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EBI3 Downregulation Contributes to Type I Collagen
Overexpression in Scleroderma Skin

Hideo Kudo,' Zhongzhi Wang,' Masatoshi Jinnin, Wakana Nakayama, Kuniko Inoue,
Noritoshi Honda, Taiji Nakashima, Ikko Kajihara, Katsunari Makino, Takamitsu Makino,
Satoshi Fukushima, and Hironobu IThn

IL-12 family cytokines are implicated in the pathogenesis of various autoimmune diseases, but their role in the regulation of ex-
tracellular matrix expression and its contribution to the phenotype of systemic sclerosis (SSc) remain to be elucidated. Among the
IL-12 family members, IL-35 decreases type I collagen expression in cultured dermal fibroblasts. IL-35 consists of p35 and EBI3
subunits, and EBI3 alone could downregulate the protein and mRNA expression of type I or type III collagen in the presence or
absence of TGF-B costimulation. We found that collagen mRNA stability was reduced by EBI3 via the induction of miR-4500. The
IL-35 levels in the sera or on the surface of T cells were not altered in SSc patients, while EBI3 expression was decreased in the
keratinocytes of the epidermis and regulatory T cells of the dermis in SSc skin compared with normal skin, which may induce
collagen synthesis in SSc dermal fibroblasts. We also found that gp130, the EBI3 receptor, was expressed in both normal and SSc
fibroblasts. Moreover, we revealed that EBI3 supplementation by injection into the skin improves mice skin fibrosis. Decreased
EBI3 in SSc skin may contribute to an increase in collagen accumulation and skin fibrosis. Clarifying the mechanism regulating
the extracellular matrix expression by EBI3 in SSc skin may lead to better understanding of this disease and new therapeutic
strategies using ointment or microinjection of the subunit. The Journal of Immunology, 2015, 195: 3565-3573.

characterized by fibrosis of the skin and internal organs.

The hallmark of this disease is the activation of fibro-
blasts and excessive deposition of the extracellular matrix
(ECM), mainly type I collagen, which consists of a1(I) and a2(I)
collagen (1, 2). The interactions among endothelial cells, lym-
phocytes and/or macrophages may trigger the activation of
fibroblasts (3, 4), which is mediated by cytokines and growth
factors, such as TGF-B1, connective tissue growth factor,
platelet-derived growth factor (PDGF), insulin-like growth factor
(IGF) and IL-1, IL-6, and/or IL-7 (5-12). Accordingly, investi-
gation of the cytokine network mediating fibroblast activation of
SSc will be useful for clarifying the molecular mechanism(s) of
this disease.

E ; ystemic sclerosis (SSc) is a connective tissue disorder
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The IL-12 family cytokines (IL-12, IL-23, IL-27, and IL-35)
are heterodimeric proteins that share subunits, and are produced
by APCs, including macrophages and dendritic cells. Although they
play roles in the regulation of T cell differentiation, the effect of each
cytokine may be different; for example, IL-12 and IL-27 regulate Thl
differentiation, while IL-23 is essential for Th17 survival.

In the current study, we investigated the effects of IL-12 family
cytokines on ECM expression. We found that IL-35 and its EBI3
subunit downregulate the expression of collagen. In addition, we
also compared the expression pattern of IL-35 and EBI3 in the sera
and skin between normal subjects and SSc patients, and demon-
strated the involvement of EBI3 signaling in the abnormal ECM
regulation seen in SSc.

Materials and Methods

Reagents

Recombinant human I.-12, IL-23, IL-27 and TGF-B were obtained from R&D
systems (Minneapolis, MN). Human IL-35 was purchased from Chimerigen
Laboratories (San Diego, CA). Human p19 and p28 were obtained from
Abnova (Taipei, Taiwan). Human p35, p40, Epstein Barr virus—induced
gene 3 (EBI3) and mouse EBI3 were from PROSPEC (Ness Ziona, Israel).

Patients

Serum samples were obtained from 33 patients with SSc (5 males and 28
females; age range, 2485 y; mean, 58.7 y): 13 patients had diffuse cu-
taneous SSc and 20 had limited cutaneous SSc (1cSSc). All patients ful-
filled the criteria the proposed by the American College of Rheumatology
(13). Ten patients with systemic lupus erythematosus (SLE), 12 patients
with dermatomyositis (DM) and 9 patients with scleroderma spectrum
disorder (SSD), who did not fulfill the American College of Rheumatology
criteria for SSc but were likely to develop SSc in the future based on
proposed criteria (14-16), were also included. Control serum samples were
collected from 15 healthy volunteers. PBMCs were obtained from hepa-
rinized venous blood of SSc patents, SLE patients and healthy volunteers
using gradient centrifugation over Vacutainer CPT (BD, Franklin Lakes,
NIJ) (17, 18). The skin biopsy specimens from SSc patients were obtained
from lesional skin. Control skin samples were from routinely discarded
skin of healthy human subjects undergoing skin grafts.
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Institutional review board approval and written informed consent were
obtained before the patients and healthy volunteers were entered into this
study, according to the Declaration of Helsinki.

Cell cultures

Human dermal fibroblasts were obtained by skin biopsies from normal skin
of 7 healthy human subjects and affected dorsal forearm of 7 diffuse cu-
taneous SSc patients (19). Institutional Review Board approval and written
informed consent were obtained according to the Declaration of Helsinki.
Monolayer cultures independently isolated from different individuals were
maintained at 37°C in 5% CO, in air. The cells were serum-starved for 24 h
before all experiments.

Cell lysis and immunoblotting

Cultured fibroblasts were washed twice with cold PBS and lysed in De-
naturing Cell Extraction Buffer (Biosource International, Camarillo, CA).
Aliquots of the cell lysates (normalized for the protein concentrations)
were separated by electrophoresis on 10% NaDodSO,4-polyacrylamide gels
and transferred onto polyvinylidene difluoride filters. The polyvinylidene
difluoride filters were then incubated with Abs against type I collagen
(Southern Biotech, Birmingham, AL), gpl30 or B-actin (Santa Cruz
Biotechnology, Santa Cruz, CA). The filters were incubated with the ap-
propriate secondary Ab, and the immunoreactive bands were visualized
using ECL system (Amersham Biosciences, Arlington Heights, IL).

The measurement of Procollagen Type 1

The concentration of procollagen type I was measured using the Pro-
collagen Type I C-peptide (PIPC) EIA Kit (Takara Bio, Shiga, Japan)
according to the manufacturer’s instructions (20). Briefly, primary Ab
against pro-collagen type I C-peptide (PIPC) was precoated onto micro-

FIGURE 1. The effects of IL-12 family cytokines on
the collagen expression in normal dermal fibroblasts.

EBI3 IN SCLERODERMA

titration plates. Samples were added into each well, followed by incubation
with a peroxidase-labeled anti-PIPC secondary Ab. The absorbance of the
solution was measured at 450 nm using a microplate reader. The con-
centration of PICP in the samples was calculated from the standard curve.

RNA isolation, array analysis and quantitative real-time PCR

Total RNA was extracted from cultured cells with ISOGEN (Nippon Gene,
Tokyo, Japan) or from paraffin-embedded sections with RNeasy FFPE
kit (Qiagen, Valencia, CA).

For the array, first-strand cDNA was synthesized from the RNA using RT?
First Strand Kit (Qiagen). The cDNA was mixed with RT> SYBR Green/
Rox qPCR Master Mix (Qiagen), and the mixture was added to 96-well
Extracellular Matrix and Adhesion Molecules PCR Array (Qiagen). PCR
was performed on Takara Thermal Cycler Dice (TP800) (Takara Bio,
Shiga, Japan). The threshold cycle (Ct) for each gene was determined
using Thermal Cycler Dice Real Time System version 2.10B (Takara Bio).
The raw Ct was normalized using the values of housekeeping genes.

For quantitative real-time PCR, first-strand cDNA was synthesized using
the PrimeScript RT reagent Kit (Takara Bio) (21). The GAPDH primer was
purchased from Qiagen, and the other primers were from Takara Bio. DNA
was amplified for 40 cycles of denaturation for 5 s at 95°C and annealing for
30 s at 60°C, on Takara Thermal Cycler Dice. The relative expression of each
gene of interest and GAPDH were calculated by the standard curve method.

microRNAs (miRNAs) were obtained from the total RNA of cultured
cells using RT? Quantitative PCR-Grade miRNA Isolation Kit (Qiagen).
Mir-X miRNA First-Strand Synthesis Kit (Clontech Laboratories, Moun-
tain View, CA) was used for cDNA synthesis from miRNAs. Primers
(Takara Bio) and templates were mixed with SYBR Advantage Quanti-
tative PCR Premix (Clontech Laboratories). DNA was amplified for 40
cycles of denaturation for 5 s at 95°C and annealing for 20 s at 60°C on
TP800. The raw Ct of each miRNA was normalized to that of U6.
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(A) The IL-12 family cytokines are composed of the

a-chain (p19, p28 or p33) and B-chain (p40 or EBI3). 2 e ] 2 EY
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Immunoblotting was performed as described in Fig.1B.
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type 1 collagen quantitated by scanning densitometry
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Plasmid construction

A construct consisting of the full-length human «2(I) collagen promoter
linked to the chloramphenicol acetyltransferase (CAT) reporter gene and
a series of 5'-deletion of the construct were generated as described pre-
viously (22).

Transient transfection

For the CAT assay, fibroblasts were transfected with promoter constructs
employing Lipofectamine 2000 (Invitrogen, Carlsbad, CA), as described
previously (22). To correct for minor variations in the transfection effi-
ciency, we included pSV-B-galactosidase vector (Promega, Madison, WT)
in all transfections.

For reverse transfection, control or miR-4500 mimic (Snmol/L) mixed
with Lipofectamine RNAIMAX (Invitrogen) were added when cells were
plated, followed by incubation at 37°C in 5% CO,.

CAT assay

Constructs with CAT reporter were transfected, and cells were harvested
atter 48 h of incubation. The CAT activities in cell lysates were assayed
colorimetrically using CAT-ELISA (Roche, Mannheim, Germany) (23).

The measurement of serum IL-35 concentrations

The serum IL-35 levels were measured with the Human IL-35 ELISA Kit
(Cusabio, Wuhan, China) (24). Briefly, an Ab against IL-35 was precoated
onto microtiter wells. Aliquots of serum were added to each well, followed

A +

FIGURE 2. The effects of EBI3 on the
type I collagen expression in normal dermal
fibroblasts. (A) Normal human fibroblasts
were treated with EBI3 (100 ng/ml) for
12 h. The mRNA levels of TIMP-1 were
determined by real-time PCR (n = 3). (B)
Normal fibroblasts were treated with EBI3
(0-100 ng/ml) for 12 h in the absence or
presence of TGF-B. The mRNA levels of o
indicated genes were determined by real- EBI3 -~
time PCR (n = 3). *p < 0.05. (C) Fibro-
blasts were incubated in the presence or
absence of EBI3 for 12 h before the addi-
tion with 2.5 pg/ml actinomycin D for 6 or
12 h. The a2(I) collagen mRNA expression 100
was analyzed by real-time PCR (n = 3).
The values were expressed as a percentage
of the value at time O and are plotted on
a scale. *p < 0.05. (D) Upper panel,
Fibroblasts were incubated in the presence
or absence of EBI3 for 24 h before the
addition of cycloheximide (10 pg/ml). Cells
were harvested at 2 or 4 h after cyclohexi-

Relative TIMP1 mRNA levels

O

Percentage of remaining
a(D) collagen mRNA
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by incubation with peroxidase-conjugated Abs against IL-35. Color was
developed with hydrogen peroxide and tetramethylbenzidine peroxidase,
and the absorbance at 450 nm was measured. Wavelength cotrection was
performed for absorbance at 540 nm. The concentration of IL-35 in each
sample was determined by interpolation from a standard curve.

Flow cytometry

The Fc receptor of PBMCs was blocked with FcR Blocking Reagent
(Miltenyi Biotec GmbH, Bergisch Gladbach, Germany). For dual color flow
cytometry, the cells in each test tube were incubated for staining with
a rabbit anti-CD3 Ab (Abcam, Cambridge, United Kingdom) and mouse
anti-EBI3 (Abnova) or p35 (R&D) Ab. Then, the cells were incubated with
an anti mouse IgG (H+L) secondary Ab, Oregon Green 488 conjugate
(Thermo, Rockford, IL) and anti-rabbit PE Ab (Jackson ImmunoResearch,
Suffolk, UK). Data were acquired using the Guava easyCyte flow
cytometer (Millipore, Billerica, MA) to measure the fluorescence signals.
CD3*EBI3* or CD3*p35* cells were gated based on the forward-sideward
scatter profiles.

Immunohistochemistry

Wax-embedded sections (4-pm thickness) were dewaxed in xylene and
rehydrated in graded alcohol. For the immunostaining of EBI3 or gp130,
Ags were retrieved by incubation with citrate buffer (pH 6) for 9 min using
a microwave. The endogenous peroxidase activity was inhibited with
a solution of 0.3% hydrogen peroxide in methyl alcohol, after which the
sections were blocked with 5% donkey serum for 20 min and then reacted

B

1 [Jel(1) collagen
4 1 B «2(1) collagen

a1 () collagen

Relative wanscript levels
Yo

04 = -
EBImg/ml) 0 10 100 0 10 100
TGFp - - - + + +

D Normal fibroblasts
EBI3 EBI3(+)

——EBI3(-)

mide was added, and immunoblotting was 0
performed. A representative result of three
independent experiments is shown. Lower
panel, The levels of type I collagen quan-
titated by scanning densitometry were
expressed as the percentages of the val- E
ues at time 0, and were plotted on a scale
(n = 3). The dotted line indicates the levels
in EBI3-stimulated fibroblasts, and the solid
line indicates the control levels. (E) The
indicated «2(I) collagen promoter dele- i
tion constructs were transfected into 3500

normal fibroblasts in the absence or pres-
ence of EBI3 (100 ng/ml) for 24 h (n = 3).

The bar graph represents the fold-stimula-
tion of CAT activity in EBI3-stimulated
cells relative to that in control cells (1.0).
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with an Ab against EBI3 (Abcam) or gp130 (Santa Cruz Biotechnology)
at 4°C. After excess Ab was washed out with PBS, the samples were
incubated with HRP-labeled anti-mouse Ab (Nichirei, Tokyo, Japan) at
37°C.

The reaction was visualized using diaminobenzidine substrate system
(Dojin, Kumamoto, Japan). Slides were counterstained with Mayer’s
hematoxylin and examined under a light microscope (Olympus BX50;
Olympus, Tokyo, Japan).

Immunofluorescence

Paraffin sections were deparaffinized in xylene and rehydrated in
a graded ethanol series (25). Ags were retrieved by incubation with
0.1% trypsin at 37°C for 5 min. The slides were permeabilized in 0.5%
Triton-PBS for 5 min and blocked in 5% nonfat dry milk for 30 min at
room temperature. As the primary Abs, rabbit anti-EBI3 (1:50; Abcam)
with mouse anti-CD25 (1:20; R&D) diluted in 5% milk in PBS, were
applied to the sections. The sections were incubated overnight at 4°C
followed by PBS-0.05% Triton X-100 washes. Then, Alexa Fluor 488
anti-mouse and Alexa Fluor 594 anti-rabbit secondary Ab were applied
to the sections. After incubation for 1 h at room temperature, the
sections were washed and mounted. A Zeiss Axioskop 2 microscope
(Carl Zeiss, Oberkochen, Germany) was used for detection of the
staining.

Intradermal treatment with bleomycin

Bleomycin (Nippon Kayaku, Tokyo, Japan) was dissolved in PBS at
a concentration of 1mg/ml and was sterilized by filtration. Bleomycin
(300p.g) or PBS was injected intradermally into the shaved backs of 6 wk-
old BALB/c mice 6 times per week for a month, as described previously
(26-29). Injections were performed using a 27-gauge needle. The back
skin was removed on the day after the final injection. Then, the skin
samples were fixed in 10% formalin solution, and embedded in paraffin.
Sections were stained with H&E. The dermal thickness was evaluated by
measuring the distance between the epidermal-dermal junction and the
dermal-fat junction in H&E sections under 100-fold magnification by 2
investigators (H.K. and W.N.) in a blinded manner.

Hydroxyproline assay

To estimate collagen production indirectly, the level of hydroxyproline in
the skin tissue was determined by the QuickZyme Hydroxyproline Assay
(QuickZyme Biosciences, the Netherlands) according to the manufac-
turer’s instructions (30). Briefly, the skin tissue was acid hydrolyzed by
6M HCIL. The hydroxyproline content was then assessed by spectropho-
tometry at 570nm.

EBI3 IN SCLERODERMA

Collagen assay

The amount of collagen in the skin paraffin sections was quantified using
Semi-Quantitative Collagen Assay Kit (Chondrex, Redmond, WA). After
being dewaxed in xylene and rehydrated in graded alcohols, sections (20
wm in thickness) were immersed in staining solution at room temperature
for 30 min. The staining solution was removed, and bleaching solution was
added to measure the absorbance at 540 nm and 605 nm in ND-1000
spectrophotometer (NanoDrop technologies, Wilmington, DE). The col-
lagen concentration was calculated based on the following formula: Col-
lagen (g / section) = (ODsqp — (ODgps X 0.291)) / 37.8 X 1000 (31).

Statistical analysis

The data presented as bar graphs are the means = SE of at least three
independent experiments. The statistical analysis was carried out with
Mann-Whitney U test for the comparison of the medians, and Fisher’s
exact probability test for the analysis of the frequencies. The p values
<0.05 were considered to be significant.

Results
EBI3 downregulated the collagen expression in normal
fibroblasts

As an initial experiment, we examined the effects of the IL-12
family cytokines (Fig. 1A) on the collagen expression in normal
fibroblasts by immunoblotting. The protein synthesis of type I
collagen was increased slightly by IL-12, whereas it was de-
creased by TL-23 and IL-35 (Fig. 1B). IL-27 did not alter the
collagen expression. Furthermore, we also determined whether
each subunit of the IL.-12 family affects the collagen levels. Type I
collagen expression was not affected by p19, p28 p35, and p40
(Fig. 1C). On the other hand, we found that collagen protein was
decreased only by EBI3 (Fig. 1D), which occurred in a dose-
dependent manner in the presence or absence of coincubation
with TGF-B1. These effects of EBI3 on type I collagen expression
and levels of C-terminal propeptides of type I collagen (PIPC)
were statistically significant (Fig. 1E).

EBI3 downregulated the stability of collagen mRNA

Accordingly, we focused on the effects of EBI3 on the ECM ex-
pression. We performed a PCR array of 84 ECM-related genes

Normal fibroblasts

o

FIGURE 3. The effects of miR-4500 on the collagen
expression in normal fibroblasts. (A) Normal fibroblasts
(n = 5) were serum-starved for 24 h and were treated with
EBI3 (100 ng/ml) for 12 h. The total miRNA was extracted,
and the relative levels of type I collagen-related miRNAs
were determined by real-time PCR (normalized to U6).
The bar graph represents the fold-stimulation of miRNA
expression in EBI3-stimulated cells relative to that in
control cells (1.0). *p < 0.05. (B) Normal fibroblasts at
a density of 1 X 10° cells/well in 24-well culture plates 0

Relative microRNA levels

were transfected with control miRNA mimic or miR-4500 33‘3 &
&

mimic for 48 h. Cell lysates were then subjected to im-
munoblotting. A representative result of three independent
experiments is shown.
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using RNA obtained from dermal fibroblasts stimulated with or
without EBI3 for 12 h. When a 2-fold difference determined by the
AACt method was considered meaningful, 18 of the 84 genes were
upregulated and 22 genes were downregulated in EBI3-treated
fibroblasts in comparison with untreated cells (complete dataset
available at the Gene Expression Omnibus microarray data re-
pository, http://www.ncbi.nlm.nih.gov/geo/, accession number
GSE68649). Among them, for example, TIMP! expression was
upregulated by EBI3 in the array, however, the increase became
insignificant in the real-time PCR results with more samples (n =
3; Fig. 2A). The list of genes up- or downregulated in the EBI3-
treated cells both by the PCR array and by real-time PCR for

3569

validation are shown in Supplemental Table I; genes that could not
be confirmed by real-time PCR were excluded from the list. In the
array, the expression of human o2(I) and al(IIl) collagen gene
was decreased by EBI3 (0.38- and 0.08-fold, respectively). Con-
sistently, quantitative real-time PCR using specific primers for
o2(D) and «1(IM) collagen as well as a1(I) collagen showed that
the mRNA expression of these collagens was significantly reduced
by EBI3 in the presence or absence of coincubation with TGF-81
(Fig. 2B).

To determine whether the downregulation of type I collagen by
EBI3 takes place at the transcriptional level or translational level,
the stability of type I collagen mRNA and protein was examined.

A“WO- B g

2 oo, 2 O BB o
) = 3 ® p3s

= . . H . 3 »5 4

@25

g R g

g . * ¢ . £ 5 8 =
g —_ H 3 - o S o
Ewg Ty & — T TS $ %

@ CE T 2 Lo *
K I 3 ° v °
= 2 057 o® of

g 0 oL

“ Normal ~ $S¢  SLE

Nomal S§Sc¢  SSD SLE DM

EBI3
C *
v ! 1
H *
s = E
z
E CD25
2
(] EBI3
Normal  SSc
G merge
3 H -+ .
3 )4
"1 +F R
z
4
£
&
-
=
0
Nomal deSSe leSSe

FIGURE 4. The in vivo expression of IL-35 and EBI3. (A) The serum IL-35 levels in patients with rheumatic diseases. Serum samples were obtained
from patients with SSc (n = 33), scleroderma spectrum disorder (SSD, n = 9), systemic lupus erythematosus (SLE, n = 10) or dermatomyositis (DM, n =
12), and from normal subjects (n = 15). The IL-35 concentrations were determined by ELISA kit. The bars show the mean of each group. (B) Celi-bound
levels of EBI3 or p35 on CD3* T cells determined by immunofluorescent flow cytometry in patients with rheumatic diseases. PBMC samples were obtained
from patients with SSc (n = 5), systemic lupus erythematosus (SLE, » = 3) and from normal subjects (r = 5). The relative mean fluorescent intensity of EBI3
(white circles) and p35 (black circles) are shown on the ordinate. The bars show the means. The mean values in the samples from normal subjects were set
at 1. (€) Total RNA was extracted from skin tissue samples derived from 12 patients with SSc and 6 normal subjects. The quantitative real-time PCR was
performed to determine the mRNA expression of EBI3. The mean value in samples from normal subjects was set at 1. *p < 0.05. (D) Paraffin sections were
subjected to an immunohistochemical analysis of EBI3 expression. Normal human skin (left panel) and SSc-involved skin (right panel), original mag-
nification X200. Representative results of 5 normal and 5 SSc skin samples are shown. (E) Sections of normal skin (l¢ff) or SSc—~involved skin (right) were
costained immunofluorescently with Abs against CD25 (green) and EBI3 (red). Representative results of 5 normal and 5 SSc skin samples are shown. (F)
Paraffin sections were subjected to an immunohistochemical analysis for gp130 expression. Normal human skin (left panel) and SSc-involved skin (right
panel), original magnification X400. Representative results of 5 normal and SSc skin samples are shown. (G) Total RNA was extracted from skin tissues
derived from 12 SSc patients and 6 normal subjects. The quantitative real-time PCR was performed to determine the mRNA expression of gp130. The mean
value in samples from normal subjects was set at 1.
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FIGURE 5. The effects of EBI3 on the type I collagen
expression in SSc fibroblasts. (A) SSc fibroblasts were
treated with EBI3 (100 ng/ml) for 24 h. Immunoblotting ’§ 2
was performed using Abs against type I collagen and —("
B-actin. A representative result of 3 independent experi- Z T
ments is shown. (B) SSc fibroblasts were treated with EBI3 % T
(100 ng/ml) for 12 h. Real-time PCR of type I collagen- ;:; _
related miRNAs was performed as described in Fig. 3A 2 b
(n = 3). (€) SSc fibroblasts, at a density of 1 X 10° cells/ §
well in 24-well culture plates, were transfected with con- =
trol miRNA mimic or miR-4500 mimic for 48 h. Cell
lysates were then subjected to immunoblotting. A repre- o
sentative result of three independent experiments is shown. D @ P P e A P ‘ > A AT @
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Because the steady-state level of mRNA is controlled by the level
of gene transcription and/or the stability of the mRNA, de novo
mRNA synthesis was blocked by actinomycin D, a RNA synthesis
inhibitor, in normal fibroblasts in the presence or absence of EBI3
to specifically assess the mRNA stability. As shown in Fig. 2C, the
decreased ratio of a2(I) collagen mRNA in the presence of EBI3
was significantly higher than that in the absence of EBI3. On the
other hand, when de novo protein synthesis was blocked with
cycloheximide, EBI3 stimulation had little effect on the protein
half-lives of type I collagen (Fig. 2D). Taken together, these
results suggest that the downregulation of type I collagen by EBI3
may be due to the decreased stability of collagen mRNA. Con-
sistent with these results, the promoter activities of serial 5'-
deletions of «2(I) collagen promoter construct linked to a CAT
reporter gene were not significantly altered by EBI3 (Fig. 2E).

We expected that miRNAs would be involved in the decreased
collagen mRNA stability by EBI3 treatment. Among the 18
miRNAs that are thought to target a1(I) and/or a2(T) chains of type
I collagen based on TargetScan version 6.2 (http://www.targetscan.
org), we found that only the expression of miR-4500 was signif-
icantly increased by EBI3 (Fig. 3A). The expression of both a1(I)
and a2(I) collagen protein was suppressed by transient transfec-
tion with miR-4500 mimic (Fig. 3B). Taken together, these results
suggested that EBI3 decreased the type I collagen mRNA ex-
pression by inducing miR-4500.

Expression of IL-35 and EBI3 in the sera and involved skin of
SSc patients

Next, we measured the serum levels of IL-35 in patients with
various rheumatic diseases by ELISA. As shown in Fig. 4A, the

Normal SSc

mean serum IL-35 levels in patients with SSc, SSD, SLE and DM
were not significantly different compared with those in normal
subjects. Supplemental Table II shows the association of the serum
1L-35 levels with the clinical and laboratory features in SSc
patients. Patients with decreased IL-35 levels (below the average
of normal subjects) had a significantly higher prevalence of tel-
angiectasia than those with normal levels (35.3% versus 6.3%,
p < 0.05). A flow cytometric analysis also showed that the levels
of p35 bound on CD3+ T cells did not differ among normal
subjects, SSc patients and SLE patients (Fig. 4B). The levels of
EBI3 bound on T cells were slightly increased in SLE patients, but
not statistically significant. Accordingly, the levels of circulating
and cell-bound IL-35 were comparable in normal subjects and SSc
patients.

In contrast, EBI3 mRNA expression in the involved skin of SSc
in vivo determined by real-time PCR was significantly lower than
that in normal skin (Fig. 4C). A major source of IL-35 is thought to
be regulatory T cells (Treg), and there are several reports indi-
cating that Treg is decreased in SSc skin (32, 33). Consistently,
immunohistochemical staining using paraffin-embedded skin sec-
tions showed that the expression of EBI3 protein was detected in
the keratinocytes of the epidermis and infiltrated cells of the
dermis in normal skin, but was hardly detected in the skin of SSc
patients (Fig. 4D). Furthermore, costaining of EBI3 and CD25 to
detect the presence of Tregs and to identify the cellular source of
EBI3 indicated fewer Treg (green) and EBI3-positive cells (red) in
SSc dermis, and the colocalization of these proteins (Fig. 4E).
Thus, EBI3 may be expressed in keratinocytes and Tregs of SSc-
involved skin and may be constitutively decreased. Furthermore,
immunostaining revealed that gpl30 protein was expressed to

— 671 —

9107 ‘81 Areniqa uo AISI0ATu() olowewnY Je /810 jounmi™mam /(1] oLy papeofumo(]



The Journal of Immunology

a similar extent in the fibroblast-like spindle-shaped cells of both
normal and SSc skin in vivo (Fig. 4F). This result was consistent
with similar gp130 mRNA levels between normal and SSc skin by
real-time PCR (Fig. 4G). Therefore, dermal fibroblasts may ex-
press gp130, and its level was not different between normal and
SSc fibroblasts.

EBI3 downregulated the collagen expression in SSc fibroblasts

Not only in normal fibroblasts (Figs. 1-3), but also in cultured SSc
dermal fibroblasts, EBI3 downregulated the collagen (Fig. SA) and
upregulated the miR-4500 expression (Fig. 5B). Consistent with
the in vivo results (Fig. 4), there were no differences in the gp130
expression between normal and SSc fibroblasts in vitro (Fig. 5C).
Taken together, these findings indicate that EBI3 may have an
inhibitory effect on the type I collagen expression, and the de-
creased EBI3 levels in SSc skin (but not SSc sera) contribute to
the increased collagen accumulation and tissue fibrosis.

Effects of EBI3 on the skin fibrosis induced by bleomycin in
mice

The skin fibrosis induced by bleomycin injection in mice has been
used as a murine model of SSc. The skin of control mice expressed
EBI3, while the EBI3 expression was decreased in mice with
bleomycin-induced skin fibrosis (Fig. 6A), as seen in SSc skin
(Fig. 4C, 4D). Accordingly, we tried to determine whether EBI3
supplementation could improve the skin fibrosis in this mouse
model of SSc. Bleomycin (300 pg) or PBS (as a control) was
locally injected in the backs of BALB/c mice 6 times per week for
one month, and at the same time, PBS or EBI3 (3.5ug) was also

A

FIGURE 6. Effects of EBI3 on bleomycin (BLM)-in-

duced skin fibrosis in vivo. (A) Paraffin sections of mouse

skin were subjected to an immunohistochemical analysis

for EBI3. (Left panel) A PBS-treated wild-type mouse,

(right panel) bleomycin-treated mouse, original magnifi- B
cation X200. A representative result of 5 samples is
shown. (B) The protocol for (C)—(E) is shown. Bleomycin
(300 pg) or a control (PBS) was locally injected into the
back skin of the BALB/c mice 6 times per week for
a month. At the same time, the control (PBS) or EBI3 (3.5
pg) was also injected into the back skin once per week
(total of 4 times a month). The back skin was obtained one
day after the final bleomycin injection. (C) H&E staining
of PBS- or bleomycin-treated mouse skin injected with the
control (PBS) (left) or EBI3 (right). Scale bar, 0.1 mm. A
representative result of 5 samples is shown. (D) The dermal
thickness was measured in the PBS- and bleomycin-treated

Bleomyein
{or contro}
PBS)
Glimesiweek
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injected once per week (4 times per month) (Fig. 6B). In the
absence of bleomycin injections, EBI3 slightly reduced the dermal
thickness (Fig. 6C). Bleomycin treatment without EBI3 induced
dermal fibrosis, with more thickened collagen bundles. However,
EBI3 decreased the bleomycin-induced dermal thickening. We
found the improvement of dermal thickening by EBI3 treatment
was statistically significant (Fig. 6D). In addition, increased ex-
pression of al(I) and «2(I) collagen as well as an increased
amount of hydroxyproline and collagen in the skin tissue section
by bleomycin was also significantly decreased by EBI3 (Fig. 6E).
Taken together, these findings indicate that EBI3 supplementation
could attenuate the skin fibrosis induced by bleomycin through
downregulating collagen.

Discussion
In this study, we examined the involvement of the IL-12 family
cytokines in the expression of the ECM. Among the various mol-
ecules examined, IL-35 decreased the collagen expression. IL-35
is a novel IL-12 family cytokine produced by Treg, but not by
resting or activated effector T cells. IL-35 is thought to mediate
the immune suppressive function of Tregs by maintaining self-
tolerance and preventing autoimmunity: for example, the deple-
tion of either IL-35 subunit (p35 or EBI3) in Tregs reduced their
ability to suppress the inflammation in inflammatory bowel disease
model mice (34).

Among the various subunits of the IL-12 family, of note, EBI3
affected the collagen expression in a dose-dependent manner
in vitro. In general, a subunit itself has no biological activity.

7,

mouse skin injected with control PBS or EBI3. The data 3
are shown on the ordinate (# = 5). The bars show the
means. *p < 0.05. (E) The mRNA levels of a(l) collagen
(white bars) and a2(l) collagen (black bars) in the PBS-
and bleomycin-treated mouse skin injected with control
PBS or EBI3 were determined by real-time PCR (n = 5).
The amount of hydroxyproline (light gray bars) and col-
lagen content (dark gray bars) in the skin sections were
quantified using assay kits. The mean values of untreated
skin were set at 1. *p < 0.05.
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Although I1.-12 and IL-23 increased and decreased the collagen
expression, respectively, their subunits did not have any effect on
the collagen expression. These other subunits may therefore exert
effects only when they form heterodimers. The reason why EBI3
itself can affect ECM expression is currently unknown, however,
EBI3 may form a complex with endogenous p35 or other proteins
after its addition to the cell culture medium. Further studies are
needed to clarify this point.

1L-35 expression has been thought to be specific to Tregs, be-
cause EBI3 is a downstream target of Foxp3 (35). However,
according to recent reports, EBI3 is also expressed in other cell
types, including intestinal epithelium and aortic smooth muscle
cells (36, 37). Our results suggested that epidermal keratinocytes
as well as Treg express EBI3, and this expression was decreased in
the SSc skin. IL-35 was also reported to induce the proliferation of
Treg populations, but suppress Th17 cell development (38). We
have previously reported an increase of IL-17 expression in SSc
patients (39). The decrease of EBI3 may also contribute to the
induction of IL-17.

We demonstrated that the supplementation of EBI3 inhibited
bleomycin-induced skin fibrosis in a mouse model, which indicates
the therapeutic potential of EBI3 for the fibrotic condition of SSc.
To date, corticosteroids, cyclophosphamide and methotrexate are
considered to be the first-choice drugs against the severe skin fi-
brosis of SSc (40, 41). However, these conventional treatments
usually have limited effects. Furthermore, these treatments are
often accompanied with various significant adverse effects (42).
Treatment with the EBI3 subunit may lead to fewer adverse effects
than treatment with the IL-35 heterodimer, because EBI3 treat-
ment may have more specific effect on fibrosis. Furthermore,
because the EBI3 level was decreased in the SSc epidermis, the
local supplementation of EBI3 using an ointment or microinjec-
tion into the epidermis may be sufficient, and would further reduce
the possibility of side effects. One potential limitation associated
with this study is that our results indicated that EBI3 can prevent
bleomycin-induced fibrosis, but we did not show the effect of
EBI3 on postfibrotic skin by bleomycin, which is the more real-
istic clinical scenario. Furthermore, Yamamoto et al. reported that
C3H/He] mice are more sensitive to bleomycin than BALB/c mice
(26-28). We used BALB/c mice because this mouse strain was
available in our laboratory and because effects of cytokines have
been tested in bleomycin-treated BALB/c mice in several papers
(43-45), however, the effect of EBI3 and bleomycin should also
be examined in other mice strains. Future studies should focus on
clarifying these points, which may lead to a better understanding
of this disease and new therapeutic strategies.
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Background: Integrins, especially av integrin (ITGAV), are thought to play central roles in tissue fibrosis
and the pathogenesis of scleroderma. So far, skin phenotype of tissue-specific transgenic mice of ITGAV
have not been investigated.
Objective: To investigate the role of ITGAV in the skin fibrosis, we engineered transgenic mice that
overexpress ITGAV in the fibroblasts under the control of the COL1A2 enhancer promoter.
Methods: Protein or RNA expression was evaluated by real-time PCR, immunohistochemistry,
immunoblotting and immunoprecipitation.
Results: Dermal thickness and Masson's trichrome staining were decreased in ITGAV transgenic (Tg) mice
compared with wild-type (WT) mice. Protein and mRNA levels of COL1A2, COL3A1, CTGF and integrin
B3 were down-regulated in the skin of Tg mice. In addition, the cell proliferation of cultured dermal
fibroblasts obtained from Tg mice skin was decreased compared to those of WT mice.
FAK phosphorylation was reduced in fibroblasts cultured from Tg mice skin in comparison to WT mice
fibroblasts. Integrin B3 siRNA inhibited FAK phosphorylation levels, while FAK inhibitor reduced the
expression of collagens and CTGF in mice dermal fibroblasts.
Conclusions: The down-regulation of collagen or CTGF by decreased integrin 33 and FAK phosphorylation
may cause the dermal thinning in Tg mice. Lower CTGF may also result in reduced growth of Tg mice
fibroblasts. Our hypothesis is that the balance between o and 8 chain of integrins positively or negatively
control collagen expression and dermal thickness. This study gave a new insight in the treatment of tissue
fibrosis and scleroderma by balancing integrin expression.

© 2015 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland Ltd. All rights

reserved.

Keywords:
Integrin av
Transgenic mice
MMP-1

1. Introduction

Integrins are a glycoprotein family of heterodimeric transmem-
brane receptors that attach cells to extracellular matrix (ECM) or to
cell surface ligands. Integrins consists of « and 3 subunits. To date,
18 « subunits and 8 (3 subunits are found, which can generate at
least 24 different heterodimers.

In mammals, the av integrin subunit (ITGAV) can form
heterodimer with  chains 1,3,5,6, and 8. ITGAV also binds to
Arg~Gly-Asp (RGD) motif of fibronectin, vitronectin, osteopontin

* Corresponding author at: Masatoshi Jinnin (MD, PhD), Department of
Dermatology and Plastic Surgery, Faculty of Life Sciences, Kumamoto University,
Honjo 1-1-1, Kumamoto 860-8556, Japan. Fax: +81 96 373 5235.

E-mail addresses: mjin@kumamoto-1.ac.jp, jinjin1011@hotmail.com (M. Jinnin).

heep:fidxdotorg/ 101016/ jdermsci.2015.06.008

as well as latency-associated peptide (LAP) of transforming growth
factor (TGF)-B1 or -B3. Through such interaction with other
molecules, ITGAV have been implicated in various cellular
responses to injury, immunity, angiogenesis and tumor progres-
sion {1}

Systemic sclerosis (SSc¢) is an acquired disorder characterized by
ECM deposition and tissue fibrosis of skin and internal organs.
Although the mechanism of the ECM deposition is still unclear,
many of the characteristics of fibroblasts cultured from fibrotic
skin of SSc in vitro are similar to those of normal fibroblasts
stimulated by TGF-f31. Considering that TGF-$1 is one of the most
potent inducers of ECM deposition [2] and that SSc dermal
fibroblasts produce excessive amounts of various collagens
(especially type I and type Il collagens) [3-5], the ECM deposition
in SSc may be a result of stimulation by TGF-81 signaling.

0923-1811/ © 2015 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland Ltd. All rights reserved.
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Bioactive TGF-31 usually wrapped by LAP, forming the small
latent complex (SLC). LAP prevents bioactive TGF-$1 from binding
to its receptors, resulting in the TGF-1 inactivation. Physical
interactions of LAP with integrins lead to the release of bioactive
TGF-B1 [6,7]. Previously we showed that active and total (active
and latent) TGF-1 levels in the culture media of SSc fibroblasts are
not increased compared to those in normal fibroblasts [8].
Accordingly, the ECM deposition in SSc may be caused by
intrinsically activated TGF-( signaling, without increasing the
concentration of active TGF-f31. As the mechanisms of activating
endogenous latent TGF-B1 in SSc fibroblasts, we have recently
reported the overexpression of integrin avf35 and av3 in these
cells {7,9,10]. These integrins may recruit and activate SLC only in
the pericellular region of SSc fibroblasts, which increase the

incidence of interaction between active TGF-B1 and its receptors.
Therefore, overexpression of integrins, especially ITGAV, is thought
to be the most upstream event of TGF-31 activation and ECM
deposition in SSc fibroblasts.

To date, there have been several mice models of skin fibrosis
(e.g. bleomycin-injected mice or Fra-2 knockout mice) {11}].
However, these mice did not show clinical skin sclerosis but only
the histological fibrosis. To develop SSc mice model with apparent
skin sclerosis and to investigate the role of ITGAV in the skin
fibrosis, we engineered transgenic mice that overexpress ITGAV in
the fibroblasts under the control of o2(I) collagen (COL1A2)
enhancer promoter (Fig. 1a). However, contrary to our expectation,
mice overexpressing ITGAV in fibroblasts exhibit dermal thinning
of the skin.

Xbal BamH! Agel Nott

oA >

(a)
BamH! Xho! Xbal
COL1A2 enhancer & promoter
Kpni WT skin

(b}

Tg skin

Fig. 1. The expression of integrin av in the skin of transgenic mice.

Flag-integrin av-HA

Tg skin Al

(d)

gkin thicknass
<>
o

i

(a) Schematic presentation of the transgene construct. The construct consists of a Agel and Notl fragment containing the entire coding region of integrin v cDNA with Flag

and HA tag under the COL1A2 enhancer promoter followed by a globin poly-A tail.

(b) Paraffin sections of mice skin were subjected to immunohistochemical analysis for HA tag or Ki-67. Representative results of 4 WT mice and 4 Tg mice (male; n =2, female;

n=2) are shown. Scale bar =20 um.

(¢, d) Hematoxylin and eosin (HE, left panels) and Masson’s trichrome staining (right panels). Representative results of WT mice skin (male; n =6, female; n=9) and Tg mice
skin (male; n=5, female; n=7) are shown. Original magnification x 40, Scale bar=50mm (c).
The graph depicts dermal thickness of Tg and WT mice. Bars show means =+ SE. *p < 0.05 (d).
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2. Materials and methods
2.1. Plasmid construction

Full-length mice ITGAV cDNA with a HA or Flag tag at the c-
terminus was subcloned into the BamH I and Xha I site of the
PEGFP-1-COL1A2 enhancer and promoter vector [ 12} (Fig. 1a). The
construct was sequenced to confirm the orientation.

2.2. Transgenic Mice

pEGFP-1-COL1A2-ITGAV DNA fragment was microinjected into
fertilized eggs of C57BL/6 mice to generate transgenic founders.
Founders were screened by reverse transcription-PCR (RT-PCR)
using primers complementary to ITGAV and Mfe I[-coding
sequences, as well as Southern blot analysis.

All mice were bred and maintained at the animal facility under
specific pathogen-free and temperature-controlled environment
with a 12 h light/dark cycle, and were fed a standard diet and water
ad libitum. Eight- to 10-week-old mice were used for the
experiments. All animal experimental protocols in this study
were approved by the Committee on the Animal Research at
Kumamoto University. We confirmed that consistent results were
obtained in mice derived from at least 3 independent founders in
each experiment.

2.3. Histological studies and immunohistochemistry

Tissue samples of mice back skin were fixed in 4% paraformal-
dehyde for 24 h. The specimens were then embedded in paraffin,
sectioned and stained with hematoxylin and eosin (HE) or
Masson’s trichrome, before being evaluated by light microscopy.
Dermal thickness was evaluated by measuring the distance
between the epidermal-dermal junction and the dermal-fat
junction in HE sections under 100-folds magnification using
Digimizer Image Analysis software (MedCalc Software bvba,
Ostend, Belgium).

For immunohistochemistry, paraffin-embedded sections were
dewaxed in xylene and rehydrated in graded alcohols. The sections
were treated with protein K (DakoCytomation, Carpinteria, CA) for
10 min. Immunohistochemistry was performed with HA antibody
(Roche, Mannheim, Germany 1:500) or Ki-67 (Abcam, Cambridge,
United Kingdom, 1:100).

2.4. Cells

NIH3T3 cell were purchased from ATCC (Manassas, VA). Mouse
dermal fibroblasts were cultured from the mice back skin {13].
Primary explant cultures were established in Dulbecco’s Modified
Eagle Medium {GIBCO, Carlsbad, CA) supplemented with 10% FCS.
Fibroblasts between the third and sixth subpassages were used for
experiments.

2.5. RNA extraction and real-time PCR analysis

Total RNA was extracted from cultured cells or skin tissues using
Isogen (Nippon Gene, Tokyo, Japan). First-strand cDNA was
synthesized by PrimeScript RT reagent Kit (Takara, Otsu, Japan).
Quantitative real-time PCR used primers and templates mixed
with SYBR Premix Ex Taq Il Kit (Takara). Primer sets were
purchased from Takara. DNA was amplified for 40 cycles of
denaturation for 5s at 95°C and annealing for 30s at 60°C.
Transcript level of gene of interest was normalized to that of
GAPDH in the same sample.

2.6. Immunoblotting

Cell lysates were obtained from cultured cells and skin tissues
using Denaturing Cell Extraction Buffer (Biosource International,
Camarillo, CA). Aliquots of the cell lysates (normalized for protein
concentrations measured by BCA kit) were separated by electro-
phoresis on 10% SDS-polyacrylamide gels and transferred onto
polyvinylidene difluoride filters. After blocking with 1% milk, the
polyvinylidene difluoride filters were then incubated with primary
antibodies. The filters were incubated with secondary antibody,
and the immunoreactive bands were visualized using Super
Signal® West Femto Maximum Sensitivity Substrate (Thermo,
Rockford, IL). The density of each band was measured using
Quantity One 1D analysis software (version 4.6.6) on ChemiDoc
XRS System (Bio-Rad Laboratories, Hercules, CA).

Primary antibodies against integrin B1, B5, paxillin, phospho-
paxillin, JNK, and phospho-JNK were purchased from Cell signaling
(Beverly, MA). Antibody against MMP-1 or CTGF was from Thermo
or Abcam, respectively. Anti-type I or type III collagen antibody
was from SouthernBiotech (Birmingham, AL). Anti-ITGAV, integrin
B3, B6, B8, smad3, p-smad3, FAK, p-FAK, and B-actin antibodies
were from Santa Cruz Biotechnology (Santa Cruz, CA). Precision
Plus Protein Standards All Blue (Bio-Rad Laboratories) was used for
size marker.

2.7. Biotinylation and immunoprecipitation

After washed with PBS, confluent quiescent cells were
incubated with membrane impermeant NHS-LC-Biotin (Pierce,
Rockford, IL) dissolved at 0.5mg/ml in PBS at 4°C for 30 min.
Whole-cell lysates were used for immunoprecipitation as de-
scribed previously {7]. The immunoprecipitates were subjected to
SDS-PAGE, and immunoblotting was performed as described above
using antibody against streptavidin coupled to horseradish
peroxidase (Santa Cruz Biotechnology).

2.8. Measurement of TGF- concentrations

Active TGF-B1 levels were measured with specific ELISA kit
(Mouse TGF31 ELISA Kit, Boster, Fremont, CA). Briefly, antibody for
TGF-31 was precoated onto microtiter wells. Aliquots of sample
were treated by activating reagents, and added to each well,
followed by biotinylated antibody to TGF-31. Color was developed
with Avidin-Biotin-Peroxidase Complex working solution, and the
absorbance at 450 nm was measured. The concentration of TGF-
B1 in each sample was determined by interpolation from a
standard curve.

2.9. The transient transfection

siRNA against integrin 83 and negative control siRNA were
purchased from Santa Cruz Biotechnology. Lipofectamine RNAi-
MAX (Invitrogen, Carlsbad, CA) was utilized as a transfection
reagent.

siRNAs were mixed with the transfection reagent for reverse
transfection, and then added when cells were plated, followed by
incubation at 37°C in 5% CO,.

2.10. Cell count

Mouse dermal fibroblasts were plated at a density of 10° cells/
well in 6-well culture plates. After incubation, the cells were
detached from the wells by trypsin treatment, and counted using
Coulter Counter {Beckman Coulter, Jersey City, NJ).
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Fig. 2. Protein levels of extracellular matrix-related molecules in the skin of integrin av transgenic mice in vivo.

Cell lysates obtained from the skin of WT mice and Tg mice were subjected to Immunoblotting. To show the bands for integrin av protein are the right size (125kDa), size
marker was also included in the blot. B-actin levels were shown as controls. Results are representative of 9 WT or Tg mice (male; n=5 and female; n=4) (a).

The protein levels of each molecule quantitated by scanning densitometry and corrected for the levels of B-actin in the same samples are shown on the ordinate. The
maximum level in WT mice was set at 1. Horizontal bars indicate average values. Vertical bars show SE. *p < 0.05. **p < 0.01 (b). The ratio of «1(1)ct2(1) collagen was shown in
(c). The ratio in WT mice was set at 1.
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Fig. 3. mRNA levels of extracellular matrix-related molecules in the skin of integrin av transgenic mice in vivo.
mRNA levels of indicated genes measured by quantitative real-time PCR in the skin of WT mice (male; n=6, female; n=9) and Tg mice (male; n=5, female; n=7)are shown on
the ordinate, Bars show means. The maximum values in WT mice were set at 1. *p <0.05, **p < 0.01.

2.11. Statistical analysis 3. Results
All data are expressed as means =+ SE. Differences between 3.1. Phenotype of transgenic mice overexpressing ITGAV in dermal
2 groups were compared using Mann-Whitney's U test for non- fibroblasts
parametric variables by SPSS 17.0 (SPSS Japan Inc., Tokyo, Japan).
p < 0.05 was considered statistically significant. As an initial experiment, immunohistochemistry was per-

formed using anti-HA tag antibody to evaluate the expression of

— 679 —



Z. Wang et al./Journal of Dermatological Science 79 (2015) 268-278 273

(@) Size marker

. (c)

integrin av .
-

<4
. - 100kDa
WT fibroblasts  Tg fibroblasts

Retative MMP-1 expression

Retative Integan @ expression

(b)

Size marker

integrin av

©

o

Te

Reative *1(f) coliagen expression
Relative <2(1) coliagen expeassion

type | collagen % 5
type lil collagen % % !
¥ i
Integrin 3 £ Ze
o @©
Integrin B5
CTGF

Relative CTGF exprassion

Reltive integrn P85 oxpression

ﬁ~aCtin —

WT fibroblasts  Tg fibroblasts

f
(d) (e) , N— () 250000 -
20- ' O wr *
200000 -
< wT Q- A
;.f, 1.5 yd
g 150000 - yd
F;g 1.0 I
= 100000 -
<
2 05
& 50000 -
0.0
WwT 0
day 0 2 4 6 10

Fig. 4. Protein levels of extracellular matrix-related molecules in cultured mouse dermal fibroblasts.

(a) Cell surface proteins of cultured mouse dermal fibroblasts were labeled with biotin, and cell lysates were immunoprecipitated using anti-integrin av subunit antibody.
One representative of three independent experiments using 2 WT and 2 Tg mice (male; n= 1, female; n=1) is shown. To show the bands for integrin av protein are the right
size (125kDa), size marker was also included in the blot.

(b) Cell lysates of fibroblasts derived from WT mice or Tg mice were subjected to immunoblotting. B-actin levels were shown as controls. Results are representative of 6 WT or
Tg mice (fnale; n=3 and female; n=3).

(¢, d) The mRNA levels of each molecule measured by quantitative real-time PCR using mRNA obtained from dermal fibroblasts of WT mice and Tg mice. Bar graphs depict
means+SE of the results in the 6 WT or Tg mice (male; n=3 and female; n=3). The values of WT mice in each experiment were set at 1, and relative expression levels of
indicated genes were presented. *p < 0.05. **p < 0.01 (c). The ratio of a1(I)/a2(l) collagen was shown in (d). The ratio in WT mice was set at 1.

(e) Mouse cultured dermal fibroblasts derived from WT mice and Tg mice were incubated for 7 days. Micrographs of cells were shown. Original magnification x 40. One
representative of three independent experiments using 2 WT and 2 Tg mice (male; n=1, female; n=1) is shown.

(f) Cultured dermal fibroblasts derived from WT mice (white circles) and Tg mice (black circles) were incubated for indicated time course. Cell count was performed as
described in “Materials and Methods”. The y-axis indicates mean cell number. *p <0.05 compared with Tg mice fibroblasts.
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ITGAV in the skin of ITGAV transgenic (Tg) mice. ITGAV expression
was increased in fibroblast-like spindle-shaped cells of Tg mice
skin as compared to wild-type (WT) mice skin (Fig. 1b). Therefore,
we confirmed that ITGAV was successfully overexpressed in
dermal fibroblasts of the Tg mice.

Then, we compared skin phenotype of ITGAV Tg mice with that
of WT mice. The macroscopic appearance showed no obvious
difference between these mice. On the other hand, the histopath-
ological findings of the skin revealed dermal thickness and
Masson's trichrome staining were decreased in Tg mice compared
with WT mice (Fig. 1c); The decrease in the dermal thickness was
statistically significant (p <0.05, Fig. 1d). Taken together, these
results suggest that Tg mice showed thinned dermis accompanied
by decreased collagen expression.

3.2. The expression of ECM-related molecules was altered in ITGAV Tg
mice

The amount of ECM is one of the factors controlling dermal
thickness. To clarify the mechanism underlying the reduced
dermal thickness in Tg mice, the expression of ECM-related
molecules was determined by immunoblotting. As expected,
protein expression of ITGAV in the skin was significantly increased
in Tg mice compared to WT mice (Fig. 2a, b). The expression of
COL1A2 and «1(Ill) collagen (COL3A1) was reduced in Tg mice,
while the level of a1(I) collagen (COL1A1) was not changed (Fig. 2a,
b): The ratio of the expression of COL1A1/COL1A2 was slightly
increased in Tg mice skin, but not statistically significant (Fig. 2¢).
On the other hand, integrin 83 expression was reduced by the
ITGAV overexpression, while levels of integrin $1, B5, 36, or
38 was not affected (Fig. 2a, b). In addition, CTGF expression was
down-regulated, while MMP-1 expression was up-regulated in Tg
mice.

Consistently, mRNA levels of ITGAV or MMP-1 in Tg mice skin
were also significantly up-regulated, and those of COL1A2, COL3A1,
integrin B3 or CTGF was down-regulated in comparison to WT
mice (Fig. 3). Considering that CTGF is known to induce tissue
fibrosis while MMPs had negative effects on the amount of
ECM, our results suggest that the down-regulation of CTGF,
COL1A2 and COL3At1 as well as the up-regulation of MMP-1 at the
mRNA levels contribute to the decreased dermal thickness in
Tg mice.

3.3. In vitro experiments determining the expression of ECM-related
molecules using cultured mice dermal fibroblasts

Next, to confirm in vivo results, dermal fibroblasts were
cultured from the skin of WT and Tg mice. Immunoprecipitation
analysis showed fibroblasts derived from Tg mice skin overex-
pressed ITGAV on the cell surface (Fig. 4a), but WT mice fibroblasts
did not. Consistent with in vivo results, the up-regulation of ITGAV
or MMP-1 and the down-regulation of COL1A2, COL3A1, integrin
33 or CTGF were also found in Tg mice fibroblasts at the protein
and mRNA levels (Fig. 4b and c, respectively). The ratio of the
expression of COL1A1/COL1A2 was slightly increased in Tg mice
fibroblasts, but not statistically significant (Fig. 4d). To note, cell
number of cultured Tg mice fibroblasts were decreased compared
to fibroblasts of WT mice (Fig. 4e), and the decrease of cell
proliferation was statistically significant (Fig. 4F), which may also
contribute to the decreased dermal thickness of Tg mice.
Consistently, Ki67-positive spindle fibroblast-like cells were
decreased in Tg mice skin.

Similarly, cell surface expression of ITGAV was successfully
increased by the transfection of ITGAV into NIH3T3 cells, compared
to untransfected cells and empty vector-transfected cells (Fig. 5a).
The significant difference was found only in the expression of

ITGAV, integrin B3 and CTGF both at the protein levels (Fig. 5b, ¢)
and at the mRNA levels (Fig. 6) between cells transfected with
empty vector and ITGAV.

3.4. Decreased FAK phosphorylation mediates the down-regulation of
CTGF and collagen in mice fibroblasts

We further determined the detailed molecular mechanisms
that cause the alteration of ECM-related molecule expression
in Tg mice skin, by focusing on integrin-associated signaling
pathways. The relative levels of active TGF-$ in the culture media
(Fig. 7a) and phosphorylation state of Smad3 (Fig. 7b) in the Tg
mice fibroblasts were not changed compared with those in WT
fibroblasts. Thus, TGF-[3 signaling is less likely to be involved in the
mechanism.

On the other hand, among the downstream signaling molecules
of integrins such as FAK, paxillins and JNK, FAK phosphorylation
was reduced in Tg mice fibroblasts in comparison to WT
fibroblasts, although total FAK levels were not affected (Fig. 7b).
We confirmed that integrin 83 siRNA inhibited FAK phosphory-
lation levels (Fig. 7c¢), and FAK inhibitor (R&D Systems,
Minneapolis, MN) [14] decreased the expression of collagens
and CTGF in mice fibroblasts NIH3T3 (Fig. 7d). Accordingly,
reduced expression of collagen and CTGF in Tg mice skin may be
explained by the decrease of integrin 83 and subsequent FAK
phosphorylation.

4. Discussion

Integrins are thought to play various roles in each cell type.
Many researches have been performed to clarify the role of ITGAV
in each organ. For example, endothelial cell-specific conditional
knock out mice did not show vascular phenotype { 15]. Mice lacking
ITGAV in the immune system showed loss of Th17 cells in the
intestine and lymphoid tissues [16]. Furthermore, myofibroblasts-
specific depletion of ITGAV using Pdgfrb-Cre system can prevent
the lung and renal fibrosis { 17]. On the other hand, as far as we have
searched, skin phenotype of tissue-specific transgenic mice of
ITGAV was not reported. In the present study, we performed in vivo
and in vitro study using fibroblast-specific ITGAV transgenic mice,
and expected skin fibrosis by increased collagen expression, as
described in Introduction. However, the results indicated that
overexpression of ITGAV resulted in decreased dermal thickness in
mice skin. The decreased fibroblast proliferation, the down-
regulation of COL1A2, COL3A1, integrin B3 or CIGF, as well as
MMP-1 up-regulation may contribute to the skin change. This is
the first study indicating the complex and paradoxical role of
ITGAV in skin fibrosis.

Dermal thinning has been reported in SPARC-null mice and
amino-terminally truncated isoform of p63 transgenic mice
{18,18]: SPRAC is one of the matricellular proteins, and p63 is
highly expressed in the skin and appears to be an early marker of
keratinocyte differentiation. To note, fibroblast-specific knockout
of integrin 1 resulted in the dermal thinning accompanied by
less collagen expression [20]. Our hypothesis is that the balance
between integrin « chain and B chain may positively or
negatively control collagen expression and dermal thickness,
and that the down-regulation of integrin 33 by the ITGAV
overexpression as the negative feedback mechanism induced
dermal thinning.

We proved that reduced expression of collagen and CTGF in Tg
mice skin is due to the decrease of integrin B3 and FAK
phosphorylation. Several previous researches already reported
the effect of FAK on collagen expression {21,22]. Given that CTGF is
one of the mitogenic cytokines of fibroblasts, reduced growth of
dermal fibroblasts from Tg mice skin can be explained by the
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