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Abstract

Autophagy is one of essential intracellular self-degradation systems, and
known to maintain the homeostatic balance between the synthesis,
degradation and recycling of cellular proteins and organelles. Recently, an
association between autophagy and systemic sclerosis (SSc) has been
suspected, but the details remain unclear. Therefore, in this study we
immunohistologically investigated the expression of an autophagosome
marker protein, microtubule-associated protein 1 light chain 3 (LC3), to know
the implication of autophagy-lysosome system in the pathogenesis of skin
fibrosis/sclerosis observed in scleroderma model mice and SSc patients. In
bleomycin (BLM)-injected scleroderma model mice, the number of LC3-
positive puncta was significantly higher than that in PBS-injected control
mice. As for SSc, more LC3-positive puncta were observed in the lower
region of dermis in the sclerotic phase of SSc patients than in controls. On
the other hand, such a drastic difference was not observed in the edematous
phase of SSc. These results suggest that changes in the autophagy-

lysosomal degradation system reflect progression of skin fibrosis in SSc.
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Introduction

Autophagy is one of essential intracellular self-degradation systems, being
known to maintain a homeostatic balance between the synthesis, degradation
and recycling of cellular proteins and organelles [1, 2, 3]. It is induced by a
variety of stress stimuli, such as nutrient starvation, and ischemia, and is
initiated with the formation of a double membrane structure, called an
isolation membrane, which elongates to enclose the portion of cytoplasm
and/or organelles. When the isolation membrane completely closes, it
becomes autophagosome, which further acquires lysosomal enzymes by fusion
with lysosomes for the degradation of its contents. The resultant structure
is called autolysosome. Several Atg (autophagy related gene) proteins, such
as Atgh, Atgl2, and microtubule-associated protein 1 light chain 3 (LC3), are
involved in these steps. Among them, LLC3 is known to be recruited on the
isolation membrane and the molecules on the inside of the double membrane
are degraded and those on the outer membrane are released to the cytoplasm
by Atg4. Therefore, LC3 can be a marker of the isolation membranes,
autophagosomes, and a fraction of autolysosomes [4, 5, 6, 7].

Impairments of autophagy are often associated with various disease states,
such as malignant tumor, heart failure, type 2 diabetes mellitus, and
neurodegenerative disease [8, 9, 10, 11, 12]. Recently, it has been reported
that autophagy is associated with idiopathic pulmonary fibrosis (IPF) and
autoimmune diseases such as systemic lupus erythematosus and rheumatoid
arthritis [13, 14, 15]. Systemic sclerosis (SSc) is a multiorgan connective

tissue disease characterized by vasculopathy, systemic autoimmunity, and



fibrosis/sclerosis. It has been previously shown that the skin specimens from
SSc patients contain more intense LC3 immuno-reactivities than those from
healthy controls [16]. However, another report demonstrated that SSc
fibroblasts showed impaired autophagy [17]. Therefore, mechanisms of how
autophagy-lysosomal system altered in SSc tissues remains elusive. In the
present study, we investigated the state of autophagy-lysosomal system in the

skin of mouse scleroderma-model and SSc patients.

Method

Mouse samples

Specific pathogen-free C3H/Hed female mice (6-week old) were purchased
from CLEA Japan, Inc. (Tokyo, Japan). They were housed in a controlled
environment (21-24°C, 60% humidity, 12-h light/dark cycle), and fed ad
libitum. All experimental procedures in this study were approved by the
Animal Care and Use Committee of Fukushima Medical University. The
scleroderma mouse model was established according to a previous study [18].
Bleomycin (BLM) was obtained from Nippon Kayaku Co. Ltd. (Tokyo, Japan).
After filter sterilization, 100 ul of BLM (500 pg/ml) or phosphate-buffered
saline (PBS) was intradermally injected into the shaved backs of the mice
once daily for 5 days/week, for 2 or 4 weeks. The mice were then divided into
four groups (PBS 2 weeks, PBS 4 weeks, BLM 2 weeks and BLM 4 weeks),

with n = 5 in each group. Skin samples were biopsied from the injected site.



Human samples

The SSc patients had been diagnosed according to the SSc diagnostic
criteria outlined by the Japanese Dermatological Association.  They
included 5 edematous phase SSc (E-SSc) patients and 5 sclerotic phase SSc
(S-SSc) patients, whose clinical characteristics are shown in Table 1. Skin
samples were biopsied from their forearm. As controls, skins of benign
tumor patients such as epidermal cyst and verruca vulgaris, were biopsied
from the forearm. All experimental procedures in this study were approved

by the Ethics Committee of Fukushima Medical University.

Immunohistological analyses

The samples were paraffin-embedded and sectioned at 3 pm thickness,
which were then deparaffinized and rehydrated. For evaluation of skin
fibrosis, the sections were stained with hematoxylin and eosin (HE) or anti-a
smooth muscle actin (aSMA) antibody. For the immunohistochemistry of
aSMA, the section was incubated with 3% hydrogen peroxide in methanol,
and then blocked with 10% normal goat serum (Nichirei Biosciences, 426042).
Next, the section was incubated with the anti-aSMA antibody (Abcam,
ab7817) at a dilution of 1:100 in an antibody diluent (Roche Diagnostics, 251-
018) for 1.5 h at room temperature, followed by the incubation with a mixture
of peroxidase-conjugated goat anti-mouse and anti-rabbit IgGs (Nichirei
Biosciences, 424151, Simple Stain MAX PO [MULTI] ) for 30 min at room
temperature. Color development was performed in a solution containing

0.12 mg/ml diaminobenzidine and 0.02% hydrogen peroxide. The sections



were counterstained with hematoxylin. For immunohistofluorescence, the
sections were blocked with 5% normal donkey serum (Jackson, 017-000-121),
and incubated overnight with rabbit monoclonal antibody against LC3A
(Abcam, ab52768; at a dilution of 1:400 in the blocking solution) and mouse
monoclonal antibody for aSMA (Abcam; at a dilution of 1:400 in the blocking
solution) at 4°C. As secondary antibodies, donkey anti-rabbit IgG
conjugated with a fluorescent dye, Alexa Fluor 488 (Jackson, 711-545-152),
and donkey anti-mouse antibody conjugated with Alexa Fluor 594 (Jackson,
715-585-150) were used. Hoechst 33342 (Invitrogen, H3570) was used as
nuclear staining. The sections were washed with PBS containing 0.1%
Tween-20. They were viewed with a laser scanning confocal microscope,
FV1000 (Olympus, Japan). For quantification, five regions of interest (ROI)
with 105 x 105 pm were randomly captured in the dermis of the mice, and in
the upper and lower dermis of the patients. The number of LC3-positive
puncta was counted in the ROI, while excluding the area of blood vessels, hair
follicles, nerves, and arrector pili muscles. The values were further divided

by the number of nuclei in the ROI.

Statistical analysis

All of the data were expressed as box-and-whisker plot and analyzed using
EZR software (version 1.35; Saitama Medical Center, Jichi Medical University,
Japan) [19]. Statistical difference was evaluated by the Mann-Whitney U

test or the Steel Dwass test. P<0.05 was considered statistically significant.



Results

LC3-positive puncta in BLM-treated mouse skin

By HE-staining, apparent dermal fibrosis was observed after 4-week
treatment of BLM compared to control PBS, but the difference was not so
evident after 2-week treatment (Figure 1A-D). aSMA-positive
myofibroblasts were detected more often in the dermis from 4 weeks of BLM-
treated mice compared to PBS-treated mice, but the difference was not
significant after 2 weeks of treatment (Figure 1E-H). Therefore, we conclude
that the BLM-induced fibrosis was successful after 4 weeks of the treatment.

We next performed immunohistofluorescence microscopy using anti-LC3
antibody. It was firstly confirmed that this antibody labeled autophagy-
related structures, because the number of LC3-positive puncta increased in
the starved mouse liver compared to fed mouse liver (Figure 2A). In BLM-
treated mice, LC3-positive puncta were often observed in dermal cells (Figure
2C). When the number of LC3-positive puncta per cell was counted, it was
significantly higher in BLM-treated mice than in PBS-treated mice after 4
weeks of treatment (P < 0.05 in Mann-Whitney U test, n=5; Figure 2D).
However, there was no significant difference between them after 2 weeks of
treatment.

Additionally, we evaluated mouse treated with BLM together with
Ki16425 that is an antagonist for lysophosphatidic acid (LPA) receptors, LPA;
and LPA3, and has been previously reported to inhibit dermal fibrosis in BLM-

induced scleroderma model mice [20]. The inhibitory effect of the reagent on



the fibrosis was observed by HE-staining, and the number of LC3-positive

puncta was low and similar to those in PBS-treated mice (Figure 2E).

LC3-positive puncta in SSc patients

HE-analysis revealed that dermal fibrosis in S-SSc was more severe than
that in E-SSc (Figure 3A and B), and collagen bundles in the lower dermis
were denser than the upper dermis both in E-SSc and S-SSc (Figure 3A and
B). As shown in Figure 3C and D, numerous aSMA-positive myofibroblasts
were observed in the lower dermis of the S-SSc specimens, while they were
hardly detected in the upper dermal region of S-SSc or any dermal region of
E-SSc. In immunohistofluorescence for LC3, a few punctate signals were
observed in some dermal cells in the control and E-SSc specimens (Figure 4A
and B). Notably, however, dermal cells in S-SSc appeared to contain more
LC3-positive puncta than those in other specimens (Figure 4C). When
counted, the number in the lower region of S-SSc was significantly higher
than the same region of control (P < 0.05 in Steel Dwass test; Figure 4D) or
than the upper region of S-SSc. (P< 0.05 in Mann-Whitney Utest; Figure 4D).
On the other hand, there was no significant difference in the upper dermis

between the S-SSc, E-SSc, and control specimens.

Discussion
This study demonstrated that dermal cells of BLM-treated mice contained

more LC3-positive puncta than the control mice, and that the lower dermis of



S-SSc patients also contained more LC3 positive puncta than the control.
These results suggest that the autophagy-lysosomal system is affected by
BLM-induced signaling and the progression of SSc pathology. Given that
LC3 localizes at isolation membrane, autophagsomes, and a portion of
autolysosomes [5, 6, 7], the increase in the number of LC3-puncta reflects the
autophagy activation and/or the suppression of lysosomal degradation of LC3.
It has previously been reported that autophagy is activated after BLM-
treatment in mouse lung tissue and a mouse alveolar epithelial cell line, MLE
12 [21, 22, 23], which are well consistent with the present results of BLM-
induced LC3-puncta in the mouse dermis. However, because these studies
had not carried out flux assays in vivo, it remains unclear if autophagy was
really activated in BLM-treated mice. Moreover, it should also be noted that
Patel et al., recently showed that autophagy is not activated in the lung of
IPF, probably mediated by the action of TGF [15]. Therefore, BLM-induced
cellular events in vitro and pathological process of SSc in vivo may be
different. Additional assessments of autophagic activity, for example by
examination of phosphorylation of mammalian target of rapamycin, isolation
membrane-specific markers, and /or lysosomal markers, should be addressed
in future.

The present study pointed out key notions for future pathological analyses
on SSc relative to autophagy-lysosomal pathway. First, an antagonist for
LPA; 3 receptor, Ki16425, appeared to suppress BLM-induced LC3-positive
puncta, suggesting the reagent may suppress autophagy. Thus, the cross-

talks of the signaling pathways of LPA, BLM, and autophagy might be



important to understand the SSc pathology. Second, the number of LC3-
positive puncta increased in the lower dermis of S-SSc, but not of E-SSc or in
the upper dermis of either SSc patients. As demonstrated in the present and
previous studies, the lower dermis of SSc contains increased collagen bundles,
fibronectin and myofibroblasts [24, 25, 26].  Therefore, nutritional
insufficiency of fibroblasts in this region may directly induce autophagy or
somehow suppress lysosomal degradation. It may also be possible that
cellular differentiation into myofibroblasts involves autophagy-lysosomal
degradation. In fact, recent report proposed that insufficient autophagy
might promote myofibroblast differentiation in IPF patients [27].

It is well known that transforming growth factor-81 (TGF-81)/Smad
signaling plays a key role in the pathogenesis of SSc [28, 29]. Thus, it has
been shown previously that TGF-B expression was enhanced in SSc lesions
[30], and postnatal activation of TGF-B signaling in mice caused SSc-like skin
fibrosis [31], and the genetic ablation of Smad3 in mice reduced BLM-induced
fibrosis and collagen synthesis [32]. Moreover, TGF-8 induces the
conversion of fibroblast to myofibroblast, which strongly induces collagen
synthesis [29]. On the other hand, TGF-81 has been reported to increase the
mRNA expression of several Atgs, such as Beclin 1, Atgh, Atg 7, death-
associated protein kinase (DAPK) and LC3 through both Smad-dependent
and independent pathway [33, 34, 35]. Also, inhibition of autophagy by
chemical antagonists (chloroquine and 3-methyladenine), or knockdown of
Atgh or Atg7 resulted in the attenuation of liver fibrogenesis [36] or

transdifferentiation of cardiac myofibroblasts [37]. These lines of evidence
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together with the present data indicate intimate links between TGF-B/Smad
pathway, autophagy, and fibrosis. A drawback of the above considerations is
that the precise function of autophagy-lysosomal systems in the SSc fibrosis

has not been uncovered, which should be crarified in future.
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Figure legends

Figure 1. Histological evaluations of BLM-treated mice

Mice were treated with PBS (A, C, E and G) or BLM (B, D, F and H) for 2
weeks 2w, A, B, E and F) or 4 weeks (4w, C, D, G and H). The skins were
examined by HE staining (HE, A-D) or immunohistochemistry for aSMA
(aSMA, E-H). Boxed region in H is magnified and shown in inset. Arrows

in H indicate aSMA-positive myofibroblasts. Scale Bars, 50 pm.

Figure 2. Immunohistofluorescence for LLC3 in BLM-treated mice

Mice liver with (Stv) or without (Fed) 24-hour starvation were processed
for immunohistofluorescence microscopy using anti-LC3 antibody (red, A).
Nuclei are stained with Hoechst (blue). Scale bar, 10 uym. Skins from mice
treated with PBS (B) or BLM (C) for 2 weeks (2w) or 4 weeks (4w) were double
immunolabeled using anti-LC3 (green) and anti-aSMA (red) antibodies
followed by appropriate secondary antibodies. Nuclei are stained with
Hoechst 33342 (blue). Boxed regions are magnified and shown on the right.

Arrows indicate LC3-positive puncta observed in dermal cells.  Scale bars,
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10 pm. LC3-positive puncta were counted as described in Materials and
Methods and expressed as a box-and-whisker plot in D. “3” indicates
significant difference (P < 0.05 in Mann-Whiteny Utest). Mice treated with
BLM and Kil6425 were examined by HE staining (HE, E) and
immunohistofluorescence for LC3 and aSMA (LC3/aSMA, E). Nuclei are
stained with Hoechst 33342 (blue). Scale bars, 50 pm in HE and 10 pm in

LC3/aSMA.

Figure 3. Histological evaluation of the skins from SSc patients

E-SSc (A and C) and S-SSc (B and D) specimens were examined by HE-
staining (HE, A and B) or immunohistochemistry for aSMA (C and D).
Upper (Up) and lower (Lo) regions of dermis (boxed) in each low magnification
picture are magnified and shown in the bottom, respectively. Arrows in D

indicate aSMA-positive myofibroblasts. Scale bars, 100 pm.

Figure 4. Immunohistofluorescence for LC3 in the dermis of SSc patients

Control (A), E-SSc (B) and S-SSc (C) specimens were examined by double-
immnostaining for LC3 (green) and aSMA (red). Upper (Up) and lower (Lo)
regions of the dermis are shown. Boxed regions are magnified and shown on
the right. Arrows indicate LC3-positive puncta observed in dermal cells.
Scale bars, 10 pym. LC3-positive puncta were counted as described in
Materials and Methods and expressed as a box-and-whisker plot in D. “3k”
and “* *” indicate significant difference (P < 0.05) by Mann-Whiteny U test

and Steel Dwass test, respectively.
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Figure 1. Histological evaluations of BLM-treated mice.
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Figure 2. Immunohistofluorescence for LLC3 in BLM-treated mice
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Figure 3. Histological evaluation of the skins from SSc patients
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Figure 4. Immunohistofluorescence for LC3 in the dermis of SSc patients
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Table 1. Clinical characteristics of SSc patients

SSc

type Age Sex

Skin symptoms

other than skin fibrosis  Autoantibody

Lesions of

internal organs

LC3-positive puncta per cell

upper dermis

lower dermis

E-SSe 55 F Raynaud centromere 0.12 0.026
Raynaud,
63 F nail fold bleeding and = 0.164 0.25
extension
63 F : U1l-RNP interstitial lung disease 0.203 0.39
68 F mai il blee.dlng s centromere 0.027 0.133
extension
9 M = centromere 1nl.;ersl;1t1a_l _lung rjhseast.e, 0.163 0.063
primary biliary cirrhosis
S8Se 7 F nail fo_ld ble_eo:lmg and Sl-70 1nterst1t1.al1 lung d}_sgase, 0.047 0.911
extension, digital ulcer arthritis, myositis
27 F Raynaud, nail fold bleeding ~ U1-RNP 0.061 0.243
47 F Raynaud, leg livedo = interstitial lung disease 0.149 0.625
51 F Raynaud, nail fold bleeding centromere arthritis 0.14 0.968
interstitial lung disease,
63 M Raynaud, digital ulcer : aortic regurgitation, 0.396 0.515

left ventricular hypertrophy
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