was diagnosed through an upper gastrointestinal endoscope
based on the Frequency Scale for Symptoms of GERD and the
Los Angeles classification (Los Angeles classification grade M
or greater was diagnosed as reflux esophagitis), 1'°

Statistics
P-values were calculated with the Student’s t-test or 42 analy-
sis. Error bars represent standard errors of the mean.

RESULTS

The 8 SSc patients with LSc among 220 SSc patients (3.6%)
are summarized in Table 1. Their mean age was
45.3 + 3.8 years, and the male/female ratio was 2:6. The dis-
ease types of LSc were as follows: plaque type {n = 5, includ-
ing 3 cases with generalized morphea type), guttate type
(n = 2), and linear type (n = 1). LSc lesions were mostly distrib-
uted bilaterally and symmetrically. The chest was the most
common affected site (n = 5), followed by the abdomen (n
= 5). All cases were diagnosed as having SSc within 5 years
before or after the development of LSc. In three cases (37.5%;
cases 1-3), the onset of LSc preceded the first clinicai mani-
festation of SSc. In case 1, sclerodactyly occurred 10 months
after the appearance of LSc lesions. in case 2, anticentromere
antibody was negative when the LSc lesions appeared; sclero-
dactyly and anticentromere antibody were identified 4 years
after the appearance of LSc lesions. In case 3, Raynaud’s phe-
nomenon appeared 4 years after the appearance of LSc
lesions, sclerodactyly appeared 5 years after the appearance
of LSc lesions, and anti-RNA polymerase lil antibody was iden-
tified 5 years after the appearance of LSc lesions. However,
we have not determined whether the anti-RNA polymerase il
antibody was positive. Additionally, three SSc patients with
LSc (37.5%) had past medical histories with allergic diseases
and/or autoimmune disorders, We confirmed that all cases of
SSc with LSc were defined as SSc based on the new

SSe¢ with LSc

American College of Rheumatology/European League Against
Rheumatism classification criteria (2013). According to this
criteria, patients with a total score of >9 were classified as
having definite SSc (Table 1).2°

We compared the clinical and laboratory features between
SSc patients with LSc {3.6%, 8/220) and without LSc (96.4%,
212/220) (Table 2). The onset age for SSc patients with LSc
was significantly “lower than for those without LSc
(45.3 = 3.8 years vs 56.2 + 0.9 years, P <0.05). Sex and
types of disease ratios were comparable between the two
groups. Negative antinuclear antibody (25% vs 5.2%, P < 0.05)
and positive anti-RNA polymerase Il antibody (25% vs 4.2%,
P < 0.05) were significantly prevalent in SSc patients with LSc.
The positivity of anticentromere antibody tended to be preva-
lent in SSc patients without LSc (12.5% vs 45.2%, P = 0.067).
No significant differences in the frequency of interstitial lung
disease, reflux esophagitis, and pulmonary artery hypertension
were detected.

DISCUSSION

The frequency of SSc with LSc in SSc patients has varied in
previous studies; for example, 5.7% of 106 SSc patients had
SSc with LSc in a US study,™ and in Japanese studies 4.9%
of 349 SSc patients had SSc with LSc and 6.7% of 135
patients had it.'>'® Consistent with these previous analyses,
3.6% of 220 SSc patients had SSc complicated with LSc in
the present study.

LSc generally appears at any age, and onset at 20-50 years
old is common, with the exception of the linear type, which
often develops in childhood.>?" The estimated incidence of
LSc is 0.4-2.7 per 100 000 individuals, and the female-to-male
ratio is 2.4 to 4.2:1.2"%° The peak age for SSc onset is 35-
55 years old, and it rarely develops in children and men youn-
ger than 35 years old.”#2® Qur study suggests that young age
might be a characteristic of SSc with LSc,

Table 2. Demographic and clinical characteristics of SSc patients with or without LSc

SSc with LSc (n = 8, 3.6%) SSc without LSc (n = 212, 96.4%) P-value
Onset age (years; mean + SE) 45.3 + 3.8 56.2 4 0.9 <0.05
Sex (M:F) (%) 2:6 (25.0:75.0) 27:185 (12.7:87.3) 0.314
Type (dcSSc:LeSSce) (%) 4:4 (50:50) 60:152 (28.3:71.7) 0.185
Antibody " ANA (%) 87.5 (7/8) 94.8 (201/212) 0.371
Negative (%) 25 (2/8) 5.2 (11/212) <0.05
Topo | (%) 37.5 (3/8) 22.2 (47/212) 0.31
RNP (%) 12.5 (1/8) 13.7 (29/212) 0.924
Centromere (%) 12.5 (1/8) 45.2 (96/212) 0.067
RNAP (%) 25 (2/8) 4.2 (9/212) <0.05
Complication ILD (%) 37.5 (3/8) 41.5 (88/212) 0.238
RE (%) 62.5 (5/8) 45.2 (96/212) 0.337
PAH (%) 0(0/8) 6.6 (14/212) 0.453

ANA, antinuclear antibody; centromere, anticentromere antibody; dcSSc, diffuse cutaneous type of SSc; ILD, interstitial lung disease; 1cSSc, limited
cutaneous type of SSc; LSc, localized scleroderma; negative, no antibodies detected; PAH, pulmonary artery hypertension; RE, Reflux esophagitis;
RNP, ribonucieoprotein; RNAP, anti-RNA polymerase lil antibody; SE, standard error; SSc, systemic scleroderma; Topo |, anti-topoisomerase | anti-

body.
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Several autoantibodies have been detected in patients with
LSc, including anti-single-stranded DNA, anti-histone, and anti-
topoisomerase Il antibodies.?”?° These antibodies are found
at a much lower frequency in patients with $S¢.%° In contrast,
SSc-related autoantibodies, such as anti-topoisomerase | anti-
body, anticentromere antibody, and anti-RNA polymerase i
antibody, are generally not detected in LSc.® In this study,
75% (6/8) of SSc patients with LSc were positive for SSc-
related autoantibodies, suggesting that SSC with LSc might be
intrinsically SSc.

With regard to the association between LSc and SSc,
some believe that L.Sc is merely the skin involvement of SSc
because it is observed in approximately 4% of SSc patients,
despite LSc being a rare disease.'® In contrast, others believe
that LSc cannot be deemed the skin involvement of SSc
because the progression of SSc and LSc do not correspond
with each other.®' It has been reported that esophageal and
pulmonary lesions were found in 21% of patients with LSc,
and that immune abnormalities and internal organ involve-
ments were significantly more prevalent among juvenile LSc
patients,®>** suggesting that LSc may be a variant of SSc.32
38 In our all cases, diagnoses of SSc were established within
5 years before or after the appearance of LSc, and almost all
cases had SSc-related autoantibodies. This suggests that
SSc with LSc might be intrinsically SSc and that LSc lesions
might be the skin involvement of SSc in SSc with LSc
patients.

The awareness of SSc with LSc is essential to establish an
early diagnosis and to start early treatment. In addition, the
characteristics of SSc with LSc, including young age and posi-
tivity of SSc-related autoantibodies, may help physicians to
identify LSc patients at risk for developing SSc. We recognize
that our study was limited by the small number of cases of
SSc with LSc cases, so future studies should involve a larger
group of patients.
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Abstract: The precise mechanisms of tissue fibrosis have not yet
been elucidated in systemic sclerosis (SSc). However, studies of
the regulation of DNA methylation, the most widely studied
epigenetic mechanism, have confirmed the involvement of the
TET family proteins, recently identified DNA demethylases, in the
pathogenesis of $8¢. The mRNA levels of TET family members
were compared in normal and 5S¢ fibroblasts. The effects of
hypoxia and siRNA specific to HIF-12 on TET expression were
also examined. Global methylation status was analysed by LUMA.
The presence of 5-hydroxymethylcytosine (ShmC) in SSc¢ was

SSc fibroblasts was elevated by 1.68 fold compared with that of
normal fibroblasts, but the expression levels of TET2 and TET3
were comparable between both cell types. The expression levels of
DNMTI and DNMT3B mRNA have a tendency to elevate in SSc¢

fibroblasts. Among TET family members, the expression of TET1
was exclusively induced by hypoxia via HIF-1%-independent
pathways in SSc fibroblasts, but not in normal fibroblasts. The
methylation level was decreased in SSc fibroblasts relative to
normal fibroblasts, and 5hmC was present in dermal fibroblasts of
skin sections from patients with SSc. TET1 expression in $Sc¢
fibroblasts was abnormally regulated in the hypoxic environment
and accompanied by global DNA hypomethylation, suggesting the
involvement of aberrant DNA methylation in the pathogenesis of
SSe.

Key words: DNA methylation — epigenctics — fibroblasts — systemic
sclerosis — ten eleven translocation
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Introduction

Systemic sclerosis is a complex and heterogeneous autoimmune
disease, which may involve vascular, immunological and fibrotic
processes  (1,2).  Although the pathogenesis of SSc remains
unknown, recent studies have indicated that cpigenetic mecha-
nisms such as DNA methylation and histone modifications may
mediate the fibrotic manifestations of $S¢ (3-5). DNA methylation
is the most widely studied cpigenetic mechanism catalysed by
DNA  methyltransferases (DNMTs). It refers to the covalent
attachment of a methyl group to the C5 position of cytosine resi-
dues to form S5-methyleytosine (mC) in CpG  dinucleotide
sequences that are called CpG islands (6). When DNA is in its
methylated state, transcription is repressed through decreased
binding of transcription factors and increased binding of methyl-
CpG-binding domain (MBD) proteins. DNA methylation can also
alter the chromatin structure and lead to the formation of a co-
repressor complex. In contrast, in its unmethylated state, DNA is
more permissive to transcription (7).

Another DNA  modification, cytosine hydroxymethylation
(hmQ), is under the spotlight since the identification of the ten
eleven translocation (TET) family proteins that convert 5mC to
5hmC (8). This newly discovered conversion of 5mC to 5hmC by
TET proteins is so far the most important and consistent

mechanism underlying the active demethylation of DNA (9). In
addition to its role as an intermediate in DNA demethylation,
5hmC has been proposed to have gene regulatory functions
involved in processes such as development, pluripotency and regu-
lation of RNA splicing, albeit its role is not completely understood
(10). All TET family members possess 5mC oxidation activity, but
their expression levels vary depending on the cell type and tissue
(11). As the roles of TET family proteins and 5hmC have been
not been elucidated in dermal fibroblasts, we examined the possi-
ble involvement of TET family members in the fibrotic phenotype
of $Sc fibroblasts in this study.

Materials and methods

Cell culture and hypoxia culture conditions

Human dermal fibroblast culture was established from skin biop-
sies from dorsal forearm of either healthy donors or patients with
SSc, upon informed consent and in compliance with the Institu-
tional Review Board of Gunma University. The study was con-
ducted according to the Declaration of Helsinki Principles.
Fibroblasts were expanded by the explant culture method and then -
were grown in Dulbecco’s modified Eagle’s medium (DMEM, Nis-
sui Setyaku, Tokyo, Japan) supplemented with 10% foetal bovine
serum (FBS, Invitrogen, Carlsbad, CA, USA) at 37°C in a 5% CO,
humidified incubator. All experiments were conducted between 4
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and 6 passages. Hypoxic experiments were performed in an Ny—
CO,-0; incubator (APMW-36, ASTEC, Fukuoka, Japan). Human
dermal fibroblasts in serum-free medium were incubated under
hypoxic condition (1% O,, 5% CO» and 94% N,) for 24 h, and
total RNA was extracted.

TGE-f stimulation

Normal and $Sc fibroblasts were incubated in Dulbecco’s modified
Eagle’s medium supplemented with 10% foetal bovine serum,
either treated or untreated with 10 ng/ml TGF-f for 24 h, and
then, the cells were harvested.

Quantitative real-time RT-PCR analysis

Total RNA was isolated using ISOGEN (Nippon Gene, Tokyo,
Japan). One microgram of total RNA was reverse transcribed with
random hexamers using MuLV reverse transcriptase (Applied Bio-
systems, Poster City, CA, USA). Real-time PCR assays were
performed using the 7300 Real-Time PCR system (Applied Biosys-
tems). To amplify the target gene, TagMan Gene Expression
Assays (Hs00286756_m1 for TET1, Hs00758658_m1 for TET2,
Hs00379125_m1  for TET3, Hs00154749_ml for DNMTI,
Hs00171876_ml for DNMT3B, Hs00164004_m1 for collagen, type
I, 21 (COL1A1) and Hs00171558_m1 for tissue inhibitor of metal-
loproteinase 1 (TIMP1), Applied Biosystems) were used. All sam-
ples were analysed in parallel for gene expression of human
glyceraldehyde-3-phosphate dehydrogenase (GAPDH,
Hs99999905_m1) as an internal control. As hypoxia may affect
the level of GAPDH (9), 185 rRNA (Hs99999901_s1) was uscd as
an internal control in hypoxic experiments. Cycling condition
consisted of an initial incubation at 50°C for 2 min and 95°C for
10 min, followed by 40 cycles of 95°C for 15 s and 60°C for
1 min. The relative change in the levels of genes of interest was
determined by the 2734 method.

Suppression of hypoxia-inducible factor (HIF)-1a by siRNA
Oligonucleotides specific to HIF-1z (5-UGUGAGUUCGCAUC
UUGAUTT-3 and 5-AUCAAGAUGCGAACUCACATT -3') were
obtained from Japan Bio Services (Saitama, Japan). For annealing,
20 ;v of oligonucleotides was incubated in annealing buffer
(100 mm potassium acetate, 30 mm HEPES-KOH, pH 7.4, 2 mm
magnesium acetate) for 2 min at 95°C and then was gradually
cooled to room temperature. Cells were transfected with the
annealed oligonucleotides at the concentration of 0.2 um using
Lipofectamine 2000 reagent (Invitrogen) according to the method
described previously (12). After 24 h, the cells were exposed to
the hypoxic condition described above for another 24 b, and then,
the cells were harvested. To remove the effect of serum, cells were
serum-starved for the last 24 h.

Western blot analysis

The total cellular protein was extracted in extraction buffer (RIPA
buffer, protease inhibitor, phosphatase inhibitor, 5 mm EDTA;
Thermo, Rockford, IL, USA). Protein concentration was deter-
mined by Bradford protein assay (Bio-Rad, Hercules, CA, USA).
Equal amounts (10 pg) of total protein samples were separated by
7.5% SDS-polyacrylamide gel electrophoresis and transferred to
nitrocellulose membranes. Membranes were blocked with 5% milk
in Tris-buffered saline containing 0.05% Tween 20 for 1 h at
room temperature, followed by incubation with anti-HIF-1x
monoclonal antibody (1:250; BD Biosciences, San Jose, CA, USA)
in blocking solution at 4°C for 12 h. To control for protein load-
ing, blots were probed for f-actin expression using monoclonal

anti-f-actin antibody (Sigma, Saint Louis, MO, USA). After incu-
bation with peroxidase-conjugated goat anti-mouse immunoglob-
ulins (1:2000; Dako, Carpinteria, CA, USA) in blocking solution
for 1 h at room temperature, the signals were visualized using the
ECL Plus Western Blotting Detection System (GE Healthcare,
Buckinghamshire, UK).

Genomic DNA extraction and measurement of global DNA
methylation

Genomic DNA was isolated from normal and SSc fibroblasts,
using a DNeasy blood & Tissue Kit (Qiagen Valencia, CA). A Lu-
minometric-based assay (LUMA) was performed according to the
methods described by Karimi et al. Briefly, 300 ng of genomic
DNA was digested for 4 h by Hpall + EcoRl or Mspl + EcoRl in 2
separate reactions, which were set up in a 96-well plate format.
Then, 15 pl annealing buffer was added to the digestion product,
and samples were analysed with a PyroMark Q24 system (Qiagen).
Methylation was estimated from the 1 — (Hpall/EcoRT)/(Mspl/
EcoRI) ratios. '

Immunohistochemistry

Sections (5-um thick) were deparaffinized with Hemo-De (Falma,
Tokyo, Japan) and rehydrated through a graded series of ethanol.
Epitope retrieval was performed in Target Retrieval Solution
(Dako) with a pressure cooker (1.2 kg/cmz) at 121°C for 10 min.
Endogenous peroxidase was blocked by incubation in peroxidase
blocking solution (Dako) for 5 min, followed by incubation with
Protein Block Serum-Free (Dako) for 10 min. The scctions were
then incubated overnight at 4°C with 5-hydroxymethylcytidine
rabbit pAb (diluted 1:1000 in Protein Block Serum-Free; Active-
motif, Carlsbad, CA, USA), followed by incubation for 1 h with
HRP-conjugated secondary antibody solution (Histofine Simple
Stain  MAXPO(R), Nichirei Biosciences). Normal rabbit IgG
(1 pg/ml, diluted in Protein Block Serum-Free, Santa Cruz) was
used for the negative control sections. Diaminobenzidine (EnVi-
sion + Kit/HRP (DAB), Dako) was used for visualization before
counterstaining with haematoxylin.

Immunofluorescence staining

Fibroblasts were plated onto culture slide (BD Bioscience) and
incubated at 37°C 24 h. The cells were fixed in 4% paraformal-
dehyde for 60 min at room temperature and then permeabilized
and blocked in blocking buffer (0.1% TritonX, 5% goat serum,
3% skim milk in TBST) for 60 min at room temperature. Cells
were incubated overnight at 4°C with TET1 rabbit antibody
(diluted 1:1000 in blocking butfer, GeneTex, lrvine, CA, USA),
followed by incubation with Alexa fluor 488 goat anti-rabbit
(diluted 1:250 in PBS; Life Technologies, Carlsbad, CA, USA) for
I h at room temperature and then mounted in ProLong Gold
(Life Technologies).

Statistics

P values were calculated using Mann~Whitney U-test, Welch’s t-
Lest or Student’s t-test as appropriate. P values <0.05 were consid-
ered significant. Error bars represent standard deviation, and
numbers of experiments (n) are as indicated.

Results

Expression of TET1 is elevated in SSc fibroblasts

We examined the expression levels of the TET family members in
dermal fibroblasts from healthy control and patients with SSc
(normal and SSc fibroblasts, respectively). Fibroblasts from skin
lesions generally exhibit the SSc phenotype in the early stage of
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Figure 1. The mRNA exprassion of TET family members in normal and SSc
fibroblasts. (a) In normal and systemic sclerosis (SS¢) fibroblasts (FBs), mRNA levels
of TET family members were determined by quantitative RT-PCR. To verify the 5S¢
phenotype in SSc FBs, the higher expression levels of both COL1A1T and TIMP1
mRNA were confirmed before the analysis. Values are normalized relative 1o
normal FBs (arbitrarily set as 1) and means = SD of five independent cell lines are
shown. (n = 5) *P = 0.01 {(Mann-Whitney U-test) versus normal FBs. (b)
Immunofluorescence staining was performed using antibody against TET1. TET1
was overexpressed in SSc fibroblasts than normal fibroblasts.

in vitro culture; however, not all cell lines from patients show the
phenotype (13). Thus, we confirmed 5 cell pairs, in which $Sc
tibroblasts expressed higher levels of both COL1Al and TIMPI

TET family members in SSc fibroblasts |

mRNA than normal fibroblasts (1.76 + 0.55 fold (P = 0.015) and
292 & 1.85 fold (P =0.049), respectively). The level of TETI
mRNA in SS¢ fibroblasts was elevated by 1.68 fold compared with
that of normal fibroblasts, whereas the expression levels of TET2
and TET3 mRNA were comparable between SS¢ and normat fibro-
blasts (Fig. 1a). Additionally, in immunofluorescence staining,
TET1 was cverexpressed in $Sc fibroblasts than normal fibroblasts
(Fig. 1b).

Hypoxia upregulates TET1 mRNA expression in SSc
fibroblasts via HIF-1z-independent mechanisms

As tissue hypoxia due to peripheral vasculopathy is a character-
istic feature of $Sc and might contribute to the progression of
the disease (14), we examined the effect of hypoxia on the
expression of TET family members in fibroblasts. Normal and
SS¢ fibroblasts were exposed to hypoxic conditions (1% oxygen
for 24 h), and the expression levels of mRNA were examined
by quantitative RT-PCR. As shown in Fig. 2a, hypoxia treat-
ment increased TET1 expression by 1.32 fold in SSc¢ fibroblasts,
but not in normal fibroblasts (P < 0.03). Hypoxic conditions
did not affect the expression levels of TET2 and TET3 in either
normal or $Sc¢ fibroblasts (Fig. 2a). To examine the involvement
of HIF-1z in the hypoxia-induced TET1 expression, the expres-
sion of HIF-1x was suppressed using siRNA under hypoxic con-
ditions (Fig. 2b). Suppression of HIF-1x did not restore the
clevated expression of TET1 (Fig. 2b), suggesting hypoxia-
induced TET1 expression was HIF-1z-independent in S$Sc fibro-
blasts.

To investigate whether TET1 mRNA expression in
fibroblasts is dependent on TGF-f

Hypoxia is known to induce TGF-f and the pro-fibrotic effects
are mainly mediated by TGF-f. We analysed whether the hypoxia-
induced regulation of TET1 is dependent on TGF-f. When TGF-f
was added to SSc fibroblasts under hypoxic condition, the expres-
sion of TET1 did not change (Figure S1). Therefore, we presume
that the hypoxia-induced regulation of TET1 is not dependent on
TGE-f. On the other hand, as shown in Figure S1, when TGF-f
was added to normal fibroblasts under hypoxic condition, the
expression of TET1 increased.

Global DNA methylation was decreased in SSc fibroblasts
The recent discovery that the three members of the TET protein
family can convert 5mC into 5hmC has provided a potential
mechanism for DNA demethylation. In this context, we compared
the level of global DNA methylation in SSc fibroblasts with that
in normal fibroblasts using LUMA. As shown in Fig. 3a, the
methylation level was significantly decreased in SSc fibroblasts rel-
ative to normal fibroblasts (P < 0.05). The oxidation of pre-exist-
ing 5mC by the TET protein family is thought to be the only
route for the synthesis of genomic ShmC. Immunohistochemical-
ly, the presence of 5hmC was detected in spindle-shaped cells in
sclerotic dermis of patients with SSc (Fig. 3b), suggesting that
TET1 may catalyse the oxidation of 5mC in dermal fibroblasts of
patients with SSc.

Expression of DNMT1 and DNMT3B has a tendency to
elevate in SSc fibroblasts

We examined the expression levels of the DNMTs in normal and
SSc¢ fibroblasts. The levels of DNMT1 and DNMT3B mRNA in
SSc fibroblasts have a tendency to elevate in SSc fibroblasts com-
pared with normal fibroblasts (Fig. 4).

© 2015 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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Figure 2. Hypoxia-induced TET1 expression in SSc fioroblasts vig HIF-1-
independent mechanisms. (a) Normal and SSc fibroblasts were exposed to hypoxic
conditions in 1% oxygen for 24 h, and mRNA levels of TET family members were
determined by quantitative RT-PCR. Values are normalized relative to normoxia
(arbitrarily set as 1), and means + SD of three independent experiments are shown,
(n = 3) *P = 0.05 (Welch's t-test) versus normoxia. {b) SS¢ fibroblasts were
transfected with either 0.2 gt HIF-12 SIRNA (HIF-12-KD) or a corresponding
concentration of MOCK siRNA {contral) on the day of cell seeding. Twenty-four
hours later, cells were serum-starved and exposed to the hypoxic conditions for
another 24 h, and then, the cells were harvested. The level of HIF-12 protein was
determined by Western blot. We used B-actin as an internal control. Representative
data of three independent experiments are shown. mRNA levels of TET1 were
determined by quantitative RT-PCR. Means + SD of three independent experiments
are shown, with values normalized to contro! (arbitrarily set at 1).

Discussion

DNA methylation is the most widely studied epigenetic mecha-
nism in autoimmune diseases (6), and aberrant methylation
patterns have been demonstrated in peripheral lymphocytes or

(a) 0.8 .
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Figure 3. Global DNA methylation in normal and SSc¢ fibroblasts and
immunodetection of 5hmC in the skin from patients with SSc. (a) Genomic DNA
was isolated from normal and SSc fibroblasts, and then, 300 ng of DNA was
analysed by a Luminometric-based assay (LUMA). Methylation was estimated from
the 1 - (Hpall/EcoRN/Mspl/EcoRI) ratios. Means +/- SD of three independent cell
lines are shown. (n = 3) *P < 0.05 (Student's t-test) (b) immunodetection of ShinC
in the skin from patients with SSc. Sections (5-um thick) were stained with either
the specific antibody against 5ShmC or normal rabbit 1gG (control). The nuclei were
stained with haematoxylin. The corresponding haematoxylin-eosin-stained section
is shown in the lower panel. Original magnification is 400-fold.

dermal fibroblasts from patients with SSc (3,15-18). In SSc fibro-
blasts, there was a hypermethylation of CpG islands in the Flil
promoter, which is a transcription factor that inhibits collagen
synthesis (3). The reduced expression of Flil increases collagen
production, resulting in the tissue fibrosis characteristic of the dis-
case (19,20). On the other hand, CD4" T cells’ DNA from patients
with SSc, like that of systemic lupus erythematosus (SLE) patients,
was significantly hypomethylated (15). In CD4™ T cells, regulatory
elements of the genes, such as CD40L and CD70, which were up-
regulated in patients with SS¢, were also found to be demethylated
(16,17). As the hypomethylation status has received attention in
other autoimmune diseases such as SLE and rheumatoid arthritis
(RA) (6), the importance of demethylation mechanisms has been
recognized.

The tight regulation of DNA methylation patterns is important
to ensure proper embryogenesis and prevent the development of
disease. However, no direct DNA demethylase had been identified
until the recent finding that the TET! protein can catalyse the
conversion of 5mC into 5hmC, being a potential mechanism for
active demethylation (8,21). To our knowledge, this is the first
report showing the global hypomethylation in SSc fibroblasts, con-
sistent with the observed TET1 overexpression. It should be noted
that 5hmC was present in fibroblasts of the skin sections from
patients with SSc. A number of cancer cells also display aberrant
DNA methylation patterns including both global hypomethylation
of the genome- and promoter-specific hypermethylation (22). Glo-
bal hypomethylation is believed to create genomic instability,
whereas hypermethylation of CpG islands at gene promoters can
lead to undesirable silencing of genes (22). Taken together with
the hypermethylation status of the Flil gene promoter in $Sc
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fibroblasts (3), the methylation status of SSc fibroblasts observed
in this study should be important in shedding light on the rela-
tionship between aberrant DNA methylation and the fibrotic phe-
notype of SSc fibroblasts.

The expression levels of TET family members (TET1-3) are dif-
ferent depending on the cell type and tissue, suggesting that these
proteins  may play non-overlapping biological functions in a
developmentally regulated and tissue-specific manner (9). All mem-
bers show 5mC oxidation activity, and 5hmC can be further
oxidized by TET proteins to produce 5-formylcytosine (fC) and
5-carboxyleytosine (caC)(9). In our study, SSc¢ fibroblasts expressed
a higher level of TET1, but comparable levels of TET2 and TET3
to normal fibroblasts. The levels of DNMT1 and DNMT3B mRNA

TET family members in SSc fibroblasts |

in SSc fibroblasts have a tendency to elevate in SSc fibroblasts
compared with normal fibroblasts. In addition, TET1 expression
was exclusively responsive to hypoxic conditions in SSc¢ fibroblasts,
indicating the specific involvement of TETL in the cutaneous
fibrosis in patients with S$Sc. To clarify the role of TETI in the
regulation of epigenetic mechanisms, ShmC as well as 5fC and 5caC
should be detected in the genomic DNA of SSc¢ fibroblasts in future
studies.

Physiological mechanisms to overcome tissue hypoxia are
impaired and dysregulated in SSc. Namely, microangiopathy with
impaired angiogenesis and excessive accumulation of extracellular
matrix may cause severe tissue hypoxia in 8$Sc. Hypoxia could
stimulate the production and accumulation of extracellular matrix,
resulting in a vicious circle of hypoxia and fibrosis (14). While
hypoxia has a wide range of molecular effects on cells through
both HIF-12-dependent as well as HIF-1z-independent -manners
(23), the response to hypoxia in SS¢ might be driven by HIF-1x-
independent pathways (10). On the other hand, epigenetic modifi-
cations respond to endogenous and exogenous stimuli, as well as
environmental signals (24), and hypoxia can cause chromatin
alteration including DNA methylation (25). The finding in this
study that TET1 was upregulated in SSc fibroblasts but not in
normal fibroblasts under hypoxic conditions through HIF-1z-
independent  mechanisms that  epigenetic alteration
through catalysation by TET1 in the hypoxic condition might
contribute to the pathogenesis of $Sc.

The exact actiology of SS¢ remains unknown; however, the
role of epigenetic modifications caused by environmental factors
has been intensively studied in relation to the pathogenesis of
this discase (4). Epigenetics accounts for chromatin-based mecha-
nisms important in the regulation of gene expression that do not
involve changes to the DNA sequence per se. One of the most
intriguing characteristics of epigenetics is the reversibility of its
modifications. Through controlling DNA  methylation, novel
therapies could emerge in the near future. TET! can be a new
target to better understand the involvement of epigenetic
modifications in the pathogenesis of SS¢ and to develop new
therapeutic strategies.
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Systemic sclerosis (SSc) is a multi-organ fibrotic disease that affects the skin and various internal organs. Thera-
peutic strategies for tissue fibrosis have not been established; however, aberrantly activated fibroblasts in affect-
ed lesions are key targets for modulating fibrosis. Recently, increased intracellular cyclic GMP (cGMP) levels were
demonstrated to improve fibrosis levels in various diseases. The purpose of this study was to assess the anti-
fibrotic properties of cGMP in cultured fibroblasts from patients with SSc. The phosphodiesterase (PDE) 5 inhib-
itor sildenafil increased the intracellular cGMP levels in skin fibroblasts in a dose-dependent manner. Sildenafi!

Keywords:

S;ﬁmﬁl treatment also significantly decreased the expression of several pro-fibrotic factors that were upregulated by
Systemic sclerosis TGF-31 treatment in SSc skin fibroblasts. These inhibitory effects occurred via non-canonical TGF-8 signaling.
Fibrosis Our findings revealed that sildenafil might be a novel strategy to treat tissue fibrosis and vasculopathy in SSc.
CcGMP © 2015 Elsevier Inc. All rights reserved.
1. Introduction c¢GMP-dependent protein Kinase (PKG) and cGMP-gated channels [14].

Systemic sclerosis (SSc) is a connective tissue disease that is charac-
terized by inflammation, vasculopathy and fibrosis {1-4]. Tissue fibrosis
directly contributes to increased mortality and decreased quality of life
[5,6]. However, an effective therapy for tissue fibrosis has not been
established. Aberrantly activated fibroblasts in areas affected by SSc,
which play a central role in the production and remodeling of collagen
and other extracellular matrix (ECM) components, are thought to be
key therapeutic targets [1].

Skin fibrosis is one of the most characteristic SSc traits, and
transforming growth factor-p (TGF-B) is a main pro-fibrotic mediator
in skin fibrosis [1,2,7-10]. Raynaud's phenomenon, which is caused by
endovascular damage and decreased blood flow in the digital vein, pre-
cedes skin fibrosis in most cases [2,11], suggesting that vasculopathy
triggers or worsens skin fibrosis; thus, treating vasculopathy might
have the simultaneous effect of ameliorating fibrosis [12]. Nitric oxide
(NO) is a potent vasodilator that is endogenously synthesized from L-
arginine in the presence of NO synthase (NOS) [13,14]. Some of the key
biological actions of NO, including vasodilation, are mediated by the
downstream signaling molecules soluble guanylate cyclase (sGC) and cy-
clic GMP (cGMP) [14], which has led to an experimental focus on the
vasodilative effects of the NO/sGC/cGMP pathway [15-17]. cGMP is a
key mediator in NO/sGC/cGMP signaling, and its action is mediated by

« This work is supported by systemic sclerosis and mixed connective tissue disease
research grants from the Ministry of Health, Labour and Welfare, Japan.
* Corresponding author.
E-mail address: y-kawa@iortwmu.ac,jp (Y. Kawaguchi).
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1521-6616/0 2015 Elsevier Inc. All rights reserved.

Cyclic nucleotide phosphodiesterases (PDEs) are a group of enzymes
that degrade the phosphodiester bond in cAMP and cGMP to a linear, in-
active form [9)]. There are at least 11 PDE isoforms (PDEs 1 to 11), and
each isoform has a different affinity for CAMP and cGMP [18]. PDES is a
cGMP-specific enzyme with 3 isoforms (PDE5A-C) [19]. PDES is abun-
dant in vascular smooth muscle cells, and PDES5 inhibition has a potent
vasodilatory effect. Therefore, various PDES5 inhibitors such as sildenafil
and tadalafil have been developed and have demonstrated excellent out-
comes for the treatment of SSc-related pulmonary arterial hypertension
(PAH) and digital ulcers [15-18]. Sildenafil binds to the active catalytic
site of PDE in a competitive manner and blocks the hydrolyzing activity
of PDES and to a lesser extent, PDE1 and PDE6 [20].

It has also recently been observed that NO/sGC/cGMP signaling ex-
erts anti-fibrotic actions [21-26] and that sGC stimulation reportedly re-
verses the fibrotic phenotype in SSc and other fibrotic disorders in vivo
and in vitro by increasing intracellular cGMP levels [12,27,28]. PDE5 in-
hibitors also reportedly have anti-fibrotic effects in models of various fi-
brotic disorders [26,29,30]. These results suggest that PDE5 inhibitors
might exhibit pleiotropic effects on vasculopathy and fibrosis related
to SSc. The purpose of this study was to assess the anti-fibrotic proper-
ties of cGMP in cultured skin fibroblasts from patients with SSc.

2. Materials and methods
2.1. Cell culture

Healthy skin fibroblasts were purchased from Takara Bio (Otsu,
Japan) and Kurabo (Tokyo, Japan). SSc skin fibroblasts were obtained
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from skin biopsies of the affected areas of 5 patients with SSc. All of the
patients fulfilled the criteria for SSc, as proposed by the American Col-
lege of Rheumatology (Subcommittee for Scleroderma, Criteria of the
American Rheumatism Association Diagnostic and Therapeutic Criteria
Committee, 1980), and had received no medical interventions such as
corticosteroids or immunosuppressive agents. The profiles of SSc pa-
tients enrolled in this study are summarized in Table 1. This study was
approved by the Tokyo Women's Medical University ethics committee.
We informed all of the participants of the content of this study, and
written consent was obtained. Fibroblasts were cultured as previously
described {31]. The fibroblasts used were at passages 3-5.

2.2. Immunofluorescence staining

Skin fibroblasts were fixed with 4% paraformaldehyde, perme-
abilized with 0.1% Triton X-100 at room temperature, and then washed
three times with phosphate-buffered saline (PBS). Nonspecific binding
in cells was blocked with a blocking solution (Dako, Glostrup,
Denmark), and then the slides were incubated with FITC-conjugated
anti-aSMA antibodies (Sigma-Aldrich, St. Louis, MO, USA) for 1 h.
After washing three times with PBS, the chamber slides were mounted
and assessed by immunofluorescence microscopy (Keyence, Osaka,
Japan). ’

2.3, Measurement of intracellular cGMP levels

Skin fibroblasts were cultured in Dulbecco's modified Eagle's medi-
um (DMEM,; Life Technologies, Carlsbad, CA, USA) in the presence or ab-
sence of sildenafil. Cell lysates were centrifuged at 2000 rpm at 4 °C, and
the supernatants were collected to measure the intracellular cGMP
levels using a commercially available enzyme immunoassay (EIA) kit
{Cayman Chemical, Ann Arbor, MI, USA).

2.4. RNA extraction and quantitative reverse transcription-polymerase
chain reaction (RT-PCR)

Cultured skin fibroblasts were incubated with serum-free DMEM for
24 h. After serum starvation, fibroblasts were treated with the specific
PDES inhibitor sildenafil (kindly provided by Pfizer, New York, NY,
USA) for 1 h prior to the administration of 10 ng/ml TGF-p31 (R&D Sys-
tems, Minneapolis, MN, USA). Total RNA was extracted using an RNA
extraction kit (Life Technologies) according to the manufacturer's in-
structions. Equal amounts of total RNA were reverse-transcribed to gen-
erate cDNA using a commercially available cDNA synthesis kit (Life
Technologies). Real-time PCR analysis was performed using TagMan
Gene Expression Assays (Life Technologies) for COL1A1, COL1A2, CTGF,
ACTAZ2 and GAPDH mRNA. GAPDH mRNA was used as a loading control.
Relative mRNA expression levels were calculated using the delta delta
Ct method.

2.5. Western blotting

Cells were preincubated with 100 puM sildenafil for 1 h and then
treated with 10 ng/ml TGF-R1. Cell lysates were collected with lysis
buffer (Life Technologies) containing a phosphatase/proteinase inhibi-
tor cocktail (Thermo Scientific, Rockford, IL, USA), and the supernatants

Table 1

Profile of SSc patients who were enrolled in the study. Scl-70 = anti-Scl-70 antibodies.
Patient Patient1 Patient2 Patient3 Patient4 Patient5
Age (yrs) 72 58 59 36 34
Gender Female Female Female Female Female
Disease duration (ms) 31 12 35 6 12
Disease subset Diffuse Diffuse Diffuse Diffuse Diffuse
Autoantibody Scl-70 Scl-70 Scl-70 Scl-70 Scl-70

were clarified by centrifugation. Protein concentrations were measured
using a bicinchoninic acid {BCA) protein assay kit (Thermo Scientific),
and the samples were boiled with loading buffer at 70 °C for 10 min.
Equal amounts of protein were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) using 8-12% Tris-
glycine gels (Life Technologies), and proteins were transferred onto
polyvinylidene difluoride (PVDF) membranes. The primary antibodies
used in this study included anti-phospho-p38, anti-p38, anti-phospho-
ERK1/2, anti-ERK1/2, anti-phospho-Smad3, anti-Smad3 (Cell Signaling
Technology, Danvers, MA, USA), anti-type I collagen (Southern Biotech,
Birmingham, AL, USA), anti-CTGF, anti-GAPDH (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA) and anti-cSMA antibodies (Sigma-Aldrich).
Immunodetection was accomplished by incubating the membranes
with HRP-conjugated secondary antibodies {Medical and Biological
Laboratories, Nagoya, Japan). The samples were visualized using a
Chemiluminescence Blotting kit (WAKO, Osaka, Japan). All of the
bands were imaged, and the blot density was measured using Image]
software (NIH).

2.6. Statistical analysis

The results are expressed as the mean 4 standard deviation (SD).
Measurements were performed in triplicate for quantitative RT-PCR or
in duplicate for EIA. Significant differences between the treatments
were calculated by one-way analysis of variance (ANOVA) followed by
Student's t-test for comparisons between groups. The data were ana-
lyzed using JMP software (version 10). p values less than 0.05 were con-
sidered to be statistically significant.

3. Results:
3.1. Sildenafil treatment increased intracellular cGMP levels

Sildenafil reportedly has a relatively high affinity for phosphodies-
terase (PDE) 1A and PDESA [20]. Immunohistochemistry was per-
formed to detect PDE1A and PDESA expression in human skin
fibroblasts, and as expected, both healthy and SSc fibroblasts expressed
PDE1A and PDE5A (data not shown).

Next, we examined the basal intracellular cGMP levels in healthy
and SSc fibroblasts and observed that the basal intracellular cGMP levels
were significantly higher in SSc fibroblasts (Fig. 1A). Furthermore, to in-
vestigate the effects of sildenafil on cGMP concentrations, we measured
dose- and time-dependent changes in the intracellular cGMP levels in
the presence or absence of sildenafil. Sildenafil (100 uM) significantly
increased the intracellular cGMP levels in SSc skin fibroblasts compared
with untreated fibroblasts (p < 0.05), and the cGMP levels were reduced
in a time-dependent manner (Fig. 1B). These effects were not observed

™™ controt
A B sildenafil 10 uM
MR sidenafil 100 uM
cGMP cGMP
{pmol/well} {pmotiwell)
0o 20
15
s [ i 10
5
[0 R SUSCuu Sw— - ) {

Fig. 1. Intracellular cGMP levels in skin fibroblasts. (A) Basal cGMP levels in healthy skin.
fibroblasts {HC) and SSc skin fibroblasts. (B) SSc skin fibroblasts were stimulated. with
10 and 100 pM sildenafil for 3, 6 or 24 h. Representative data from three. independent ex-
periments are shown. ™ = p < 0.05.
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in healthy controls who had been treated with sildenafil (data not
shown).

3.2. Sildenafil attenuated the profibrotic phenotype of SSc skin fibroblasts

To evaluate the anti-fibrotic potency of sildenafil, we measured the
expression of several fibrotic factors in skin fibroblasts using quantita-
tive real-time RT-PCR analysis. Unexpectedly, sildenafil treatment did
not decrease the expression of fibrotic factors in healthy or SSc fibro-
blasts (data not shown). Next, we assessed the effects of sildenafil on
the expression of fibrotic factors in the presence of TGF-B1. Fibroblasts
were pretreated with various concentrations of sildenafil 1 h prior to
the addition of 10 ng/ml TGF-R1. TGF-B1 significantly increased the ex-
pression of COLIAT, COL1A2 and CTGF mRNA compared with untreated
controls at 48 and 72 h after treatment (p < 0.05; Figs. 2, 3), and 100 yM
sildenafil significantly downregulated COL1A1, COLTIA2 and CTGF mRNA
in SSc fibroblasts that had been treated with TGF-B1 (p < 0.05; Fig. 3).
Intriguingly, the anti-fibrotic effects of sildenafil did not influence skin
fibroblasts that had been derived from healthy individuals at 48 or
72 h (Fig. 2).

aSMA staining is a marker for myofibroblasts and activated fibro-
blasts in SSc patients [1]. To further examine the effects of sildenafil
on the pro-fibrotic properties of skin fibroblasts, we investigated the ex~
pression of aSMA protein and its encoding gene ACTA2. Sildenafil
strongly downregulated ACTA2 mRNA expression in both healthy and
SSc skin fibroblasts (p < 0.05; Fig. 4A). Immunohistochemical analysis
of aSMA indicated that TGF-B1-driven SMA overexpression was sup-
pressed by 100 M sildenafil (Fig. 4B).

Sildenafil also significantly suppressed TGF-p1-driven type | colla-
gen, CTGF and aSMA protein expression 72 h after treatment, as detect-
ed by Western blotting (p < 0.05; Fig. 5).

3.3, Sildenafil blocked non-canonical TGF-(3 signaling

TGF-R signal transduction is divided into two pathways: the Smad
cascade and the non-Smad cascade [9]. Both Smad- and non-Smad-
dependent TGF-B pathways have been extensively investigated in SSc
skin fibroblasts, and both are associated with fibrosis. The MAPK
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cascade, which includes p-38 and ERK1/2, is involved in the latter path-
way, and their blockade can inhibit fibrosis in SSc fibroblasts [32,33]. To
clarify the inhibitory action of sildenafil in TGF- signaling, SSc fibro-
blasts were incubated with sildenafil in the presence of TGF-31, and
cell lysates were collected for immunoblotting. Sildenafil did not influ-
ence Smad 3 phosphorylation (Fig. 6A). In the non-Smad cascade, sil-
denafil significantly reduced TGF-R1-induced p38-MAP kinase and
ERK1/2 phosphorylation (p < 0.05; Figs. 6B and 6C). These results sug-
gest that sildenafil suppresses the non-Smad signaling pathway.

4. Discussion

In this study, we demonstrated the anti-fibrotic effects of sildenafil
on cultured SSc fibroblasts. Sildenafil is a PDES inhibitor and a standard
therapeutic agent for pulmonary arterial hypertension due to its strong
vasodilation effects. Endothelial cell {EC) dysfunction is responsible for
various vascular diseases including SSc {2,9,30}. ECs regulate vascular
tone by balancing vasoconstrictors (e.g., ET-1) and vasodilators
(e.g.,NO)[13,14,34,35). Because EC impairment in $Sc causes ET-1 over-
expression and reduced NO production, which leads to endothelial
damage in SSc, improving the imbalance using endothelin receptor an-
tagonists (ERAs) and PDES5 inhibitors can be effective [15-18,35]. Vascu-
lar abnormalities also result in chronic exposure to hypoxia and tissue
ischemia, which leads to tissue fibrosis {1,2,8,36]. ET-1 overexpression
has also been demonstrated in lesioned areas of SSc skin fibroblasts,
which suggests that common pathogenic factors exist in fibroblasts
and ECs and that their blockade might have simultaneous effects. In
our opinion, the data from this study demonstrate for the first time
that PDES5 inhibition can potently reverse the fibrotic phenotype of
skin fibroblasts obtained from lesioned areas of patients with SSc by in-
terfering with the pro-fibrotic effects of TGF-R. Furthermore, sildenafil
treatment blocked the Smad-independent MAPK pathway, which was
consistent with a previous report {37].

Although the sGC stimulator and the PDES5 inhibitor demonstrated
sirnilar activity to increase intraceltular cGMP levels, there are some dif-
ferences in their chemical properties. First, the sGC stimulator is NO-
independent, whereas the PDES inhibitor is ineffective when NO levels
are low and requires an NO donor, which often causes unfavorable
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Fig. 2. Effects of sildenafil on healthy skin fibroblasts (n = 3). Healthy human skin fibroblasts. were treated with 1-100 pM sildenafil in the presence of 10 ng/mi TGF-31.for 48 (A)or 72 h
(B). COL1A1, COL1A2 and CTGF mRNA levels were. measured by quantitative RT-PCR. Representative data from three independent. experiments are shown. ™ = p < 0.05.
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Fig. 3. Sildenafil attenuated the expression of pro-fibrotic factors in SSc skin fibroblasts. (n = 5). (A-B) Changes in the level of pro-fibrotic genes in SSc skin fibroblasts. SSc skin. fibroblasts
were treated with 1-100 pM sildenafil in the presence of 10 ng/ml TGF-31 for 48. or 72 h (B). The expression of COL1A1, COL1A2 and CTGF mRNA was measured using. quantitative RT-PCR.

Representative data from three independent experiments are shown. * = p < 0.05.

adverse effects. We demonstrated that basal intracellular cGMP levels in
SSc skin fibroblasts are significantly higher than those in healthy skin fi-
broblasts, which is in agreement with a previous report [38]. This find-
ing appears to conflict with our result that increased intracellular cGMP
levels might have an anti-fibrotic effect. One hypothesis is that the ex-
pression of inducible NO synthase (iNOS) might be upregulated in the
lesioned areas of SSc skin fibroblasts, thus resulting in increased intra-
cellular ¢cGMP levels [39]. In contrast, NO and its metabolites
(e.g., peroxynitrate) cause oxidative stress and DNA damage, and they
convert fibroblasts to a myofibroblast-like phenotype with fibrotic
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activity {40,41]. Second, cGMP is also produced by the natriuretic pep-
tide (NP)/particulate guanylyl cyclase (pGC) pathway, but sGC stimula-
tors do not activate that pathway [42]. However, the contribution of the
NP/pGC pathway to cGMP production is unknown, given that the levels
of serum natriuretic peptides such as BNP in SSc patients tend to be
higher than thaose in healthy individuals, and PDE5 inhibitors might be
more potent cGMP-induction agents than sGC stimulators [43]. In
light of these points, the combination of a sGC stimulator and PDE5 in-
hibitor for fibrosis treatment might have additive effects, and this treat-
ment paradigm will be a challenge for future research.
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Fig. 4. Effects of sildenafil on ®SMA expression in healthy (n = 3) and SSc (n = 5) skin. fibroblasts. Fibroblasts were treated with 1-100 pM sildenafil in the presence of 10 ng/ml. TGF31
for 72 h, and aSMA (ACTA2) expression was assessed using quantitative. RT-PCR (A) and immunofluorescence (B). For immunofluorescence, 100 uM sildenafil. was added in the presence
or absence of 10 ng/ml TGF-31. Representative data from. three independent experiments are shown. * = p < 0.05.
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Fig. 5. Western blotting analysis of pro-fibrotic proteins, SSc skin fibroblasts. were incubated with 100 pM sildenafil with or without 10 ng/ml TGF-31 for 72 h, and. equal amounts of cell

lysate were immunoblotted for type [ collagen, CTGF, «SMA and GAPDH. Representative images are shown in (A), and blot density was. measured (B). Representative data from three
independent experiments are shown.* = p < 0.05.
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Fig. 6. The anti-fibrotic effects of sildenafil on SSc skin fibroblasts (n = 3) were mediated. via non-canonical TGF-f3 signaling. SSc skin fibroblasts were incubated with 100 uM. sildenafil 1 h

prior to the administration of 10 ng/ml TGF-31 for 60 min, and cell. lysates were collected for Western blotting, Phospho-Smad3/Smad 3 expression (A). The phospho-p38/p38 (B) and
phospho-ERK 1/2/ERK1/2 (C) ratios were quantified. Representative data from three independent experiments are shown. * = p < 0.05.
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Recently, anti-fibrotic mechanisms of activated PKG that are unrelat-
ed to TGF-3 signaling have been demonstrated. PDE5 inhibition and
subsequent PKG phosphorylation reportedly suppress G protein
coupled receptor (GPCR) pathways by activating regulator of G protein
signaling (RGS) in mice [2,23,24,44}. Inhibiting fibrotic GPCR stimulants
such as ET-1 via RGS might contribute to the anti-fibrotic effects of the
PDES5 inhibitor, which requires further examination.

The sildenafil concentrations used in this study were much higher
than the clinically relevant dose. High sildenafil concentrations inhibit
PDE1 and PDES5 activity [45], and we demonstrated that PDE1A was
expressed in skin fibroblasts. However, PDE1A has a higher affinity for
cGMP than cAMP [45], and the intracellular cAMP levels, as measured
using an EIA kit (Cayman Chemical), after sildenafil treatment were
not higher than the control group (data not shown). Although these
data did not fully demonstrate that sildenafil had little influence on in-
tracellular cAMP levels, the anti-fibrotic effects of sildenafil might be
primarily due to increased cGMP levels.

In conclusion, we demonstrated anti-fibrotic effects of the PDE5 in-
hibitor sildenafil and a relationship between intracellular cGMP levels
and TGF-f3 signaling. Sildenafil reduced the expression of type I collagen,
CTGF and aSMA at the mRNA and protein levels in SSc skin fibroblasts
after TGF-B1 stimulation. The phenomenon of higher basal intracellular
c¢GMP levels in SSc fibroblasts compared with control fibroblasts might
explain the response of SSc fibroblasts to sildenafil. We also determined
that the anti-fibrotic effects of sildenafil were exerted through non-
canonical Smad signaling. The PDES5 inhibitor sildenafil might be a
novel treatment for improving tissue fibrosis in addition to improving
vasculopathy. The anti-fibrotic activity of sildenafil should be warranted
by the further research using in vivo models and clinical trials.
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associated gene 5) ki, ADM/CADM JEB)
CHRRBICALOWSHCHAETH 27, #i
MDAS5 #L k5 % @ ADM/CADM JE B i2 B \»
T, 80% DLEICESEREMMA acute inter-
stitial pneumonia (AIP)AS& b b, T d AIP
DEFEFELIE, IME7 <) F U EF L BT
5 EhbhoT &Y. ADM/CADM iZ&
BF L7z AIP 25473 % &SRB BIHIR I AL
HTHEFEIBNI EWbho Tz, E07:
O, RETIE, HRCTIHAR TOMBRENBEE
THIMFE7 = F EH500ng/mi L ETH
i, BE» SR L REMHRELTO &
WHEREI NS, LR TIE, YrukAT773IF
(0.5~0.6 g/#AKIEE (m?)) % 2~3 BRI 1 B,
HiGEEYT 5. FARCEISREAT oL FEL
T7V F=vno (PSL) & T, 0.8~1mg/
HE(kg) ORRE, Y270 AEY VD 3mg/
HE (kg OWREHHAT 5. BARBREE
HELLEZYS, 720 F VEPEFBRICETY
5T, YIUFRAT7 I FEHERETS.

PM, DMIZA LN BHT X / 7 ¥V tRNA
& B % aminoacyl tRNA synthetase (ARS)

M7I/T7YIIVIRNA G | EHMEH X (E2s 50K
BEE (ARS) itk BHEOET)

i Jo-1 Hitk

B PL-7 HiiE

H PL-12 Hitk

# 0J Hitk

HEJ il

HLKS #ifh
# MDAS #iff BERFEEOERGR, &

TR R %

# SRP #ifk 2704 RERMEDEE
i Mi-2 itk BERGR, BRRIGHERTF
HTIF-1y#Hik BMEEESHT IERTGA

pufkix, BAE, 6B LoBEIHRE ST
Wa, IhLDEPTRDEEIFIE VD D,
o1 Pk TH 5. ZhbDH ARS HifkEtE
DRIEWIE BRI, BEED 5 VB ICEST
S5 FEMERM %% BmEE 0% UL L) &Y
5. La»L, ThoolEEmMmEL, BITKRE
A704 FEREDOREMHBEISER TH
D, ERFREILBRNWBEBIFTHE oK
ARSHIEZ BT HREBBE, Hi BHEikL
BMEEMAZFRICEHT L EPRETH
5. FIZ, $UPL-12 Puk R T ld i KRERIC
ZUL HEERELZ A LN, SREREYE
Blig L BRI ENTWAERICRD LN Z & A
b5, WEIL, BFREATTA FEL 0.6~
0.8mg/fh&E(kg) %2712 AR3~6mg D
BRZAIT). 270 AARMPRERZE=
¥—LT, bI3785~10mg/mlil%bL9
RS 5.
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MER

MERDEREE~ —H —i, JUIFHERME
B P4k anti-neutrophil cytoplasmic antibody
(ANCA) Db Twb. ANCA 21 2 3
OXBIERD H, FhZFh MPO (myeloper-
oxidase)-ANCA & PR3 (proteinase 3)-ANCA
LERTWAE, IhHD ANCADRREDLNS
MERE2 ANCABHEMBERLER, Chbo
MR, ZOBRKRERICLY, BEMENS
&1 % & microscopic polyangiitis (MPA), %
FIME XM AFEEE granulomatosis with poly-
angiitis (GPA), FEERRMES RME RIENFIE
JE eosinophilic granulomotosis with polyangi-
itis (EGPA)2%®% 4. GPA, EGPA i, LIEiiZ,
Wegener W 3 JlE fiE, Churg-Strauss JEBE# &
FRE Tz, MPA IE, B EMER
KB LUOWRELAEEECEHT L. T/,
GPA, EGPA ICiZ, MilICAFEEME RKRE
EHT S BRE AIEREATUAL FE
PSL#5 T0.6~1 mg/#AE (kg) ICTHBL 2~
4 BARBIERA ICHRT 5. AEIC, Y7ok
A7 73 FEEEEL05g/RERR (M)
BECTHIC1EATY, 3~6» Akl T 5. ¥
OARA77 I FPRTRIZ, 7THFFEFT) >
50~100 mg I THEFRREZ TV, BIBFHEX
T4 F% 10mg UTICRET 5.

BEEnU DY F (RA)

RA &, FHPEMZ EO/NEHEROICE
ZHEOBESAEY EERE TS, BRICHVOR
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DHEBEE—A—IE, VU< b FET (RF)
EHICCPHETH B, LBICERE FEBER
80% LLEtfE~nHEzH Y, FHEETEV.
U F il LIRS RA ICEBET 5 R
#1%, HRCT L, #HHi% 29 5 usual inter-
stitial pneumonia (UIP)/3% — > #2352 &
BEL, ZOBTIIFEEIRETHS. 6T
AHEEEIREICIVENVDID S5, 19~33%
LEahTwa®, MEBMEZEHT HEMNT
WX RF PSEHCEMETHY, BOREOHED
RBENG, BENLERE L DEAFS
A, R EOBRIHEL EBICEHHET LS
LdbdYy, B HRCT TORENFLET
HbH. T, ##EALH % organizing pneumo-
nia (OP) 2 &P 3 5. REMIHEEEZIT> T
57O RRFEMRIHEL 25 2 LBV,
REREZEL, NEBBRE;ERZWREIC OP
BdHb. OP DHRIBEIFREAT 0L FET
»Y, BREEHELIKESRELLZOT, Th
LOENIBEETDHS.
21— U EREE(SS)

RA ZKWTRERPLVBERILSS TH
HLimshsg, BEH1: UBECEREN
KEBRICSVWRETHS. SSOERBEE~Y —
# —13, Pt SS-A (Ro) Fifk & §it SS-B (La) #T
RThHbH. FEHLMBERETRLE LA &
Hr=ru7) VIE, YA RF G
HALIELIERED SN A, BRERE LTI,
HRERSEBLCAONEFHRATHS. IS
REBEROBLVRENITHS. Thbid, B

— 581 —



