGGCGAA-3',
and the primer downstream of the IAP target site, 5'-TGCCAGATGG-
CCATGATTAACTCT-3', PCR products were directly sequenced.

Southern Blot Analysis—Genomic DNA prepared from spleens was
digested with EcoRV, separaied on 0.7% agarose gel, and transferred to
anylon membrare by standard capillary blotting techriques, A genomic
fragment (842 bp) upstream of the IAP target site was produced by PCR
with the primers 5-TAGGCAGCCATGGATCTGTATTAG-3' and 5'-
TGTCTGCTCTTCCAGAAATCCTTA-3" and labeled with fluorescein.
11-dUTP using Gene Images random prime labeling module {(Amer-
sham Biosciences). The blot was hybridized with the probe, and the
hybridized probe was detected using the Antifluorescein-AP conjugate
and the CDP-Star detection reagent (Amersham Biosciences) according
to the manufacturer’s instructions. Chemiluminescence was measured
by an LAS-1000plus image analyzer (Fujifilm),

Determination of the Adamtsis Genomic Sequence—A A phage li-
brary constructed from SauSal-digested genomic DNA of the 129/5v
strain was screened by a PCR-based method as described previously
(28). Three independent positive phages were obtained. Each phage
insert DNA was subcloned into pBluescript II SK(+) vector (Strat-
agene) and sequenced using the GPS-1 Genome Priming System (New
England Biolabs) according to the manufacturer’s instructions. The
sequence data were assembled and analyzed using the Sequencher
software (Gene Codes), Sequence gaps of each target DNA were filled by
primer walking sequencing.

Reverse Transcription-PCR—Total RNA was extracted from the liv-
ers of six mouse strains with Isogen (Nippon Gene), and poly(A)* RNA
was purified using PolyATtract mRNA Isolation Systems (Promega)
and subjected to one-step RT-PCR (Qiagen). The exon 21/22-specific
gense primer (5"TTGTGGGAGAGGTCTGAAGGAACT-3'), the pseudo-
exon 24-specific antisense primer (5-TCAGCGCCATCTTGTGACGGC-
GAA-3"), and the exon 24/%5-specific antisense primer (5'-ACAGGAG-
ACAGAGCACTCTGTCCA-3) were simultancously -used for the
amplification. The PCR products were excised from the agarose gel and
sequenced.

Northern Blot Analysis—The specific fluorescein-labeled probe (1.3

kb) was synthesized by PCR from mouse Adamts18 cDNA as described
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33s bp

CTGTGTTCTAAGTTGGTAAACAAATAATCTGCGCATGAGCCAAGGGTATTTACGACTACTTGTACTCTG
TTTTTCCCGTGAACGTCAGCTCRGCCATGOGLTGCAGCCAATCAGGGAGTGATGLGTCCTAGGCAATTG
TTGTTCTCTT TR ARATAGAAGGGGTTTCETTT TTCTCTTTTTCTTGC T TCTTACACTLTGGCCCCAARA
AGATGTAAGCAATAMAGCTTTGCCGTAGangattctagttat bgtgttettcctggccggtegtgagaa
‘ cgcgacgaataacuiattggtgccg o (~5.3 kb) ... aagggggaucltgtgggaagccgccccc

acattcgccgteacaagatggegctgacatcetgtgtictaagtiggtanacanctaatctgegeatga

gecaagggtatttacgactacttgtactetgtttttocegtgaacgtcagetcgaecatgggetgeage

caatcagggogtgatgcgtectaggcaattgttgtictettttanatagaaggagtttcgtttitetet

ttttettgettcttacactetagecccanaragatgtaagcaataaagettigcegtogaagottctgg

ttgtt_gtgttcttcctggccggtcgtgagaacgcgc'lcgaataucalcactagtttctcagcc -----
338 bp

Fic. 1. Nucleotide sequence of the retrovirus-like element ob-
served in Adamisi3 intron 23 of the C57BL/6 strain. The 338-bp
repetitive sequences-of a retrovirus-like element are boxed. The 6-bp
duplication of target DNA at the insertion site is double underlined.
Exon 24 of the C5TBL/6 strain, shown in appercase letters, contains a
stop codon TGA (dotted) and a putative polyadenylation signal
AATAAA (underlined).

previously (23). The primers used were a sense primer located in exon
3 (5-ATTCTGCACCTGGAACTCCTGGTA-3") and an antisense
primer located in exon 13 (5’-CGGCTGACAATGAAGCTTTCTCCA-3",
Poly(A)* RNA (10 ug) from mouse livers were separated on 1% agaroge
gel containing 2% formaldehyde and transferred to 2 nylon membrane,
Hybridization and detection using the Antifluorescein-AP conjugate
and the CDP-Star detection reagent (Amersham Biosciences) were per-
formed according to the manufacturer’s instructions, Commercially
available premade Northern blot membranes containing poly(A)* RNA
from the BALB/c strain (Multiple Tissue Northern blot; Clontech) and
the Bwiss Webster strain (FirstChoice Northern blot; Ambion) were also
analyzed using the Antifluerescein-HRP conjugate and the DNA Thun-
der Chemiluminescence Reagent Plus (PerkinElmer Life Sciences).
Chemiluminescence was measured by an LAS-1000plus image analyzer
(Fujifilm).

Freparation of Recombinant Substrate (mVWF73) for Engymatic As-
say—To examine the enzymatic activities of mADAMTS13, we pre-
pared the recombinant substrate as described previcusly (24). In brief,
a D1596-T1668 region of mouse VWF was amplified by RT-PCR using
total RNA from a C57BL/G mouse liver. The primers, 5'-cgggotecGAC-
CGGGTAGAGGCACCTAACC-3' and 5'-cggaattcTCAGTGATGGTGA-
TGGTGATGTGTCTGCAGGACCAGGTCAGRA-3' were used for the
amplification. Lowercase letters indicate added restriction enzyme
sites, and the underlined sequence is the inserted C-terminal His, tag
{H). The PCR product was digested with BamHI and EcoRI and cloned:
into the corresponding sites of pGEX-6P-1 (Amersham Biosciences), a
glutathione S-transferase (GST) fusion expression vector. The resulting
plasmid encoding GST-D1596T1668-H was intreduced into Escherichia
coll, BL21 (Stratagene), and expression was induced by the addition of
isopropyl-B-p-thiogalactoside. The bacterial cells were collectsd and
lysed with CelLytic B (Sigma), followed by centrifugation. The soluble
fraction was subjected to a nickel-nitrilotriacetic acid Spin Kit {Qiagen)
and further to a MicroSpin GST purification module (Amersham Bio-
sciences). The purtfied protein, designated GST-mVWF73-H, was used
as substrates for enzymaiic assays. The molecular mass of GST-
mVWF73-H was-35.7 kDa. If mADAMTS13 cleaves the expected site,
the size of the N-terminal portion including the GST tag will be 28.0
kDa.

Transient Expression of mADAMTS13—The entire open reading
frame (ORF) constructs with C-terminal FLAG sequence (DYKD-
DDDK) were prepared for two types of mouse ADAMTS13,
mADAMTS13L  (GenBank™ accession number AB112362) and
mADAMTS13S (GenBank™ accession number AB071302), by PCR.
Each PCR product was inserted into pCAGG-ner mammalian expres-
sion vector (25). The resulting plasmids were transfected into Hela
cells using FuGENE 6 (Roche Applied Science) as described previously
(18). Forty-eight hours after transfection, the media were cellected and
concentrated using Centricon YM-30 {Millipore). The cells together
with extracellular matrix were lysed in SDS sample buffer (10 mm
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F1c. 2. Genotyping of mouse AdamisI3. A, diagram of a segment
of the Adamtsl3 gene around the IAP insertion site. The sites of
primers used for the genotyping PCR are indicated by arrows. The
EcoRV fragments detected in Southern blot analysis arve indicated by
double-headed arrows. B, PCR analysis. In mixture of three primers, F
and R1 primers generate a 305-bp product specific for the IAP-free
Adamis13 gene, whereas F and R2 primers generate a 230-bp product
specific for the IAP-inserted Adamts13 gene. C, Southern blot analysis.
Genomic DNA from each mouse strain was digested with EcoRV and
hybridized with the probe that detects a 1.5-kb fragment in the IAP-free
allele and a 4.8-kb fragment in the IAP-inserted allele.
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Fic. 3. RT-PCR of Adamits13 mRNA in liver. PCR primers are
shown as aerrows indicating direction at their approximate locations. In
combination of three primers, § and Al primers generate a 540-bp
product specific to the [AP-free transcript, whereas primers 8 and A2
generate a 370-bp product specific to the [AP-inserted transcript.

Tris-HC, 2% SDS, 50 mM dithiothreitol, 2 mM EDTA, 0,02% bromphe-
nol blue, 6% glycerol, pi 6.8).

Recombinant proteins were detected by SDS-PAGE and Western
blot as described previously (16). For vulture media, a rabbit anti-
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FiG. 4. Northern blot analysis of mouse AdamisI3 mRNA, A,
expression of Ademtsi3 mRNA in liver. Poly(A)* RNA isolated from
liver of indicated strains was probed with & 1.3-kb Adamts13 cDNA
corresponding to exons 3-13. The approximate sizes of the IAP-free (5.0
kb) and the IAP chimeric (3.5 kb) transcripts are indicated by arrow-
heads. B, expression of AdamitsI3 aRNA in tissues from BALB/e mice.
C, expression of Adamisi3 mRNA in tissues from SwissWebster mice.
The sizes of RNA markers are shown at the left.

mADAMTS13 polyclonal antibody (described below) and an HRP-la-
beled goat anti-rabbit IgG antibody (Kirkegaard & Perry Laborato-
ries) were used for detection after SDS-PAGE under nonreducing
condition. For cell lysates, an anti-FLAG M2 monoclonal antibody
{Sigma) and an HRP-labeled goat anti-mouse [g( antibody (Kirkegaard
& Perry Laboratories) were used for detection after SDS-PAGE under
reducing condition. Chemilnminescence was developed using the West-
ern Lighting Chemiluminescence Reagent Plus (PerkinElmer Life Sei-
ences) and detected by an LAS-1000plus image analyzer (Fujifilm).

Preparation of Polyclonal Antibody against Mouse ADAMTS13—A
polyclonal antiserum against mADAMTS13 was raised by DNA-based
immunization protocols. Rabbite were immunized by intradermal
injectien with ~1 mg of mMADAMTS13S expression plasmid at 25 sites
on the back. Booster immunizations were carried out by the same
protocol 3 weeks after the primary immunization, Serum was col-
lected 3 weeks after the second immunization. The IgG fraction was
then prepared by an affinity chromatography using a protein G
column (Amersham Biosciences).

Enzymatic Assay—Purified GST-mVWF73-H (500 ng) was incubated
with recombinant mADAMTS13L or mADAMTS13S in 40 ul of reaction
buffer (5 mwm Tris-HCl, 10 mM BaC(l,, 0.01% Tween 20, and 1 mM
p-amidinophenylimethanesulfonyl fluoride hydrochleride, pH 8.0) at
37 °C for 1 h. The reaction was stopped by adding 10 ul of SDS sample
buffer (50 mu Tris-HCl, 10% SDS, 250 mu dithiothreitol, 10 mm EDTA,
0.1% bromphenol blue, 30% glycerol, pH 6.8). The samples were sub-
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mADAMTS13L (129/Sv and ICR)
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F16. 5. Schematic structure of two forms of the Adamis13 genes and proteins, Genomic and protein structures of mADAMTS13L in the
129/Sv strain and of mADAMTS138 in the BALB/e, C3H/He, C57BL/8, and DBA/2 strains are shewn. The outbred ICR strain has both type alleles.
The exons and introns are drawn to scale. A hatched box represents the IAP insertion in intron 23. S, signal peptide; B, propeptide; Dis,
disintegrin-like domain; 7178, thrombospondin typel motifs; Cys, cysteine-rich domain.

jected to Western blot using a rabbit anti-GST antibody (Molecular
Probes) and an HRP-labeled goat anti-rabbit IgG antibody (Kirkegaard
& Perry Laboratories) as described (24). We also analyzed the proteo-
Iytic activity of plasma from five mouse strains in the same way.

RESULTS

Identification of Adamtsi3 in the C57BLI6 Strain—To iden-
- tify the orthologous mouse gene of human ADAMTSIS, we
performed a BLAST search in the public data base, based on
the human ADAMTS13 cDNA sequence (GenBank™ accession
number AB069698, 4,284-nucleotide ORF) reported by Scejima
et al. (8). This search led us to identify a compatible genomic
sequence {GenBank™ accession number AC090008) derived
from the C57BL/6 strain. This sequence was located on chro-
mosome 2, band A3 and contained 29 conserved exons similar
to human ADAMTSI3. To obtain the ¢cDNA to corresponding
mRNA, we performed RT-PCR and 3'-RACE using poly(A)*
ENA from the liver of a C57BL/6 mouse. Unexpectedly, the
cDNA sequence (GenBank™ aceession number AB071302) in-
cluded only a 3,114-nuclectide ORF derived from 24 exons.
From a comparison between the ¢DNA and the genomic
sequences of the C57TBL/6 strain, we found a 6-kb retrovirus-
like sequence in intron 23 of the Adamis13 gene (Fig. 1). This
sequence was flanked by the identical 338-bp sequence with a
6-bp (CACTAG) duplication of target site, as is often observed
for retrotransposition. A BLAST search identified the inser-
tional element as an intracisternal A-particle (IAP), which is
one of the retrotransposons present at about 2,000 sites in the
mouse genome {26). This insertion of IAP seemed to be respon-
sible for loss of the original mRNA 3'-end by splicing exon 23 to
pseudo-exon 24 that contains a premature stop codon.
Identification of Adamtsld in the 129/Sv Strain—To deter-
mine whether the IAP insertion into the Ademts13 gene is
common to a variety of mouse strains, we carried out PCR
genotyping of five inbred and one outbred strains (Fig. 24). A
mixture of three primers was used for the reaction; Primers F
and R1 were designed to produce a 305-bp band in the ab-
sence of IAP, and primers F and R2 were designed to produce
a 230-bp band in the presence of IAP. This experiment re-
vealed that the IAP insertion was present in the BALB/c,
C3H/He, and DBA/2 strains but not in thel29/Sv strain (Fig.
2B). The outbred ICR strain was genetically heterogeneous
with respect to the IAP insertion into the Adamisl3 gene.
Southern blot analysis using probes upstream of the IAP
target site revealed that AdamfsI3 was a single copy gene
and confirmed the strain-specific insertion of IAP (Fig. 2C).
These results implied that the Adamisl3 gene transcript of

the 129/5v mice and some ICR mice might contain residual
exons lost in the other mouge strains.

To confirm this hypothesis, RT-PCR was performed using
liver poly(A)* RNA from a 129/Sv mouse. The obtained se-
quences indicated that the Adamtsi3 ¢cDNA (GenBank™ ac-
cession number AB112362) contained a 4,281-nucleotide ORF
similar to human ADAMTS13 (4,284-nucleotide ORF). To de-
termine the complete genomic sequence of AdamisI3 in the
129/Sv strain, we screened a 129/Sv mouse A genomic library.
Sequence analysis of positive phage clones confirmed the ab-
sence of IAP in the AdumisI3 gene. Adamiési3 in the 129/8v
strain (GenBank™ accession number AB095445) contained 29
exons like human ADAMTS 13 and spanned ~30 kb,

" To examine the effect of [AP on Adamisl3 mRNA splicing,
RT-PCR was performed using liver poly(A)™ RNA from six
mouse strains (Fig. 3). The exon 21/22-specific sense primer,
the exon 24/25-specific antigense primer, and the pseudo-exon
24-gpecific antisense primer were mixed and used for the am-
plification. We detected the IAP chimeric¢ transcript in four
inbred strains with the IAP insertion. In contrast, the IAP-free
transeript was observed in the 129/Sv strain. The heterogene-
ous expression of two types of transcripts was observed in
samples from the ICR strain, To characterize the transcripts in
more detail, Northern blot analysis of liver RNA was carried
out using a 1.3-kb probe spanning exons 3-13 of AdamisI3
c¢DNA {Fig. 4A). The RNA was prepared from the same animals
as used for the Southern blot analysis. An ~3.5-kb mRNA
corresponding to the size of IAP chimeric transcript was de-
tected in the C57BL/6 and the ICR strains. The IAP-free tran-
seript of ~5.0 kb was observed in the 129/Sv and the ICR strains.

Thus, these results clearly indicate the presence of two types
of mouse Adamitsl3 in a strain-specific manner (Fig. 5).
Adamisi$ of the 129/Sv strain encodes an ADAMTS13 pro-
tein containing 1,426 amine acid residues with the same do-
main structure as hADAMTS13, designated mADAMTS13L.
Adamtsl3 of the BALB/c, C3H/He, C57BL/6, and DBA/2
strains encodes the shorter ADAMTS13 protein. including only
1,037 amino acid residues, designated mADAMTS138S. In this
protein, the C-terminal two TSP1 and two CUB domains are
replaced with the 16-amino acid sequence, ALVWEAAPT-
FAVTRWR, derived from the IAP. The outbred ICR sirain
carries either the IAP-free or IAP-inserted allele or both.

Expression of the Adamtsl3 mRNA in Mouse Tissues—To
study the expression pattern of the mouse Adamisl? gene, we
analyzed Northern blots containing poly(A)* RNA from various
tissues of the BALB/c and the Swiss Webster strains, As shown
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Jiurin cleavage site

MADAMTS13S  MSQLCLWLTCOPCYAVSVRGTUTGATFTLGCHGLSOFQKSLLODLEPKDVSSYFGHHAAPFTGHPPS -~ -HLORLRRRRTLEDTLHLEL LVAVGPOVSRAHQEOTERYVLTNL 110
MADAMTS73L  MSQLCLWLTCOPCYAVSVRGILTGATFILGCWGLSOFQKSLLGDLEPKDVSSYFGHHAAPFTGHPPS -- -HLQRLRRRRTLEDILHLELLVAVGPDVSRAHQEDTERYVLTNL 118
hADAMTS13 ipa), - (A8 @rchcwaﬁsﬂF@sﬁLcﬂLsv@vssmwpmwwzLHLELLVAVGPDV@AHQE OTERYVLTNL 188
signal peptide propeptide metalloprotease domain
ADAMTSL3S  NIGSELLRNPSLGVORMHLVKL ITLSDSESTPRLTANI TS SLMSVCENSOTINPHEOR0PSHADLTL Y ITRFOLELPDGHOOVRGYTQLGGACSL SHSCLITEDTOROLGYT 223
PADAMTS13L  NIGSELLRRPSLGVQFQVHLVKLITLSDSESTPNLTANT TSSLMSVCEWSQTINPHODROPSHADLILYITRFOLEL PDCHQOVRGYTOLGGACSLSWSCLITEDTGFOLGVT 223
napaursyy  NIcELLREPsL oo e Ben e ranis sUlsvcwsarinefoofioeBiace L v ITrrot ELPOCNTOYRGYTOLGGACSRIINSCLITEDTGROLGVT 221
-
Zn2+binding site fhet-tarn
FADAMTS13S  IAHETGHSFGLOHDGAPGSGS TCKASGHVMBADGATPTGGTLEWSACSORQLOHLL STGQMHCFQDPFGLOSLTRHGLMAOPGL YT SADDQC RVAFGSGAVACTFSREGLDY 336
PADAMTSI3L  IAHEIGHSFGLOHDGAPGSGSTCKASGHVMAADGATPTGGT LEWSACSQRILGHLLSTGOMHC FQDPPGLOSGLTRHOLMAQPGLYY SADDOCRVAF GSGAVACTFSREGLDY 336
rADAMTS12  IAHEIGHSFGUIHDGAPGS cEBCRscHvMaBnG TP Rl GE s B siRouiRL L SR Mo rr iR XA opoL vysalBucrvaraTavacTereol 331
disintegrin-like domain
MADAMTS13S  CQALSCHTOPLOQSSCSRLLVPLLDGTECGVEKWCSKARCRSLAELAPY AAVHGISSWGPHS PUSRSCGGGVI TRRRWCHNPRPAFGGRACVGE DLOAKMCNTQACEKTQLE 449
FADAMTSIIL  COALSCHTOPLDQSSCSRLLVPLLOGTECGYEKMCSKARCRSLAEL APY ARVHGHIS SHGPHS PUSRICOOGYITRARNCNNPRPAFGORACVGEDLONOICRTOACEKTOLE 249
RADAMTS13  COALSCHTDPLOGSSCSRLLVPLLOGTECAVERWCSKERCRSUTELIP A wcvs swor Qs pe sRCGoVTRRRBICNNPRPAFGGRACVAIDL QABMONTQACEKTOLE 444
TSP1-1 Cys-rich
RGD-sequence
TADRMTS23S F—MSEQCAQTDRQPLQLSQGTASFYHWDAAVQYSQGE}TL(RHMCWAVGESFIVSlR_'RFLDGTRCVPSGPQDDGTLSLCLLGSCRTFGCDGRMUSQKVWDACQVCGGDNSTCSS 562
TADAMTS13L  FMSEQCAQTDRGPLOQESQGTASFYHRDAAVYYSGOTLCRHMCRAVGES FIVSRGDRFLDGTRCVPSGPQDDGTLSLCLLGSCRT FGCDGRMDSQKVIDACQVCGGDNSTCSS 562
hADAMTS13 Fnsmqu@maqpL@snoaqswnnﬁwmwnﬂl.cwcmqacssFxm:ﬂcngnom@pscpmmsL@scrzrmcmmscﬂmﬁcqvcccuusmsﬁ 557
-domain
WADAMTS13S  RNGSFTAGRAREYVTFLIVTPRMINAHIVNRRALETHLAVRIQGHY TVAGKTSTSPATTYPSL LEDYRVEVRVTL TEDLPHLEETHIRGPVRDDIEIOVYRRYGGEYGOLIN 675
TADAMISI3L  RNGSFTAGRAREYVTFLIVTPNMINAHIVNRRPLE THLAVRIQGH YIVAGKTSTSPNTTYPSL LEDYRVEYRVTLTECQLPHLEE THIRGPYRODIEIQWYRRYGGEYGOLTH 675
RADAMTS13 RHGSFmcamcvwn&wmrﬂﬂxﬂukwLmtLAVR:EMAGKHS:SPMTW51Lstﬁﬂvemﬁnanﬁwﬁm1Eﬂcpmummwm\mﬁavmﬁ 670
spacer domain °
TADAMTS13S  PDITFSYFQLKQQAAWYITAKRGPCSYSCEAGLRIVTYSCODOAGDKIVKNAQUGGSPQPPARKE PCVSAP CSPYWVAGDF SPCSVSCGGGLRERSLRCVETQDGFLKTLPPA 788
WADAMTSI3L  FUITFSYFOUKGRARNVNTAXRGPCSVSCGAGLRIVTYSCODOAQDKNVKNAQCYGSPQP P ANQEFCVSAPCSPYIVAGDF SPCSVSCOGGLRERSLROVETQDGFLKTLPPA. 788
hADAMTS13 PDITFEYFWMAERGPCSVSCGAGLMsclm@vmcqcsﬁqppurieﬂcvﬁmﬁm&ansﬂ‘pcsﬂsccccLRERIRCVEH@LKTLPPA 783
O TéPi2 TSP1-3
FADMMTS13S  RCRAVAQQPAAEVENCNSGPCPTRIEYSOPGPCMSACE AGLOSRNY TCVSRAGDPEKPET AGPCRT DE S AMLE PCSRSLCS PG LGQVONTMSLGEEARSPYGSIRPGADAE 901
FADAMTS13L  RCRAVAQQPAAEVENCNSQPCPTRWEVSOPGPCMSSACEAGLOSRNYTCYSRAGOPEKPE TAGPCRTOEMS AMLEPCSRSL CSPGLGQYDUTMSLGEEAPSPVGSDKPGAQAE 0l
RADAMTS13 RCR@QQPAMEECNEQPCPIRWEVSEWGLM@TCME"PETEGP@DEPWCHPMMSEGEWFSPHGS@W& 834
TSP1-4
TADAMTS13S  HVWTPLVGLCSISCGRGLKELYFLCMDSVLKMPYQEELCGLASKPPSRWEVCRARPCPARWE TQVLAFCPYTCGGGRVPLSVRCVQL - - ~-DRGHPISVPHSKCSPVPKPGSFE 1011
TADAMTSISL  HVWTPLVGLCSISCORGLKEL YRLCMDSVLKMPYQEELCGLASKPPSRWEVCRARPCPARWETQVLAPCPYTCGGGRVPLSVRCVQL - - ~-DRGHPISVPHSKCSPYPKPGSFE 1011
hADAMTS13 mwwﬁcﬂcsﬂsccmmﬁﬁLcmsamequsLcamsmﬁs»ﬁsvcﬁ@pmmLM@MC@D@@M.»@@ 1005
P13 rderlved frem 1AP sequence ToPte
ADAMTS13S  DCSPEPCPARALVNERAPTEAVTRNR] 1037
mADAMTS13L DCSPEPCPARWKVLSLGPCSASCGLGTATQMVACW}_LDQGHDNEVNETFCKALVRPQISVPCLIADCAFRWHISAWTECSVSCGDGIQRRHDTCLGPQAQVPVPANF(QHLF‘K 1174
haoamtss  sBerceBrukdBsieresascaLTATRvAdqiaL oo cRolevEs AL vreasveer rancifirTRvRECSvscooeIorRRpTCLGPOAGDR VAR CQLPK 1118
TP — — TSPi6
MADAMTS13L  PMTVRGCNAGPCAGQETSSSLPHKEATLPSQTOAAMATVASLQNSQPRARTPTL FSASOSL - -GLOENL EEHGACGRQYLEPTGTIHMROQGRLDCVWAIGRPLGEWWTLGILE 1235
naDants13  PETvRGCHaGe ool rEs Il pHaE PR IR A s s Ll TN M poen R cGrofLEpTo TIRMRERGIRO VAT GRPLGEWTURILE 1231
cuB-1
TADAMTSI3L  SSLKCSAGEQLLLWGRF TWRKTCRKMPOMTFSTKTNTVVVKQHRVL PGGGVLLRYWSQPAPGT FYKECORQLFGPRGEIVSPSLSPDGRKAGTCRYFISVAPQARTAIRALAS 1348
hADAMT$13 SSLH\’.SAG[]ELLLMR!WRI@CRK@ATFSlXTNT!VWPGGWLLRVESQEAPETFY&CDEQLFGPEGEIVSPSLSPMAGECRGFIEVAPM.«RIAINALAE 1344
cuBz
WADAMTS1L  DMGTASEGTNANYVSIRDIHSLRTTTFNGQVL YWESEGSEAE LEFSPGFL EAHASLQGEYWTISPRTSEQDDSLALS 1426
hADAMTS13

e b Mol wrrfccavy weseRsheeer 3o fees B IR TIEER] 1427
: ! ZeesBor LGS HOEPOSIGE G

Fig. 6. Alignment

of deduced amino acid sequences of mADAMTS13 and hADAMTSI13. Sequences are represented with the

single-letter code, and residues that differ from mADAMTS13L are shaded. Each structural domain is underlined. The predicted furin cleavage
site (RX(K/RJR) is marked with an arrow. The IAP-derived 16 amino acid residues in mADAMTS13S are boxed. Open circles indicate the

potential N-glycosylation sites.

in Fig. 4 (B and (), Ademts13 mRNA in both strains was
exclusively observed in the liver, suggesting that mADAMTS13
is primarily synthesized in the liver, similar to hAADAMTS13. A
single transcript of 3.5 kb was expressed in liver of the BALB/e
strain with the IAP insertion. In contrast, two transeripts of 5.0
and 3.5 kb were detected in liver of the outbred Swiss Webster
strain, suggesting that this strain may carry two types of
alleles, like the ICR strain. Both SwissWebster and ICR strains
are derived from a colony of Swiss mice.

Comparison of the Deduced Amino Acid Sequences of
MADAMTS13 and hADAMTS13—The deduced amino acid se-

quences of mouse and human ADAMTS13 were aligned (Fig.
6). The overall sequence identity between mADAMTS13L and
hADAMTS13 was ~70%. The highest identity (>80%) was
observed in the disintegrin-like (81%), TSP1-1 (89%), cysteine-
rich (80%), and TSP1-8 (83%) domains, whereas relatively low
conservation (<60%) was cbserved in the signal peptide (43%),
propeptide (52%), TSP1-4 (46%), and TSP1-6 (40%) domains.
mADAMTS13L contained eight potential N-glycosylation sites,
six of which were conserved in hADAMTS13. mADAMTS13L
also included several motifs characteristic for each domain of
hADAMTS13, such as a furin cleavage sequence at the end of
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75—

50—

37-
Culture Medium
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Fia, 7, Transient expression of recombinant mADAMTSI13. A,
mADAMTS13 in the culture medium. HeLa cells were transfected
with plasmids encoding mADAMTSI3L (L) and mADAMTS13S (S).
The concentrated culture media were analyzed by Western blot with
an anti-mADAMTS13 antibody under nonreducing conditions. B,
mADAMTS13 in the cell lysate. The cell lysates including extracellular
matrixes were analyzed by Western blot with an anti-FLAG antibody
under reducing condition. NC is the culture medium or the lysate of
untransfected cells. The size of protein markers is indicated at the left.
The small size difference of recombinant enzymes in medium and cell
lysates was due to the difference of electrophoretic condition. The faster
migrating bands seen in medium and cell lysates expressing
mADAMTS138 may result from proteolysis during cell culture. The
typical result of three experiments is shown.

the propeptide, a zine-binding site in the metalloprotease do-
main, and an RGD sequence in the cysteine-rich domain. The
sequences of mADAMTS13L and mADAMTS13S were almost
identical, except for the deletion of C-terminal regions.

Expression and Enzymatic Activity of Recombinant
mADAMTS13L and mADAMTS135—We transiently ex-
pressed the mADAMTS13L and mADAMTS13S proteins in
HeLa cells. Western blot analysis using a polyelonal antibody
against mADAMTS13 revealed that both were secreted into
the culture media (Fig. 7A). Transient expression of
mADAMTS15L produced an immunoreactive band of ~200
kDa, and mADAMTS13S exhibited a 130-kDa band. The level
of mADAMTS13S in the medium was almost 10-fold higher
than that of mADAMTS13L. This was not due to a preferential
accumulation of mADAMTS13L on the cell surface or the ex-
tracellular matrix, because a relatively high amount of
mADAMTS13S was also observed in the cell lysates (Fig. 7B),
It was conceivable that mADAMTS13S was effectively synthe-
sized in HeLa cells compared with mADAMTS13L in our ex-
perimental conditions. Whether mADAMTS13S is also prefer-
entially expressed in vivo remains unknown. Further analysis
is required to determine the plasma levels of mADAMTS13L
and mADAMTS13S in mice.

30901

A N mADAMTS13L MADAMTS13S
kDa 1 2 4 8 1 2 4 8
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Fig, 8. Enzymatic activity of recombinant mADAMTS13, A,
cleavage of GET-mVWF73-H by serial dilutions of mADAMTS13. GST-
mVWEF73-H was incubated with recombinant mADAMTS13L or
mADAMTS13S at 37 °C for 1 h. A negative control reaction using the
culture medium of untransfected eells (NC) was also performed simul-
taneously. The products were analyzed by Western blot using an anti-
GST antibody. The numbers 1, 2, £, and 8 indicate relative amounts of
mADAMTS13L and mADAMTS13S in the reaction mixtures. The typ-
ical result of three experiments is shown. B, time course of GST-
mVWEF73-I cleavage by mADAMTS13. GST-mVWF73-H was incu-
bated with recombinant mADAMTSI3L or mADAMTS13S for the
indicated time at 37 °C. The reaction mixtures contained the equivalent
amounts of the recombinant enzyme. Products were analyzed by West-
ern blot using an anti-GST antibody. The typical result of three exper-
iments is shown,

The VWF cleaving activities of recombinant proteins were
measured by the degradation of the specific recombinant sub-
strate, GST-mVWI'73-H. The relative concentration of recom-
binant mADAMTS13 in the culture medium was determined
by chemiluminescent intensities on Western blot, and equal
amounts were used for the enzymatic assay. The substrate,
GST-mVWF73-H, was incubated with serial dilutions of the
culture medium, and the cleavage product including the N-
terminal GST tag was visualized by Western blot using anti-
GST (Fig. 8). When the substrate was incubated with the
medium of mADAMTS13L-transfected cells, a band appeared
with the expected size of the N-terminal portion (28 kDa) in a
concentration-dependent manner, indicating the cleaving ac-
tivity of recombinant mADAMTSI13L (Fig. 84}. No degradation
was observed after the incubation of GST-mVWF73-H with the
medium from untransfected cells. The cleaved band was also
detected after incubation with the mADAMTS13S culture me-
dium, and the chemiluminescent intensities of the product
bands were almost equal to those obtained by mADAMTS13L
(Fig. 8A). We confirmed that the degradation of GST-
mVWE73-H by mADAMTS13 was also time-dependent, and
the rate of the product formation by mADAMTS13S was simi-
lar to that by mADAMTS13L (Fig. 88).

The VWF Cleaving Activity of Mouse Plasma—To examine
the ADAMTS13 activity in plasma from various mouse strains,
we collected plasma samples from five strains and carried out
the enzymatic assay using GST-mVWF73-H. As shown in Fig.
9, plasma from all strains cleaved GST-mVWEF73-H. Compari-
son of the product levels did not reveal a significant difference
among strains. This suggested that the IAP insertion into the
Adamtsl3 gene does not affect the in vitro cleavage of GST-
mVWF73-H by plasma.

DISCUSSION

In this study, we identified two iscforms of the mouse
Adamts13 gene that result from the strain-specific insertion of
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Fiz. 9. Cleavage of GET-mVWET73-H - 120/8v BALB/c C3HMe C57BL6 DBA/2
by mouse plasma. GST-mVWF73-Hwas kDa PBS 1 2 31 2 3 1 2 31 2 3 1 2 3

incubated with plasma samples from mice
with (BALB/c, C3H/He, C5TBL/6, and 87~
DBA/2) or without (129/3v) the IAP inser-
tion in the Adamss13 gene. The products |
were analyzed by Western blot using an
anti-GST antibody, The results from
three animals/strain are shown.

25

an JAP-retrotransposon. The IAP-free Adamisl3 gene con-
tained 29 exons, and the deduced protein segquence included
1,426 amino acid residues with the same domain organization
as hADAMTS13. In contrast, the IAP-inserted Adamisi3 gene
contained only 24 exons encoding 1,037 amino acids having a
truncated C terminus.

The inserted IAP is one of the endogenous transposable
elements, which is closely related to retroviruses and trans-
posed via the reverse transcription of an RNA intermediate (26,
27). The TAP element containg two long terminal repeats with
the signals for the initiation/regulation of transcription and for
the pelyadenylation of franscripts (28). IAP inserfions into
introns have been shown to cause formation of chimeric tran-
scripts (29-32), similar to our findings in the Adamitsl3 gene.
We noted that the presence of IAP in the Adamisl3 gene
induces the appearance of a cryptic splicing site followed by a
premature in-frame stop codon and a polyadenylation signal
derived from the IAP long terminal repeat. As a result, the
insertion leads to replacement of the last 405 amino acid resi-
dues corresponding to two TSP1 motifs and two CUB domains
with the IAP-encoded 16 amino acid residues.

Northern blot and RT-PCR analyses confirmed that the
IAP chimeric short transcript (3.5 kb) and the JAP-free long
transcript (5 kb) were expressed in a strain-specific manner.
Both types of transeripts were specifically expressed in the
liver, consistent with expression of the human ADAMTS13
gene. It should be noted that the TAP insertion could not
completely abolish the formation of mADAMTS13L. mRNA,
The RT-PCR products (540-bp; Fig. 8) characteristic of

mADAMTS13L mRNA were also detectable in the strains:

with the IAP insertion when using a large amount of tem-
plate (data niot shown). A small amount of mADAMTS1I3L
protein may be expressed in mice with the [AP-inserted
Adamisl3 gene such as the BALB/c, C3H/He, C57BL/S,
and DBA/2 strains. Incidentally, the RT-PCR and 3’-RACE
data did not show any splicing variants that encoded
mADAMTE138-like protein in the IAP-free strains.

Recently, we developed a novel recombinant substrate, GST-
VWF73-H, to measure hADAMTS13 activity (24). GST-
VWF73-H is a partial region of human VWF flanked by
GST and Hisg tags. Because of difficulty in isolating VWF from
mouse plasma, we have also prepared the recomnbinant sub-
strate, GST-mVWF73-H, based on the mouse VWF cDNA se-
quence. Both mouse and human plasma efficiently cleaved
GST-mVWFE73-H and produced a fragment of the expected size.
Mouse plasma also cleaved the substrate for hADAMTSI3,
GST-VWF73-H (data not shown).

Both recombinant mADAMTS13L and mADAMTS13S were
secreted into the culture medium of Hela cells. This result
indicates that the IAP insertion does not abolish secretion of
mADAMTS13 from cells. The recombinant mADAMTS13L and
mADAMTS13S cleaved GST-mVWE73-H with nearly the same
efficiency. Similarly, a deletion mutant of hADAMTS13 in
mimicry of mADAMTS13S was also secreted efficiently from
Hela cells and cleaved GST-VW¥73-H with normal activity
(data not shown), In previous reports, we and others found that
deletion mutants of hADAMTS13 devoid of the C-terminal
TSP1 motifs and CUB domains retained VWF cleaving activity

‘.-ﬂnnﬂﬂﬂﬂﬂﬂﬂq-h Substrate

P

— —um-nﬂﬂﬂ-ﬂ-ﬁm Product

(21, 22). Therefore, our current observation on mouse and hu-
man recombinant proteins was consistent with these previous
studies. Moreover, the plasma VWF cleaving activities in mice
were also comparable among the strains with. or without the
IAP insertion in the Adamis13 gene. The C-terminal two TSP1
motifs and two CUB domains of mADAMTS13 may contribute
to activity but are not essentml for the VWF cleavage, at least
tn vitro.

The fact that several commeon strains of mice have a natu-
rally truncated form of ADAMTS13 allows us to hypothesize
that the truncated domains are not necéssary in vivo. However,
several mutations in TSP1-7, TSP1-8, CUB-1, and CUB-2
domains of hADAMTS13 were reported to associate with con-
genital thromboti¢ thrombocytopenic purpura (15, 17-20). It is
still unclear whether these mutants are secreted from cells, as
is the case with mADAMTS133. To date, two mutations,
R1123C and 4143insA, were characterized by expression anal-
ysis, and both impaired secretion of the enzyme from cells (19,
20). The C-terminal mutations found in thrombotic thrombo-
cytopenie purpura patients may influence their synthesis or
secretion. )

Bernardo ¢t al. (33) reported that several short peptides
within the regions from TSP1-6 to the C terminus of hAD-
AMTS13 block VWF cleavage on the endothelial cell surface
vnder flow conditions. This finding suggests an important role
for the C-terminal domains in vive. Although our results
clearly show that the mouse has managed without full-length
ADAMTS13, the relative importance of ADAMTS13 for regu-
lation of VWT activity may be different between human and
mouse. A gene targeting technique of mouse Adamisi3 will
help to clarify the physiological contribution of mADAMTS13.
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Three Novel Missense Mutations of
WNK4, a Kinase Mutated in Inherited
Hypertension, in Japanese Hypertensives

Implication of Clinical Phenotypes

Kei Kamide, Shin Takiuchi, Chihiro Tanaka, Yoshikazu Miwa,
Masayoshi Yoshii, Takeshi Horio, Toshifumi Mannami,
Yoshihiro Kokubo, Hitonobu Tomoike, Yuhei Kawano, and Toshiyuki Miyata

Background: Mutations in serine-threonine kinase
WNK4 with no lysine (K) at a key catalytic residue cause
familial hypertension known as pscudohypoaldosteronism
type Il (PHAIT). The objective of this study was to test
whether more subtle changes of WNK4 could be impli-
cated in hypertension or renal failure.

Methods: We screened 956 Japanese patients with hy-
pertension or renal failure for mutations in exons 7 and 17
in the WNK4 gene where the mutations were identified in
patients with PHAIL

Results: We identified three novel missense mutations,
Met546Val (n = 2) and Pro356Thr (n = 2) in exon 7, and
Prol173Thr (n = 1) in exon 17, in a heterozygous state in
addition to four single nucleotide pelymorphisms includ-
ing one synonymous mutation (Ala547Ala). Results of
genolyping Met546Val and Pro556Thr mutations indi-

cated that these mutations were not present in a Japanese
general population (n = 1875),

Conclusions: The present study indicated that a sys-
tematic screening of WNK4 in a large set of patients with
hypertension or renal failure detected some rare genetic
variants. Although substantial contribution of three novel
missense mutations in exons 7 and 17 of WNK4 to the
genetics of hypertension or renal failure is still unclear,
these mutations in the WNK4 gene identified in Japanese
hypertensives but not in a general population may contrib-
ute to hypertension and progression of hypertensive com-
plications to some extent. Am J Hypertens 2004:17:
446449 @ 2004 American Journal of Hypertension, Lid.

Key Words: Psecudohypoaldosteronism, WNK4, gene
variants, hypertension.

called Gordon syndrome,’ is an autosomal domi-

nant disease characterized by hypertension,
hyperkalemia, normal renal glomerular filtration, and renal
tubular acidosis caused by impaired renal K* and H*
excretion. These physiologic abnormalities are all chloride
dependent® and can be comected by thiazide diuretics,
specific antagonists of the Na-Cl co-transporter present at
the distal convoluted tubule. It has been reported that
mutations in either of two serine-threonine kinases, WNK/
and WNK4, can cause PHAIL® The defect in the WNK/
gene was a large deletion in iniron 1, resulting in increased
WNK 1 expression.’

P seudohypoaldosteronism type 11 (PHAID), so-

Immunohistochemical analysis showed that WNKT is
ubiquitously expressed in many tissues and organs,** and
seems restricted to diverse chloride-transporting epithe-
lia.>® In the kidneys, WNK/! is restricted to the aldoste-
rone-sensitive distal nephron.¢

WNK4 expression is predominantly limited to the distal
convoluted tubule, connecting tubule, and collecting duct
in the kidney.? In the distal convoluted tubule, WNK4
co-localizes with XO-1, a specific tight junction protein,
whereas in the cortical collecting duct, WNK4 expression
is mostly cytoplasmic, suggesting a specific function along
the nephron axis.® Recent expression studies indicated that
the co-expression of the thiazide receptor, the Na-Cl co-
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