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Heterozygous ITGA2B R995W mutation inducing constitutive activation of the
alIbB3 receptor affects proplatelet formation and causes congenital

macrothrombocytopenia

Shinji Kunishima,' Hirokazu Kashiwagi,? Makoto Otsu,? Naoya Takayama,? Koji Eto,® Masafumi Onodera,* Yuji Miyajima,®
Yasushi Takamatsu,® Junji Suzumiya,” Kousaku Matsubara,? Yoshiaki Tomiyama,2® and Hidehiko Saito'®

'Department of Advanced Diagnosis, Clinical Research Center, National Hospital Organization Nagoya Medical Center, Nagoya, Japan; 2Department of
Hematology and Oncology, Graduate School of Medicine, Osaka University, Osaka, Japan; ®Division of Stem Cell Therapy, Center for Stem Cell and

Regenerative Medicine, Institute of Medical Science, University of Tokyo, Tokyo, Japan; “‘Department of Genetics, National Research Institute for Child Health
and Development, Tokyo, Japan; SDepartment of Pediatrics, Anjo Kosei Hospital, Anjo, Japan; $Department of Medical Oncology, Hematology and Infectious
Disease, Fukuoka University, Fukuoka, Japan; 7Shimane University Hospital Cancer Center, Shimane, Japan; 8Department of Pediatrics, Nishi-Kobe Medical

Center, Kobe, Japan; "Department of Blood Transfusion, Osaka University Hospital, Osaka, Japan; and "Nagoya Central Hospital, Nagoya, Japan

Congenital macrothrombocytopenia is a
genetically heterogeneous group of rare
disorders. allb33 has not been implicated
in these conditions. We identified a novel,
conserved heterozygous ITGA2B R995W
mutation in 4 unrelated families. The sur-
face expression of platelet «allbp3 was
decreased to 50% to 70% of control. There
was spontaneous PAC-1 and fibrinogen
binding to resting platelets without CD62p

expression. The activation state of allbp33
in 293T cells was higher for allb-W8395 than
for B3-H723 but was weaker than for B3-
N562. FAK was spontaneocusly phosphory-
lated in allb-W995/@33-transfected 293T cells.
These results indicate that «llb-W3935/33 has
a constitutive, activated conformation but
does not induce platelet activation. allb-
W9a95/p3-transfected CHO cells developed
membrane ruffling and abnormal cytoplas-

mic protrusions. The increased size and
decreased number of proplatelet tips in
ollb-W395/33-transduced mouse fetal liver-
derived megakaryocytes indicate defective
proplatelet formation. We propose that
activating mutations in ITGA2B and ITGB3
represent the etiology of a subset of con-
genital macrothrombocytopenias. (Blood.
2011;117(20):5479-5484)

Introduction

Congenital macrothrombocytopenia is a genetically heterogeneous
group of rare disorders.' The most frequent forms include MYH9Y
disorders and Bernard-Soulier syndrome. In approximately half of
cases of congenital macrothrombocytopenia, the pathogenesis
remains unknown; thus, a definite diagnosis is unavailable. Glanz-
mann thrombasthenia is the most common congenital platelet
disorder caused by qualitative or quantitative abnormality of the
integrin alIb@3, in which the platelet counts and morphology are
normal.’ However, ITGA2B8 R995Q mutation has been reported in a
patient with Glanzmann thrombasthenia-like phenotype and macro-
thrombocytopenia.®’ Recently, heterozygous /TGB3 mutations
were found in patients with congenital macrothrombocytopenia.®¢
We report here a novel, conserved heterozygous ITGA2B R995W
mutation in 4 unrelated families.

Methods

Patients

Twenty-seven patients with congenital macrothrombocytopenia, in whom
MYHY disorders, heterozygous and homozygous Bernard-Soulier syn-
drome, type 2B von Willebrand disease, and TUBB/ mutations were
excluded. underwent mutational analysis of ITGA2B and ITGB3. Fifty-five
consecutive patients were prospectively analyzed for the surface expression

of platelet allb3. Written informed consent was obtained from all patients
or their parents in accordance with the Declaration of Helsinki. Institutional
review bourds of Nagoya Medical Center and each of the participating
institutions/hospitals approved this study.

Genetic analysis

The entire coding sequence of exons and exon-intron boundaries of
ITGA2B (supplemental Table 1. available on the Blood Web site; see the
Supplemental Materials link at the top of the online article) and /TGB3 was
amplified by polymerase chain reaction and sequenced. The disease-
associated /7GA2B haplotype was determined by cloning and sequencing
the polymerase chain reaction products.

Platelet glycoprotein analysis

Flow cytometry and immunoblotting were performed as described previ-
ously.!!'2 The activation state of alIb3 was evaluated by the binding of
the ligand-mimetic antibody PAC-1 (BD Biosciences) and FITC-labeled
fibrinogen.'?

Cloning, mutagenesis, and retroviral transduction

[TGA2B and ITGB3 sequences were amplified from the patient’s platelet
cDNA and cloned into pcDNA3.1 (Invitrogen). T362N' and D723H® were
introduced into /TGB3 cDNA using site-directed mutagenesis. [TGA28 and
[TGB3 expression plasmids were cotransfected into 293T and CHO cells.
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Figure 1. Platelet morphology and biochemical, genetic, and tunctional analyses of ITGA2B R995W mutation. (A: left) DNA sequence analysis of ITGA2B. The entire
coding regions of the patients’ ITGA28 were amplified from genomic DNA by the polymerase chain reaction, and amplified DNA fragments were subjected to direct cycle
sequence analysis. A C to T transition at nucleotide 3077, changing Arg995 to Trp (R995W), was detected. Nucleotide numbering for /TGAZB cDNA is according to Poncz et
al.'® The arrow shows the position of the substitution. (Right) Allele-specific restriction analysis. DNA fragments amplified using primers 2Bg305/303 (supplemental Table 1)
were digested with BspACI (SibEnzyme), electrophoresed on 2% agarose gels, and stained with ethidium bromide. The 3077C > T substitution abolishes a recognition site for
BspACI, generating a new 231-bp band (arrowhead). The mutation was not found in 108 healthy controls or in the SNP database (www.ncbi.nlm.nih.gov/SNP). MW indicates
Haelll digest of ©X 174 DNA; C, control; and P1, patient 1. {B) Immunoblot analysis of platelets. Triton X-100-soluble platelet lysates were separated by sodium dodecy!
sulfate-polyacrylamide gel electrophoresis on 4% to 12% gradient acrylamide slab gels (Invitrogen) and electroblotted onto polyvinylidine difluoride membranes. The blots
were incubated with anti-B1 tubulin antibody NB2301,'? anti-GPiba antibody PL524 (Takara), and anti-allb antibody $Z22 (Beckman-Couilter) and reacted with horseradish
peroxidase-conjugated secondary antibody. The bound antibodies were visualized using an enhanced chemiluminescent substrate. C indicates control; and P1, patient 1.

KUNISHIMA et al

Da
250—
150—
00—

7E

Bp— e

37—

2

B1-Tubulin

yiibrary.org at OSAKA U SEIMEIKAGAKU on January 3, 2012. For personal use

oniy

A BLOOD, 19 MAY 2011 - VOLUME 117, NUMBER 20
D
§:
£
j=}
S
o
2’
8
= -
a.
E x
allb 5 0s =
E i
H
EM
g o2 (o=
3 U ﬂ .
<0 > q. > '*5
XN g
P o & Ny
&Q)& @Q,&
c P NN
t1 F Platelets 2637 cells
§ 4 (‘} %x{gb ngb
o
5 D D
SN

pUEs

o o
e
=
Nogtt

Megakaryocytes
with proplatelets (%)

Diameter of
proplatelet tips (piny

e-R-2-K-k-}

&)

O A

3 (Oay)

: i} Ant-FAK
Suspension Adhe Suspension Adhered
{it) {iv}
58 alib + B3 odib WS + B3
g Swo ‘
©3 g0
s g e
£22
zg8 ©
Dedit + B3
B odib WOB5 + B3




From bloogjournal.hematologylibrary.org at OSAKA U SEIMEIKAGAKU on January 3, 2012. For personal use

BLOOD. 19 MAY 2011 - VOLUME 117, NUMBER 20

Transfected cells were subjected to flow cytometry, FAK phosphorylation.
and spreading assay. !>

ITGA2B and ITGB3 ¢DNAs were inserted upstream of internal ribo-
some entry site (IRES)-enhanced green fluorescent protein (EGFP) and
IRES-Kusabira-Orange in the retroviral vector pGCDNsamIRES/EGFP
and pGCDNsamIRES/huKO, respectively.'™!9 Each plasmid was trans-
fected into 293gp packaging cells with a vesicular stomatitis virus G
expression plasmid. Supernatants were used for the transduction of 293gpg
producer cells harboring a tetracycline-inducible vesicular stomatitis virus
G expression cassette,!? and virus-bearing supernatant was harvested under
tetracycline-deficient conditions.

Mouse fetal liver cells were harvested from embryonic day 13.5 embryos and
cultured in Dulbecco modified Eagle medium supplemented with 10% fetal calf
serum and 50 ng/ml. human thrombopoietin. The next day. cells were infected
with retroviruses expressing /7GA2B and [TGB3 on recombinant human
fibronectin fragment CH-296 (RetroNectin, Takara)-coated plates. After transduc-
tion, proplatelet formation was monitored for the next 4 days on EGFP and
Kusabira-Orange double-positive megakaryocytes in suspension by inverted
fluorescence microscopy. The Experimental Animal Committee of Nagoya
Medical Center approved the animal studies.

Results and discussion

‘We searched for ITGA2B and ITGB3 mutations in 27 patients with
macrothrombocytopenia and identified a novel, conserved heterozy-
gous [TGA2B R995W mutation in one patient (patient 1; Figure
1A). The decreased surface expression of platelet alIb@3 prompted
us to prospectively screen its expression by flow cytometry. We
detected decreased alIbB3 expression level (50%-70% of control)
in 3 of 55 consecutive patients with macrothrombocytopenia of
unknown etiology (patients 2-4 in Table 1). Immunoblotting
showed a normal electrophoretic mobility of «llb, but the total
expression level relative to B1-tubulin was decreased to 0.7 (Figure
1B; Table 1). Sequence analysis identified the same heterozygous
ITGA2B R995W mutation. In total, we identified 11 patients in
4 unrelated Japanese families. In each family, the disease-
associated ITGA2B haplotype was unique, indicating independent
occurrence (supplemental Table 2). Patients had larger platelets,
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approximately 30% increase of control. and moderate thrombocyto-
penia (Figure 1C; Table 1). These results indicate that macrothrom-
bocytopenia shows a dominant inheritance.

Bleeding tendency was absent or mild (eg, patient 1 had
undergone total colectomy without platelet transtusion). Platelet
aggregation induced by adenosine diphosphate and collagen was
reduced, although the bleeding time was within the normal limit
(Table [). Platelet spreading on immobilized fibrinogen was
partially impaired: the number of fully spread platelets was
decreased (supplemental Figure 1). These findings indicate that
patients are asymptomatic or exhibit a marginal bleeding tendency
and that the clinical and laboratory phenotype is distinct from
Glanzmann thrombasthenia.

There was spontaneous PAC-1 binding to resting patients’
platelets as well as to allb-W995/B3-transfected 293T cells.
Although fibrinogen did not bind to platelets in whole blood.
increased fibrinogen binding to the washed platelets was observed
(Figure 1D; supplemental Figure 2). The activation state, quantified
as an activation index in 293T cells, was higher for aIIb-W995 than
for B3-H723 but was weaker than that for a strong activating
mutant, 33-N562'*(Figure 1E). CD62p expression was absent on
the resting platelets (supplemental Figure 2). Spontaneously phos-
phorylated FAK, a downstream effector of integrin signaling, was
not evident in resting platelets in suspension, probably because of
low expression level of abnormal oIIbR3 receptor. However. FAK
phosphorylation occurred in oIIb-W995/33-transfected 293T cells
in suspension, indicating constitutively activated «IIb3 (Figure
1F). These results indicate that R995W mutation changes aTIbB3 to
a constitutively, albeit partially, activated conformation, but does
not induce platelet activation.

olIb-R995 forms a salt bridge with §3-D723 in the membrane-
proximal region and maintains the inactive conformation of the
allbB3.2%%! Disruption of the interaction because of partially
activated «llb/B3-H723 or alIb/B3-A723 mutants but not fully
activated mutants, such as odIb/RB3-N562, was reported to cause
microtubule-dependent abnormal proplatelet-like cytoplasmic ex-
tensions in megakaryocytes and CHO cells.??? We found that

Figure 1. (continued) (C) Platelet morphology. Peripheral blood smears were stained with May-Griinwald-Giemsa for a normal control and patient 1 (original
magnification, x 1000). The patient showed giant platelets with morphologically normal leukocytes. The number in each panel shows the mean platelet size (n = 200). Images
were obtained using a BX50 microscope with a 1004/1.35 numeric aperture oil objective (Olympus). Images of the slides were acquired using a DP70 digital camera and DP
manager software Version 1.2.1.107 (Olympus). (D) Activation state of platelet «llbp3. Washed platelets from patient 3 were resuspended in Tyrode buffer (137mM NaCl,
2.7mM KCl, 1.0mM MgClz, 3.3mM NaH,POy4, 3.8mM N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid, 0.1% glucose, 0.1% bovine serum albumin, pH 7.4) and incubated
with fluorescein isothiocyanate-conjugated PAC-1 or 125 png/mL fluorescein isothiocyanate-labeled fibrinogen in the presence or absence of 10uM FK633 («llbp3-specific
peptidomimetic antagonist: black lines) or 10puM adenosine diphosphate (blue lines), and analyzed by flow cytomelry. Numbers indicate the mean fluorescence intensity.
Results are representative of 2 independent experiments. (E) Quantitation of the «lIbB3 activation state, The activation state of «llb33 was quantified as an activation index on
transiently transfected 2937 cells. The activation index was higher for «llb-W895 than for 33-H723 but was weaker than for an activating mutant p3-N562. Activation
index = (a — b)/(c — b), in which a is the mean fluorescence intensity of PAC-1 binding with buffer, b is the mean fluorescence intensity in the presence of FK633, and cis the
mean fluorescence intensity in the presence of PT25-2 (anti-allbg3 antibody, which induces the active conformation of «llb@3). Data are mean plus or minus SE (n = 3).
(F) FAK phosphorylation. Washed platelets from patient 3 (left) or transiently transfected 2937 cells (right) were incubated in suspension or seeded onto 100»@g/mL
fibrinogen-coated plastic dishes for 1 hour, Cells were washed with phosphate-buffered saline and lysed with 1% Triton X-100 and 1mM sodium vanadate. FAK was
immunoprecipitated from the lysates with anti-FAK antibody FAK(C903; Santa Cruz Biotechnology) and protein G-Sepharose, and phosphotyrosine was detected with the
antiphosphotyrosine antibody 4G10 (Millipore). Note that 300-pg and 150-pg lysates from suspension and adhered platelets, respectively, and 200-ug lysates from
suspension and adhered transfected 293T cells were used for immunoprecipitation analysis. To monitor the loading of gel lanes, the membrane was stripped and reprobed with
the anti-FAK antibody FAK(A17; Santa Cruz Biotechnology). Results are representative of 2 and 3 independent experiments for platelets and transfected cells, respectively.
{G) Abnormal cytoplasmic protrusions in allb-W995/83-transfected CHO cells. Stably transfected CHO cells were seeded onto 100 pg/mL fibrincgen-coated glass coverslips
and incubated for 2 hours at 37°C. Cells were fixed with 3.7% formaldehyde and permeabilized with 0.2% Triton X-100. Coverslips were then stained with anti-CD41a antibody
HIP8 (BD Biosciences) followed by Alexa-488-labeled goat antimouse 1gG (Invitrogen) and tetramethyirhodamine isothiocyanate-phalloidin (Sigma-Aldrich). Images were
obtained using a confocal microscope with a Plan-Apochromat 63</1.4 oil DIC objective lens LSM5Pascal (Carl Zeiss). Arrowheads indicate membrane ruffling (middle panel)
and abnormal cytoplasmic protrusions with the bulbous tips (right panel) in «llb-W995/33-transfected CHO cells. Representative images from 3 independent experiments are
shown. (H) Abnormal proplatelet formation in «llb-W995/p3-transfected megakaryocytes. Mouse fetal liver-derived megakaryocytes infected with EGFP-allb and
Kusabira-Orange-f3 retrovirus were examined in suspension cultures under an IX71 fluorescence microscope with an LCPlanFl 40x/0.60 objective lens (Olympus). (i) The
percentage of megakaryocyles extending proplatelets was evaluated manually under a fluorescence microscope 1 to 4 days after infection. For each specimen, at least
100 megakaryocytes were evaluated. The number of proplatelet tips per megakaryocyte (i) and the size of the proplatelet tips (i) were measured on acquired images by the
ImageScope software Version 10.2.2 (Aperio Technologies). At least 10 megakaryocytes were analyzed for each sample. An unpaired, 2-tailed ttest was used to analyze data.
Avalue of Pless than .05 was considered statistically significant. Data are mean plus or minus SD.*P < .05. "™"P < .01. ***P < .0001. (iv) Representative megakaryocytes
from 3 independent experiments are shown. Note that the number of proplatelet tips/bulbous structures (arrowheads) is decreased and the size of the tips increased in
allb-W995/33-transfected megakaryocytes than in wild-type «lib/B3-transfected megakaryocyles. Scale bar represents 10 pm.



Table 1. Platelet characteristics of patients with the ITGAZB R995W mutation

Surface expression relative to

control platelets, %t

Platelet aggregationy

ollo/p1 Duke
tubulin bleeding Collagen Ristocetin
ITGA28  Piatelet count, Platelet size, ratio to time, (2.0 pg/mL), (1.3 mg/mL), Bleeding

Patient Sex Age,y  mutation x 1%L pmt wlib g3 alibp3 GPlbu GPIX controls§ minutes|| ADP, % % % tendency Initial diagnosis
Family 1

Patient 1 Male 55 R99EW 65 3209 53.8 67.0 — 143.1 143.8 0.82 4.5 11 (3pM) 28 77 - Unknown

thrombocytopenia

Family 2

Father Male 48 R995W 79 33209 51.3 51.4 56.5 106.7 109.8 — — — — —_— - -

Patient 2 Male 4 RO95W 82 3.6 1.0 54.0 58.6 61.8 138.3 134.7 0.75 5 — —_— —_ Epistaxis Congenital

thrombocytopenia

Sister Female 9 R99SW 85 34 = 1.0 55.6 60.6 68.4 120.0 133.1 0.71 35 - - - - —
Family 3

Mother Female 56 R9gsSW 80 28 =08 58.4 63.4 65.8 116.5 — 0.73 _— - —

Patient 3 Female 27 R995W 74 3510 64.4 69.7 63.8 124.8 —_ — — 43 (10:M) 44 72 - cITP

Sister Female 24 R995W 100 36 1.0 §9.3 70.2 70.8 110.9 — 0.63 — - — _ - -
Family 4

Maternal Male 58 RY9SW 66 3408 —_ —_ —_— — — 0.63 — 20 (3uM) 9 — Hemorrhage in —

grandfather exodontia
Mother Female 30 RogsSW 68 2808 56.3 62.5 57.5 127.2 112.1 0.63 25 — — Purpura, cITP
hemorrhage in
exodontia

Patient 4 Female 4M RY95W 82 32x1.0 63.3 62.9 62.3 147.7 140.5 0.63 — 23 {3pM) 1 -— - NAITP

Brother Male 5 R995W 122 3.1%08 — — —_— — — — — — _— —_ - —

Mean + SD 81.9 + 16.8# 3.3 + 0.3# 574+ 447629 ~ 58°°63.3 + 50" 126.1 » 14,3'* 129.0 ~ 145" 0.7 = 0.07#

— indicates not applicable; ADP, adenasine diphosphate; ¢cITP, chronic immune thrombocytopenia; and NAITP, neonatal alloimmune thrombocytopenic purpura.
*Controls, 273.5 = 60.4 ( X 10%L) (n = 1014).
1Determined by microscopic observation of 200 platelets on a stained peripheral blood smear. Controls, 2.5 = 0.3 pm (n = 31).
fPlatelets were reacted with fluorescein isothiocyanate-labeled monoclonal antibodies against allb (5B12; Dako Denmark), B3 (SZ21), allbp3 (P2), GPlba (SZ2; Beckman-Coulter), or GPIX (ALMA186; BD Biosciences) and analyzed in an

Epics XL flow cytometer (Beckman-Coulter). Values are expressed as percentage of mean fluorescence intensities of control platelets.

§Platelet allo/B1-tubulin ratio was determined by densitometric analysis of immunoblots using ImageQuant software Version 5.0 (Molecular Dynamics).

[INormal range, 2 to 5 minutes.
{Platelet aggregation was performed in platelet-rich plasma. Results are given as percentage maximum aggregation.

#P <001, **P < ,0001 vs controls (2-tailed ttest).
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aIIb-W995/33-transfected CHO cells exhibited membrane ruftling
and abnormal cytoplasmic protrusions with the bulbous tips on
fibrinogen-coated surfaces (Figure 1G), indicating that the salt
bridge-disrupting mutations exert the same influence on the
integrin activation and cytoskeletal events. Abnormal clustering of
allbB3, which was reported in /TGB3 L718P mutation,'® was not
observed in these cells or in platelets spread on immobilized
fibrinogen (supplemental Figure 1). It is worth noting that macro-
thrombocytopenia-associated ITGB3 mutations in the ectodomain
and the cytoplasmic membrane-proximal region have different
propetties in terms of outside-in signaling and bleeding tendency.®¢

Finally, to determine the functional consequences of R99SW
mutation on platelet production, we coexpressed allb and $3 in
mouse fetal liver cells by retroviral transfer and differentiated them
into megakaryocytes (Figure 1H). There was an early increase and
decrease in the percentage of proplatelet formation-positive mega-
karyocytes in allb-W995/B3-transfected megakaryocytes. The
number of proplatelet tips was decreased, and the size of the tips
increased. These results are consistent with thrombocytopenia and
the increased platelet size in patients, indicating that the stimulation
of mutant allb@3 leads to abnormal proplatelet formation. How-
ever, not all [TGA2B- and /TGB3-activating mutations are associ-
ated with macrothrombocytopenia. Patients with homozygous
ITGB3 C549R or C560R mutation inducing constitutively active
allbB3 have a normal platelet count and size,®** suggesting
different molecular mechanisms for the induction of abnormal
proplatelet formation.

aIIbP3 has not been implicated in an abnormal platelet count or
morphology.® Our data support and extend the recent reports that
heterozygous, activating mutations in /TGA2B and ITGB3, in the
juxtamembrane region, cause macrothrombocytopenia.!© We thus
propose that such mutations represent the etiology of a subset of
congenital macrothrombocytopenias. It is also probable that ho-
mozygosity causes Glanzmann thrombasthenia, as demonstrated in
the original report of macrothrombocytopenia-associated ITGAZ2B
R995Q mutation.®” The creation of a knock-in mouse model and/or
use of an in vivo megakaryocyte infusion model® should clarify
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the mechanism underlying the production and processing of giant
platelets.
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Anti-Melanoma Differentiation-Associated Gene 5 Antibody is a Diagnostic
and Predictive Marker for Interstitial Lung Diseases Associated with
Juvenile Dermatomyositis

Ichiro Kobayashi, MD, PhD, Yuka Okura, MD, Masafumi Yamada, MD, PhD, Nobuaki Kawamura, MD, PhD,
Masataka Kuwana, MD, PhD, and Tadashi Ariga, MD, PhD

The presence of the anti-melanoma differentiation-associated gene 5 antibody was evaluated in 13 patients with
juvenile dermatomyositis (JDM). The antibody was positive in 5 of the 6 patients with JDM-associated interstitial
lung disease (ILD), but not in the 7 patients without ILD. This antibody is a useful marker for early diagnosis of

JDM-associated ILD. (J Pediatr 2011,;158:675-7)

. uvenile dermatomyositis (JDM) is a rare disease char-
acterized by skin erythema and muscle involvement as-
" sociated with vasculopathy.' Interstitial lung disease
(ILD) is a common complication of adult dermatomyositis
(DM) and is often rapidly progressive when complicating
clinically amyopathic DM (CADM).? Although pulmonary
function is impaired in most of cases of JDM, confirmation
of ILD by imaging is rare.">* Once ILD develops, however,
it progresses rapidly at an early stage or during relapse of
JDM and necessitates early intensive immunosuppressive ther-
apy with cyclosporine A (CSA).* Recently, anti-melanoma
differentiation-associated gene 5 (MDAS5) antibody was iden-
tified as a disease marker for adult CADM-associated rapidly
progressive ILD (RP-ILD).’ In the present study, we examined
this autoantibody in children with JDM-associated ILD.

Methods

Thirteen patients with JDM followed up at Hokkaido Uni-
versity Hospital and Kitami Red Cross Hospital between
April 1990 and March 2010 were retrospectively reviewed
and enrolled in this study. The diagnosis of JDM was made
according to the diagnostic criteria of Bohan and Peter.®
Amyopathic JDM was diagnosed according to the diagnostic
criteria of Gerami et al.” Serum KL-6 levels were routinely
monitored at least once a month since 2000 or tested for
stored sera from patients before 1999.° Chest x-ray and
computed tomography (CT) scan and pulmonary function
tests were performed at the time of diagnosis of JDM, onset

CADM Clinically amyopathic dermatomyositis

CSA Cyclosporine A

CcT Computed tomography

DM Dermatomyositis

ILD Interstitial lung disease

JDM Juvenile dermatomyositis

MDAS Anti-melanoma differentiation-associated gene 5
mPSL Methylprednisolone pulse therapy

RP-ILD

Rapidly progressive interstitial lung disease

of respiratory symptoms, relapse of JDM, and detection of
an elevated serum KL-6 level.

All serum samples were obtained at the time of diagnosis of
JDM and stored at -20°C until analysis. Anti-MDA5 antibody
was measured by enzyme-linked immunosorbent assay as de-
scribed previously.” The number of antibody units was calcu-
lated from the optical density at 450 nm results (normal
range, <8 U).”

Results

Clinical and laboratory features of the patients with JDM-
associated ILD are presented in the Table. Patients 1-5 have
been reported previously.* ILD progressed rapidly despite
treatment with methylprednisolone pulse therapy (mPSL)
in 3 patients. In patients 3 and 6, abnormal CT findings
were not observed at the time of diagnosis of JDM but
developed later in association with elevated serum KL-6
level. Patient 1 died of respiratory failure, but the other 5
patients recovered after the commencement of CSA therapy
(3-5 mg/kg/day) in combination with repeated mPSL pulse
therapy (15-30 mg/kg/day for 3 consecutive days) and oral
high-dose prednisolone (1-2 mg/kg/day, maximum dose of
60 mg/day). After complete resolution of abnormal chest
CT scan findings and serum muscle-derived enzyme levels,
the prednisolone and CSA doses were gradually decreased.
Four patients have been drug-free for at least 4 years
without relapse of either JDM or ILD. All of the patients
with ILD exhibited clinical myositis associated with elevated
levels of serum muscle-derived enzymes early in the disease.
Of the 7 patients without ILD (5 males and 2 females, aged
2-12 years), 2 females were diagnosed with amyopathic JDM.
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-
Table. Profiles of the patients with JDM-associated ILD )
Patient
1 2 3 4 5 6
Age of onset, years 8 14 4 10 14 7
Sex M M F F F M
Complication RP-ILD, pneumothorax (LD, HPS, skin ulcer LD ILD, thrombocytopenia RP-ILD, thrombocytopenia RP-ILD, skin ulcer
Onset of ILD, months* 2 1 7t 1 1 1
% vital capacityt . 22.3% 66.6% ND 56.0% 56.9% 61.8%
CSA therapy, months® 1 3 1 3 0 0
CK gurLy® 1250 249 69 2112 1435 348
AST (lU/ L)ﬂ 443 559 112 1363 244 228
Aldolase (/L)Y 96 24.7 15.5 16.5 205 20.0
KL-6 (U/! mL)rJ 2460 2096 1091 1430 1695 2376
Treatment mPSL, PSL, AZA, CSA mPSL, PSL, IVIG, CSA mPSL, PSL, CSA  mPSL, PSL, CSA mPSL, PSL, VIG, CSA mPSL, PSL, CSA
Response of ILD to mPSL Poor Poor Partial Partial Poor Poor
\ Outcome Died Remission Remission Remission Remission Under treatment
&

Normal reference values: CK, 30-165 WW/L; AST, 5-40 1U/L; aldolase, 2.0-4.8 U/L; KL-6, <500 U/mL.
AST, aspartate aminotransferase; AZA, azathiopurine; CK, creatine phosphokinase; HPS, hemophagocytic syndrome; /V/G, intravenous immunoglobulin; PSL, prednisolone.

*Onset of ILD after the diagnosis of JOM.

1ILD developed on relapse of JOM.

ilowest values in the course,
§Commencement of CSA after the onset of ILD.
YMaximum values in the course.

Five of the 6 patients with ILD were positive for the
anti-MDA5 antibody (9.5-902.3 U) (Figure). Three
patients with RP-ILD (patients 1, 5, and 6) had extremely
high levels of the antibody (357.6-902.3 U). Two patients
with delayed development of ILD were positive for the
antibody at the time of diagnosis of JDM. All of the 7
patients without ILD were negative for the antibody (1.3-
3.5 U).

Discussion

This retrospective study involved only a small number of
cases, given the rarity of ILD in JDM. Nevertheless, anti-
MDAS antibody was both sensitive and specific for JDM-
associated ILD, as has been reported in adult cases.” Because
serum levels of KL-6, a marker for ILD,” are increased in

1000+

(it 6(:.3 } RP-ILD
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EE cas
With ILD Without ILD

Figure. Enzyme-linked immunosorbent assay of serum anti-
MDAS antibody in JDM. The antibody units of the sera from 13
patients with JDM with and without interstitial lung disease are
displayed. Numbers in the circles represent the patients. The
horizontal line represents the cutoff value (8.0 units).
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other life-threatening diseases, such as Pneumocystis infec-
tion, patients with an elevated KL-6 level require further eval-
uation by CT scan. The anti-MDAS5 antibody could be useful
for the differential diagnosis in such cases. Three patients
with RP-ILD had particularly high titers of the antibody. In
contrast to adult cases, all of the antibody-positive cases ex-
hibited muscle weakness and elevated levels of muscle-
derived enzymes during the course of the disease. Of note,
anti-MDAS5 antibody was positive before the onset of ILD
in 2 cases, suggesting that the presence of the antibody pre-
dicts the development of RP-ILD.

MDAS acts as a sensor for double-strand RNAs of viruses
such as coxsackievirus, which have been implicated in the de-
velopment of JDM, and induces type I interferon, a potent
stimulator of B, T, and natural killer cells."® Indeed, type I in-
terferon produced by plasmacytoid dendritic cells as well as
by B and CD4" T cells plays a critical role in the pathogenesis
of myositis in JDM.' On the other hand, analyses of bron-
choalveolar lavage fluid have found an elevated ratio of
CD4"/CD8" T cells and increased numbers of activated
CD8" HLA-DR™ cells, suggesting pathological roles of T cells
in adult CADM-associated RP-ILD.* In addition, antigen-
specific proliferation of T cells is suggested by restricted usage
of T cell receptor VB genes in both muscular and pulmonary
lesions of DM.'° Given that the autoantigens identified by the
reactivity with autoantibodies also stimulate self-reactive T
cells, MDAS5 could be a target of T cells and involved in the
development of ILD. The antibody assay was negative in 2 pa-
tients with acute lupus pneumonitis or systemic sclerosis as-
sociated with pulmonary fibrosis (data not shown),
suggesting different mechanisms of ILD in JDM and other
collagen vascular diseases.

Two survivors with RP-ILD in our series received CSA in
combination with mPSL pulse therapy within 3 weeks after
the diagnosis of ILD, whereas the commencement of CSA
therapy was delayed in another patient with RP-ILD, who

Kobayashi et al
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died of respiratory failure. Early intervention with the combi-
nation of a corticosteroid and CSA has been associated with
improved outcome in adult CADM-associated RP-ILD."!
JDM-associated ILD is similar to adult CADM-associated
RP-ILD in both pathogenesis and response to treatment, as
well as in the presence of the anti-MDAS5 antibody.

In conclusion, our findings suggest that anti-MDAS5 auto-
antibody could serve not only as a disease marker of ILD as-
sociated with JDM, but also as a predictive marker for the
complication of ILD. Cases of JDM with a high titer of the
antibody are associated with RP-ILD in particular and neces-
sitate early intensive therapy. =
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Association of Hepatocyte Growth Factor Promoter
Polymorphism With Severity of Interstitial Lung Disease in
Japanese Patients With Systemic Sclerosis

Kana Hoshino,' Takashi Satoh,' Yasushi Kawaguchi,? and Masataka Kuwana'

Objective. To examine associations of single-
nucleotide polymorphisms (SNPs) within genes for he-
patocyte growth factor (HGF) and its receptor c-met
with disease susceptibility and organ involvement in
Japanese patients with systemic sclerosis (SSc).

Methods. Four SNPs (HGF -1652 C/T, +44222
C/T, and +63555 G/T, and c-met -980 T/A) were ana-
lyzed in 159 SSc patients and 103 healthy control
subjects with the use of a polymerase chain reaction—
based assay. The influence of the HGF -1652 SNP on
transcription activity was evaluated with a luciferase
reporter assay and an electrophoretic mobility shift
assay (EMSA).

Results. There was no difference in the distribu-
tion of HGF/c-met SNPs between SSc patients and
controls. HGF -1652 TT was found much more fre-
quently in SSc patients with end-stage lung disease
(ESLD) than in those without (41% versus 8%; P
0.0004). This association was confirmed by a replication
study involving a separate cobort of 155 SSc patients.
Kaplan-Meyer analysis revealed that HGF -1652 TT
carriers had a higher probability of developing ESLD
than did CT or CC carriers. The HGF promoter carry-
ing the HGF -1652 T allele had lower transcription
activity than did the promoter carrying the C allele.
EMSA showed the presence of a potential negative
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transcription regulator that binds specifically to the
HGF promoter carrying a T allele at position —1652.
Finally, TT carriers had a relative inability to increase
circulating HGF levels even in the presence of advanced
interstitial lung disease.

Conclusion. A SNP in the HGF promoter region
may modulate the severity of interstitial lung disease by
controlling the transcriptional efficiency of the HGF
gene.

Systemic sclerosis (SSc) is a connective tissue
disease characterized by fibrosis of the skin and internal
organs, microvasculopathy, and the presence of circulat-
ing antinuclear antibodies (ANAs). The cause of the
disease remains unclear, but both genetic and environ-
mental factors contribute to its development (1). Recent
findings indicate that a series of growth factors and
cytokines are involved in the pathogenesis of SSc (2).
For example, transforming growth factor 8 (TGFB) is a
profibrotic factor that stimulates fibroblast collagen
production and promotes extracellular matrix deposits.
Other profibrotic factors include connective tissue growth
factor (CTGF) and platelet-derived growth factor.

In contrast, hepatocyte growth factor (HGF), a
ligand for the c-met receptor tyrosine kinase, is an
antifibrotic factor that helps to regenerate damaged
tissue by inhibiting fibrosis and promoting angiogenesis
(3). A series of studies have shown that HGF SUPpIEsses
fibrosis by inhibiting collagen production, inducing myo-
fibroblast apoptosis, and degrading the extracellular
matrix (4,5). Since HGF counteracts many of the profi-
brotic actions of TGFB, it has been proposed that a
balance between HGF and TGFB may play a decisive
role in the pathogenesis of fibrosis (6,7). However,
patients with SSc have increased circulating levels of
HGF as compared to those in healthy controls (8). This
level of HGF may not be sufficient to inhibit the ongoing
fibrotic process.
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The prevalence and severity of interstitial lung
disease (ILD) in SSc patients varies among ethnic
groups. ILD is more common and more progressive in
African American than in Caucasian patients (9,10).
Even in a relatively homogeneous group of SSc patients
with serum anti-topoisomerase I (anti-topo I) antibody,
Japanese and African American patients were found to
have more-prominent deterioration of lung function and
lower survival rates than Caucasian patients (11). To-
gether, these findings suggest that ethnicity influences
the onset and progression of SSc-associated ILD, likely
through differences in both genetic and environmental
backgrounds. A recent study of SSc patients showed that
increased HGF levels were observed in bronchoalveolar
lavage fluid and plasma samples from Caucasian pa-
tients but not African American patients (12), suggesting
that ethnic differences in susceptibility to pathologic
fibrosis in the lungs may be explained by genetic control
of HGF expression.

In this study, we selected single-nucleotide poly-
morphisms (SNPs) within genes for the HGF and c-met
loci in Japanese patients with SSc and examined their
associations with disease susceptibility, organ involve-
ment, and autoantibody profiles. We also examined the
underlying mechanism of an association between an
HGF SNP and ILD outcomes.

PATIENTS AND METHODS

Patients and controls. We studied 159 Japanese SSc
patients whose cases were followed between 1988 and 2008 at
Keio University Hospital (cohort 1). An additional 155 Japa-
nese patients from Tokyo Women's Medical University Hos-
pital were used as a replication cohort (cohort 2). All patients
met the American College of Rheumatology preliminary clas-
sification criteria for SSc (13). SSc patients were classified as
having diffuse cutaneous SSc (deSSc) or limited cutaneous SSc
(1eSSc) according to the classification described by Medsger
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(14). Controls included 103 healthy Japanese volunteers resid-
ing in the Tokyo metropolitan area.

All samples were obtained after the patients and
control subjects had given their written informed consent. The
study protocol was approved by the Institutional Review
Boards of Keio University and Tokyo Women’s Medical
University.

Assessment of clinical features. Records of clinical and
laboratory findings were kept prospectively for all patients. A
complete medical history, physical examination, and labora-
tory analyses were performed at each patient’s first visit, and
more-limited evaluations were performed during followup
visits (at least once every 3 months). Forced vital capacity
(FVC) measured within 3 months before and 3 months after
blood collection was used to examine its association with
circulating concentrations of HGF. For all patients, any SSc-
related major organ involvement was documented, including
that of the peripheral vasculature (digital ulcer), esophagus,
heart, kidney, lung parenchyma (ILD), and lung vasculature
(pulmonary arterial hypertension).

The criteria used to define individual organ involve-
ment have been described elsewhere (15). ILD was defined as
the presence of bibasilar reticulation and/or fibrosis on chest
radiograph. End-stage lung disease (ESLD) was defined as the
presence of at least 1 of the following 3 features: <50% FVC,
required oxygen supplementation in the absence of pulmonary
arterial hypertension, or death due to ILD-related causes (16).

Identification of SSc-related ANAs. Serum samples
from all SSc patients were analyzed for anticentromere, anti—
topo I, and anti~Ul small nuclear RNP (anti~Ul snRNP)
antibodies, which are major SSc-related ANAs in the Japanese
population (15), using indirect immunofluorescence and im-
munoprecipitation assays (15).

Genotyping of HGF and c-met SNPs. Based on hetero-
geneous allelic distribution in the Japanese population (17,18),
we selected for analysis 3 SNPs within the HGF gene. namely,
—1652 (rs3735520) C/T, +44222 (rs2887069) C/T, and +63555
G/T, as well as 1 SNP within the c-met gene, ~980 (rs38839)
T/A. Genomic DNA was isolated from peripheral blood
mononuclear cells using a QIAamp DNA Mini kit (Qiagen).
Individual SNPs were determined by amplifying genes of
interest by polymerase chain reaction (PCR), followed by
restriction fragment length polymorphism (RFLP). Table 1

Table 1. RFLP conditions and primers used for analysis of the 4 single-nucleotide polymorphisms within the HGF and c-mer genes™*

Annealing Restriction
temperature enzyme used
Gene location Region Primer sequence (5'—3") (°C) for RFLP
HGE 1652 C/T (rs3735520) Promoter Sense: CAGACAGAGGCTGACAAATG 606.5 Bsl 1
Antisense: CACTTTCAGGGAAAAACAACCTGC
HGF +44222 C/T (rs2887069) Intron 9 Sense: GCTGACATTCTGCAGGGTGGGC 68.5 Alul
Antisense: CTCCAGGGGGTCAGATAGCTTAG
HGF +63555 G/T Exon 15 Sense: CCTTCCTGCTTCTCAGCAAGGTCAC 66.5 Sspl
Antisense: CGAACTGCCACACAGCTGAAG
c-met =980 T/A (rs38839) Promoter Sense: CAAGTTGGTATGAGAGCCGGAACG 59.7 Dral

Antisense: GAGGAGTTTAACCCTGAGGAGACT

* RFLP = restriction fragment length polymorphism.
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shows the primer sequences and annealing temperatures
used for PCR. as well as the restriction enzymes used for
RFLP. PCR conditions consisted of an initial denaturation
at 95°C for 5 minutes, followed by 35 cycles of denaturation
at 95°C, annealing at optimal temperature, and extension at
72°C for 30 seconds each cycle, and a final extension step at
72°C for an additional 5 minutes. The PCR products were
digested with the corresponding restriction enzymes, separated
on a 12% polyacrylamide gel, and stained with ethidium
bromide.

Assessment of HGF promoter activity. A series of
DNA fragments encoding the promoter region of the HGF
gene were amplified by PCR using genomic DNA samples
known to be homozygous for HGF -1652 CC or TT as a
template. The 5 fragments generated included nucleotides
-460 to -1, ~831 to —1, =1313 to -1, and -1756 to -1 with a C
allele at ~1652, and ~1756 to ~1 with a T allele at —1632. The
sense  primer  sequences were S5'-GGATCCT-
GGGGACACCAGAC-3" (—1756 to —1), 5'-ACCAGAGC-
ATCCACCTCTGGG-3’ (—1313 to -1, 5'-
GCTGCCTGCTCTGAGCCCAT-3" (—831 to —1), and
5"-GAATTGGTCCCCTGCCTGTGCCT-3" (—460 to —1).
The amplification antisense primer sequence was 5'-
GGTGCTGCTGGACGGGCTGGC-3'. The genotype was
verified by sequencing on an ABI Prism 3100 genetic analyzer
using a BigDye Terminator Cycle Sequence Ready Reaction
kit (both from Applied Biosystems).

HGF promoter activity was measured with a Dual-
Luciferase Reporter Assay system (Promega) according to the
manufacturer’s protocol. Lung squamous cell carcinoma cell
line EBC-1 cells were cotransfected with a firefly luciferase
plasmid harboring the HGF promoter region and a Renilla
luciferase reporter plasmid, using Lipofectamine 2000 (Invit-
rogen). The cells were lysed, and firefly and Renilla luciferase
activity were each measured with a Micro Lumat Plus LB96V
luminometer (Berthold Technologies). The relative HGF pro-
moter activity was calculated as the ratio of firefly luciferase
activity to Renilla luciferase activity as an internal reference.
The HGF promoter region covering nucleotides —460 to —1
was defined as a basic transcription activation domain (19).

Electrophoretic mobility shift assay (EMSA). The
interaction of nuclear factors with the DNA covering the
polymorphic HGF — 1652 SNP was evaluated by EMSA, using
a LightShift Chemiluminescent EMSA kit (Pierce), according
to the manufacturer’s directions (20). We used duplex DNA
probes composed of complementary oligonucleotides labeled
with biotin at the 3’ end: 3'-GATCC/TCTCAAAA-
GGAATTCT-3' and 5'-CTAGG/AGAGTTTTCCTTAAGA-
3’, with either C/G or T/A at position —1652 (underlined).
Nuclear extracts were prepared from primary skin fibroblast
cultures, which were derived from the backs of 2 healthy
control subjects. The extracts were incubated with biotin-
labeled DNA and separated on 4% native polyacrylamide gels,
The protein-DNA complex was detected by measuring a
chemiluminescent signal. Competition assays were performed
using a 400-fold excess of unlabeled duplex DNA as a com-
petitor.

Measurement of serum HGF concentrations. Levels of
HGF in serum samples were measured using specific enzyme-
linked immunosorbent assay kits (Quantikine; R&D Systems)
according to the manufacturer’s instructions.
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Statistical analysis. The genotype frequency distribu-
tion was assessed for Hardy-Weinberg equilibrium. Phenotype
frequencies were tested for statistical significance using Pear-
son’s chi-square test for a 2 X 3 contingency table. Corrected
P (P.,,.) values were obtained by multiplying by the number of
alleles. Significant differences (overall P, < 0.05) were
further analyzed by pairwise comparisons using 2 X 2 chi-
square tests. Odds ratios (ORs) with 95% confidence intervals
(95% CIs) were calculated for statistically significant differ-
ences. Continuous variables are reported as the mean = SD;
they were compared using the Mann-Whitney U test. The
correlation coefficient (r) was determined using a single re-
gression model. Cumulative survival rates were calculated
using the Kaplan-Meier method, and differences between 2
groups were analyzed by the log rank test. All statistical
analyses were performed with SPSS statistical software for
Windows version 15.0J.

RESULTS

Clinical characteristics of the SSc patients. De-
mographic and clinical features of the SSc patients who
were enrolled in the present study are summarized in
Table 2. There were statistically significant differences in
the age at onset of SSc, the disease duration, and the
proportions of patients with deSSc and with anti-Ul

Table 2. Demographic and clinical characteristics of the 2 cohorts of
SSc patients enrolled in the study*

SSc cohort 2,
SSc cohort 1, Tokyo Women’s
Keio University Medical University

Feature (n = 159) (n = 155)
% female 85 9
Age at onset of SSc, mean = 46.9 £ 13.7 42.8 = 12.17
SD years
Disease duration, mean * SD 185 = 111 116 = 59%
months
Clinical features of SSc, % of
patients
Diffuse cutaneous SSc 41 64§
Digital ulcer 30 25
Esophageal involvement 65 53
Heart involvement 7 5
Kidney involvement 3 3
Interstitial lung disease 53 51
Pulmonary arterial 9 8§
hypertension
End-stage lung disease 11 9
Anti~topo I antibody 37 37
Anticentromere antibody 19 20
Anti-Ul snRNP antibody - 18 51
#S8Sc = systemic sclerosis; anti-topo [ = anti-lopoisomerase [;

anti-U1l snRNP = anti-U1 small nuclear RNP.
TP = 0.005 versus cohort 1.

£ P <2 0.0001 versus cohort 1.

§ P = 0.0003 versus cohort 1.

1P = 0.0002 versus cohort 1.
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Table 3. Genotype distribution of single-nucleotide polymorphisms within HGF and c-met loci in SSc patients with and those

without ESLD*

SSc cohort 1, ESLD

SSc¢ cohort 2, ESLD

Present Absent Present Absent

Gene location Genotype (n=17) (n = 126) (n=13) (n = 142)
HGF -1652 CcC 2(12) 47 37t 3(23) 33 (3N

cT 8(47) 69 (55) 5(38) 77 (54)

T 7(41) 10 (8)8 5(38) 12 (8)1
HGF +44222 cc 10 (59) 97 (77

CcT 7(41) 28 (22

T 0(0) 1(1)
HGF +63333 GG 8 (47) 48 (38)

GT 9(53) 78 (62)

TT 0(0) 0(0)
c-net ~980 T 15 (88) 98 (78)

TA 2(12) 28 (22)

AA 0(0) 0(0)

* In the analysis of systemic sclerosis (SSc) patient cohort 1, a total of 16 patients with a disease duration of <5 years who had
not developed end-stage lung disease (ESLD) were excluded. Values are the number (%).

T Overall corrected P = 0.003 versus cohort | patients with ESLD.

i Overall corrected P = (.01 versus cohort 2 patients with ESLD.

§ Pairwise comparison showed a significant difference between patients with and those without the TT genotype (P = 0.0004,

odds ratio 8.1 [95% confidence interval 2.5-26.0]).

1 Pairwise comparison showed a significant difference between patients with and those without the TT genotype (P = 0.004,

odds ratio 6.7 [95% confidence interval 1.9-23.9]).

snRNP antibody between cohorts 1 and 2, but the
frequencies of organ involvement were similar in the two
cohorts.

HGF and c-met SNPs in SSc patients. The geno-
type distribution of the 3 HGF SNPs and the 1 c-met
SNP in the SSc patients and healthy controls conformed
to Hardy-Weinberg equilibrium. There was no ditfer-
ence in the distribution of any of the SNPs between the
SSc patients in cohort 1 and the healthy controls (data
available upon request from the authors). No significant
association was observed when comparing the SNP
distribution between healthy controls and patients
with dcSSc or 1cSSc, nor was there any difference in
the HGF and c-met SNP distributions when the SSc
patients were grouped according to the presence or
absence of involvement of each organ system or each
SSc-related ANA.

Association between HGF SNP and outcomes of
ILD. We next investigated the potential association of
SNPs in the HGF and c-met loci with long-term out-
comes of ILD in SSc patients in cohort 1. In this analysis,
16 patients with disease duration of <5 years who had
not developed ESLD were excluded. Of the remaining
143 SSc patients, 17 (12%) developed ESLD during the
course of the disease. When SSc patients were catego-
rized according to the presence or absence of ESLD, the
genotype distribution of HGF —1652 was found to be
significantly different between the two groups (overall

P = 0.003) (Table 3). In pairwise comparisons,
HGF —1652 TT was significantly more frequent in
patients who developed ESLD than in those who did not
(41% versus 8%; P = 0.0004, OR = 8.1 [95% CI
2.5-26.0]). However, the frequency of HGF —1652 TT
was similar in SSc patients with and those without ILD
(12% versus 10%). The disease duration was similar in
CC, CT, and TT carriers (mean * SD 208 = 104
months, 193 = 110 months, and 205 = 102 months,
respectively).

To confirm the association between the HGF
—1652 TT genotype and ESLD in SSc patients, 155 SSc
patients from an independent cohort (cohort 2) were
used in a replication study. All patients in cohort 2 had
disease duration of >5 years, and 13 of them (8%)
developed ESLD. The distribution of HGF —1652 CC,
CT, and TT genotypes in cohort 2 was nearly identical to
that in cohort 1 (36%, 53%, and 11%, respectively). The
genotype distribution of HGF —1652 was, again, signif-
icantly different between the patients with ESLD and
those without (overall P, = 0.01) (Table 3). In pair-
wise comparisons, HGF —1652 TT was significantly
more frequent in patients who developed ESLD than in
those who did not (38% versus 8%; P = 0.004, OR = 6.7
[95% CI 1.9-23.9]). There was no difference in disease
duration between CC, CT, and TT carriers (mean = SD
111 = 50, 121 = 66, and 109 * 41 months, respectively).
When the two cohorts were combined, the OR for
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Figure 1. Cumulative rates of survival without end-stage lung disease
(ESLD) from the time of systemic sclerosis onset in 159 patients in
cohort 1. by HGF -1652 genotype. Qutcomes were compared using the
log rank test. ESLD was defined as the presence of at least | of the
following 3 features: <50% forced vital capacity, required oxygen
supplementation in the absence of pulmonary arterial hypertension, or
death due to interstitial lung disease-related causes.

development of ESLD in TT carriers was 7.5 (95% CI
3.2-17.4).

We further evaluated whether the HGF —1652
SNP could predict the development of ESLD in the 159
SSc patients in cohort 1. The cumulative rates free of
ESLD were compared among the 58 patients with the
HGF —1652 CC genotype, the 84 with the CT genotype,
and the 17 with the TT genotype (Figure 1). The
cumulative probability of no ESLD in HGF —1652 TT
carriers was significantly worse than that in CT or CC
carriers (P = 0.002 and P < 0.001, respectively). There
was no significant difference in the cumulative rate
between CC carriers and CT carriers.

Influence of the HGF —1652 SNP on transcrip-
tion activity. Since the HGF —1652 SNP is located in the
promoter region, this SNP may influence transcription
activity. To test this hypothesis, we prepared 5 DNA
constructs encoding —1756 to —1 (—1652C), —1756 to
-1 (—1652T), —1313 to —1, —831 to —1, and —460 to
—1, and subjected them to a Dual-Luciferase Reporter
Assay system (Figure 2A). The transcription activity of
the —1756 to —1 construct carrying the —1652 T allele
was significantly lower than the activity of the same
region construct carrying the —1652 C allele (mean =
SD 0.16 = 0.02 versus 0.65 = 0.03; P < 0.0001). The
transcription activity of the T allele construct was even
lower than the activity of the basic transcriptional acti-
vation domain —460 to —1 (0.77 = 0.05; P < 0.0001).
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We further assessed interactions between protein
and DNA at the HGF —1652 polymorphic site, using
fibroblast nuclear extracts and EMSA (Figure 2B).
Nuclear proteins bound strongly to the T allele probe,
but not to the C allele probe. This binding was specific,
since an excess amount of the unlabeled probe com-
pletely abolished the formation of the complex. This
finding indicates that the nuclear factor that bound to
the region covering HGF —1652 C/T may function as a
negative regulator of HGF gene transcription.

A HGF promoler constructs
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Figure 2. Influence of HGF -1652 single-nucleotide polymorphisms
(SNPs) on transcription activity. A, Transcription activities of reporter
constructs harboring HGF promoter regions that included nucleotides
~460 to -1, -831 10 -1, -1313 10 ~1,~1756 to -1 with a T allele at -1652,
and ~1756 to -1 with a C allele at -1652. The relative HGF promoter
activity was calculated as the ratio of firefly luciferase activity to
Renilla luciferase activity. Values are the mean = SD of pooled data
from 4 observations (duplicate cultures) for each of the 5 constructs.
B, Electrophoretic mobility shift assay with biotin-labeled probes
containing the C and T allele at HGF -1652. Unlabeled oligonucleo-
tides were used as competitors to demonstrate binding specificity.
Arrow indicates the band corresponding to the factor that specifically
bound to the HGF promoter with a T allele at position -1652. Results
are representative of 4 independent experiments using nuclear extracts
from primary cultures of skin fibroblasts derived from 2 healthy
donors.
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Figure 3. Circulating concentrations of hepatocyte growth factor (HGF) in systemic sclerosis (SSc¢)

patients in cohort 1. A, HGF levels in CC, CT. and TT carriers. Each data point represents a single

SSc patient; horizontal lines show the mean. NS = not significant (P > 0.05). B, HGF levels in SSc

patients without interstitial lung disease (ILD), those with ILD but without end-stage lung disease

(ESLD), and those with ESLD. by carriage of the CC, CT. or TT genotype. = = P < 0.001.

C, Correlation between the serum HGF level and the percentage forced vital capacity (%FVC) in
CC, CT, and TT carriers.
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Influence of HGF —1652 SNP on circulating
HGF levels. We measured serum HGF concentrations in
133 SSc patients in cohort 1 and found that there was no
difference in the levels between CC, CT, and TT carriers
(mean = SD 4.3 = 2.1 ng/ml, 4.2 = 1.8 ng/ml, and 4.2 =
1.6 ng/ml, respectively) (Figure 3A). We then compared
serum HGF levels in the presence or absence of indi-
vidual organ involvement. ILD was the only organ
involvement associated with the HGF level, with a
significantly increased level of HGF in patients with ILD
than in those without (mean * SD 4.6 % 2.0 ng/ml versus
3.8 = 1.6 ng/ml; P = 0.008). We therefore compared the
serum HGF levels among patients without ILD, those
with ILD and no ESLD, and those with ESLD separately
in CC, CT, and TT carriers (Figure 3B). An increased
HGF concentration in the presence of ILD or ESLD as

compared with the absence of ILD was observed in CC
and CT carriers, but not in TT carriers.

We next examined potential correlations between
circulating HGF levels and the %FVC in CC, CT, and
TT carriers (Figure 3C). A strong negative correlation
was observed in CC and CT carriers, suggesting up-
regulation of HGF upon progression of ILD. In contrast,
TT carriers had a relative inability to increase the level
of HGF in the circulation, even in the presence of
advanced ILD with low %FVC.

DISCUSSION

In this study, we did not detect any association
between the selected SNPs within the HGF and c-met
loci and SSc in the Japanese population. However, our
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data, which were obtained from 2 different cohorts of
SSc patients, clearly demonstrated that the SNP at HGF
—1652 was associated with an increased risk of ESLD in
SSc patients. Since this SNP did not correlate with the
presence or absence of ILD, it may modulate ongoing
pathogenic processes in SSc-associated ILD, rather than
its susceptibility. Genotyping for HGF —1652 SNP in
SSc patients may be useful in predicting ILD outcomes
and in deciding whether ILD should be actively treated
or not.

The functional experiments identified a novel
major repressor site in the HGF promoter; the presence
of a T allele at position —1652 is critical to transcrip-
tional suppression, which would reduce HGF production
and impair its antifibrotic effects. SNPs in the promoter
region of the gene potentially alter the affinity of
DNA—nuclear protein interactions and, in turn, affect
transcription efficiency. EMSA findings indicated the
presence of a nuclear factor(s) that selectively binds to
the HGF promoter region, with a T allele at position
—1652. Since the T allele displayed lower promoter
transcription activity, a nuclear factor(s) bound to the
region covering the SNP at HGF —1652 might function
as a negative transcription regulator.

When potential transcription factors capable of
binding to the nucleotide sequence across the polymor-
phic site were searched using the online prediction site
TFBIND (online at http:/tfbind.ims.u-tokyo.ac.jp/), sev-
eral molecules were selected. These included serum
response factor, pre-B cell leukemia transcription factor
1, sex-determining region Y, and yin yang 1 (YY-1). Of
these, YY-1 is a multifunctional protein that can activate
or repress gene expression involved in proliferation,
differentiation, and apoptosis, depending on the cell
type (21), and is also the factor that preferentially binds
to the HGF promoter region with a T allele. However,
commercially available anti-YY-1 antibodies did not
produce a supershift on EMSA (results not shown).
Further studies are necessary to identify the nuclear
factor(s) that controls the transcription efficiency of the
HGF gene at this repressor site.

In SSc-associated ILD, extensive extracellular
matrix deposits impair the ability of lung epithelial cells
to regenerate, resulting in accelerated lung tissue dam-
age and respiratory failure. Numerous studies have
shown HGF to be an endogenous antifibrotic factor in
the lungs, ameliorating fibrotic lesions and preserving
lung function in experimental animal models of pulmo-
nary fibrosis (22-25). HGF exerts its antifibrotic effects
on pulmonary function by reducing the production of
type I collagen and CTGF, and increasing the produc-
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tion of matrix metalloproteinase 1 in lung fibroblasts
(12,26). HGF also assists in regenerating the alveolar
structure by promoting alveolar type II cell proliferation
(27). Since HGF plays a beneficial role in lung tissue
remodeling, the severity and progression of ILD would
be influenced by the patient’s ability to express this
factor.

The association reported here between the func-
tional SNP located on the HGF promoter and the SSc
patient’s risk of developing ESLD may support this
theory. In addition, our results suggest that individuals
possessing the HGF —1652 TT genotype lack the ability
to produce HGF in response to ongoing fibrotic pro-
cesses, such as progression of ILD, and their antifibrotic
activity may be impaired by an intrinsically low HGF
response. In this regard, data available at the NCBI
database (28) show that the HGF ~1652 TT genotype
is more common in African Americans than in
Caucasians (32% versus 17%), which may explain why
African American SSc patients show a defective HGF
response in the circulation and lungs (12) and have more
progressive ILD (9-11) as compared to Caucasian pa-
tients. Impaired HGF signaling pathways in lung fibro-
blasts, which have been reported in African American
SSc patients (12), also play a role in the ethnic differ-
ences in ILD severity.

In summary, our findings suggest that the SNP
within the HGF promoter region modulates the severity
of SSc-associated ILD by controlling HGF transcrip-
tional efficiency. The strength of the observed associa-
tion warrants a larger prospective study of SSc patients
of various ethnic backgrounds.
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Immune responses to ER stress have been closely related to the pathogenesis of autoimmune diseases. Using
an immunoprecipitation assay, 24 (7.1%) of 336 MG serum samples immunoprecipitated a 90-kDa protein
from the muscle cellular extracts, but none of the disease or healthy control sera. The 90-kDa protein was
affinity-purified and found to match to ER chaperon GRP94 by matrix-assisted laser desorption/ionization-
time of flight mass spectroscopy analysis. The frequency of associated autoimmune diseases was much higher
in the anti-GRP94-positive than the -negative patients (71% versus 11%, p<0.001). Autoimmunity to ER
chaperone GRP94 is associated with a subset of MG patients who have additional autoimmune diseases.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Myasthenia gravis (MG) is an organ-specific autoimmune disorder
characterized by dysfunctional neuromuscular junctions targeted by
pathogenic autoantibodies to acetylcholine receptor (AChR) or
muscle-specific receptor tyrosine kinase (MuSK) (Meriggioli and
Sanders, 2009). A wide range of clinical presentations and associated
features allow classification of MG into several subtypes based on
disease distribution, age at onset, thymic abnormality and autoanti-
bodies profiles. Additional autoimmune diseases, observed in 2.3% to
24.2% (mean 12.9%) of MG patients, are also heterogeneous (Kuks and
Qosterhuis, 2003). Varied autoimmune diseases including neurolog-
ical, hematological, and cutaneous disorders are also seen in
thymoma-associated MG (Evoli et al., 2007). However, there are no
clinical markers predicting the development of additional autoim-
mune diseases in MG patients.

Many endogenous sources of cellular stress arise in the endoplas-
mic reticulum (ER) following the accumulation of misfolded proteins,
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a phenomenon known as ER stress (Zhang and Kaufman, 2006). The
ER has evolved a highly specific signaling pathway called the unfolded
protein response (UPR) to cope with the accumulation of misfolded
proteins. The products of the UPR are known as ER chaperones, such
as BIP (H chain binding protein) and GRP94 (glucose-regulated
protein 94). Neurodegenerative diseases, such as Alzheimer disease
and Parkinson disease, are associated with dysfunction of the UPR
(Zhang and Kaufman, 2006). There is also growing evidence that
immune response can be adversely affected by abnormalities in the
URP, which could potentially contribute to the development of
autoimmunity (Todd et al., 2008).

In the present study, we identified a novel autoantibody to GRP94
in the sera of patients with MG using an immunoprecipitation assay
with radiolabeled RD (rhabdomyosarcoma cell line) cellular extracts
(Suzuki et al, 2005). We investigated the correlation between
autoantibodies to GRP94 and clinical features in MG patients.

2. Material and methods
2.1. Patients and clinical samples

We studied clinical samples from 341 patients with MG. The diagnosis
of MG was based on clinical, electrophysiologic, and immunologic criteria
(Meriggioli and Sanders, 2009). Sera were obtained from 336 patients
(118 men and 218 women) who were followed at Keio University
Hospital and Hanamaki General Hospital. The mean age at MG onset was



