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Anticancer monoclonal antibodies are a growing family of
novel agents applied in the treatment regimens for hemato-
poietic and solid tumors. Antibody-based therapeutic agents
against CD20 or Her2 have been successfully clinically devel-
oped and have significant therapeutic effects."”> Tumor-asso-
ciated antigens which are easily accessible from the tumor
neovasculature are particularly attractive for intravenously-
administered antibody-based therapeutic agents. During the
last decade, several new technologies for high-throughput
screening have identified many potential therapeutic targets.
Thus far, no single approach or combination of methods has
emerged as the preferred paradigm. It is clear that new tools
and strategies are needed so that tumor-associated antigens
can be screened efficiently.

Proteomic methods can now be tailored to search directly
for targetable cell-surface proteins that distinguish cancer
cells from normal cells. The complexity and concentration of
individual proteins in the sample are crucial when perform-
ing proteomic analyses because abundant proteins, such as
cytoskeletal proteins, may hinder the detection of low abun-
dance proteins, such as plasma membrane proteins.” One
way to enrich the potentially accessible cell-surface proteins
is by whole cell protein tagging followed by affinity purifica-
tion. A method for enrichment of such cell-surface proteins
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'effect agamst endomet al cancer both m wtra:and m v:vo,
for endometnal ca er ‘

via their biotinylation and affinity purification has been
reported.*> In most cases, concentrated cell-surface proteins
are separated by SDS-PAGE and the enzymatically digested
peptides are analyzed by mass spectrometry, while highly
accurate quantitative data cannot be obtained by using this
method. To acquire more quantitative information, stable iso-
tope labeling using amino acids in cell culture (SILAC) based
quantitative proteomics has been used, with high quantitative
accuracy; however, the SILAC approach has the limitation
that only a maximum of three samples can run in any single
analysis.*” Compared with SILAC, the more recently devel-
oped isobaric tags for relative and absolute quantitation
(iTRAQ) technology has a distinct advantage regarding sam-
ple number handling capability in a single analysis, because
iTRAQ can compare up to eight samples simultaneously.”*
Endometrial cancer is the most common malignant tumor
of the female genital tract. Its incidence varies among regions;
it is overall the fourth most common malignancy in North
America.’ In general, the prognosis of these patients is excel-
lent as the majority present with early-stage disease that is
confined to the uterus at the time of diagnosis, which is fol-
lowed by simple hysterectomy, leading to a 5-year survival
rate of 84%.” Unfortunately, those women who present with
recurrent or advanced-stage disease have a much poorer
prognosis, with a median survival of less than a year.'” To
date, combination chemotherapy of cisplatin, doxorubicin,
and paclitaxel has demonstrated the greatest efficacy.'’™'?
However, these cytotoxic agents are associated with intoler-
able side effects and infrequent sustainable remission.'"'?
Thus, new and more effective targeted therapies for endome-
trial cancer are urgently needed. However, thus far the search
for agents effective in the treatment of either recurrent or
advanced endometrial cancer has been disappointing.'?
Aiming for the identification of surface-accessible tumor
antigens best suitable for antibody-based therapeutic inter-
vention, it is important to analyze plasma membrane proteins
known to be involved in endometrial cancer. For this pur-
pose, we have utilized a novel proteomic technology by com-
bining biotinylation-based approach for cell membrane
enrichment and iTRAQ technology using nano liquid chro-
matography-tandem mass spectrometry (LC-MS/MS) analy-
sis. In this study, one normal endometrial cell line (EM-E6/
E7/TERT cells, immortalized normal endometrial cells) and
seven endometrial cancer cell lines were used as a compara-
tive model for studying the plasma membrane proteins
related to endometrial cancer. Among 272 proteins identified
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by iTRAQ analysis, bone marrow stromal antigen 2 (BST2)
was investigated in more detail. By immunohistochemical
analysis using actual clinical specimens, we found that the
expression level of BST2 was significantly higher in endome-
trial cancer tissues compared with normal endometrial tis-
sues. An anti-BST2 antibody showed potent antibody-de-
pendent cell-mediated cytotoxicity (ADCC) and complement-
dependent cytotoxicity (CDC) against BST2-positive endome-
trial cancer cells in vitro. In an in vivo xenograft model, anti-
BST2 antibody treatment significantly inhibited tumor
growth.

Taken together, our strategy of screening cell-surface tu-
mor-specific antigens might be useful for identifying new
therapeutic targets.

Material and Methods

Cell lines and cultures

We previously established an immortalized normal endome-
trial cell line (EM-E6/E7/TERT cells).** Nine human endo-
metrial cancer cell lines (HEC-1, HEC-1A, HEC-6, HEC-88nu,
HEC-108, HEC-116, HEC-251, SNG-II, and SNG-M cells)
were obtained from the Japanese Collection of Research Biore-
sources (JCRB, Osaka, Japan), where they were tested and
authenticated on June 30, 2011. The method used for testing
was multiplexed PCR amplification of eight short tandem
repeat loci (THO1, D5S818, DI13S317, D7S820, D16S539,
CSF1PO, vWA, and TPOX) and amelogenin was performed
using the PowerPlex™16 System (Promega, Madison, WI).
PCR-amplified fragments were analyzed with an ABI PRISM
310 Genetic Analyzer (Applied Biosystems, Foster City, CA).
Then the fragments were typed based on allelic ladders. EM-
E6/E7/TERT cells were maintained in a 1:1 mixture of DMEM
and Ham’s F12 medium (Wako Pure Chemical Industries,
Osaka, Japan) supplemented with 10% FBS (HyClone Labora-
tories, Logan, UT) and 1% penicillin-streptomycin (Nacalai
Tesque, Kyoto, Japan) at 37°C under a humidified atmosphere
of 5% CO,. HEC-1, HEC-1A, HEC-6, HEC-88nu, HEC-108,
HEC-116, and HEC-251 cells were maintained and propagated
in DMEM (Wako Pure Chemical Industries) supplemented
with 10% FBS and 1% penicillin-streptomycin. SNG-II and
SNG-M cells were maintained in Ham’s F12 (Invitrogen,
Carlsbad, CA) with 10% FBS and 1% penicillin-streptomycin.

Biotinylation of bovine serum albumin (BSA)
BSA (30 uM) was biotinylated with a 100-fold molar excess
of sulfosuccinimidyl 2-(biotinamido)-ethyl-1,3-dithiopropionate
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(sulfo-NHS-SS-biotin; Pierce, Rockford, IL) and desalted as
described previously."?

Capture of cell-surface proteins

To isolate cell-surface proteins, the normal endometrial cell
line (EM-E6/E7/TERT cells) and seven endometrial cancer
cell lines (HEC-1, HEC-1A, HEC-6, HEC-108, HEC-116,
HEC-251, and SNG-II cells) were grown to approaching con-
fluency (up to 90%) in three 15 cm dishes. Cells were washed
three times with prewarmed PBS and then the cell-surface
proteins were biotinylated for 15 min at room temperature
with 15 ml of 500 pM sulfo-NHS-SS-biotin solution dissolved
in PBS. The residual biotinylation reagent was quenched with
5 mM lysine for 5 min at room temperature. After biotinyla-
tion, the cells were washed with PBS twice, harvested by
scraping, and collected by centrifugation (1,500 rpm, 4°C, 5
min). Detailed methods of extraction and purification of bio-
tinylated cell-surface proteins are described in the Supporting
Information Materials and Methods section.

iTRAQ labeling

Trypsin-digested peptides were dissolved in 5 pl of 9.8 M
urea and 20 pl of 1M TEAB. Samples were labeled with the
iTRAQ reagent according to the manufacturer’s protocol
(Applied Biosystems). EM-E6/E7/TERT cells were labeled
with iTRAQ reagent 113, HEC-1 cells with 114, HEC-1A
cells with 115, HEC-6 cells with 116, HEC-108 cells with
117, HEC-116 cells with 118, HEC-251 cells with 119, and
SNG-II cells with 121. The labeled peptide samples were then
pooled and desalted with Sep-Pak Light C18 Cartridges
(Waters, Manchester, UK) and peptides were dried in a cen-
trifugal concentrator (Micro Vac MV-100, Tomy, Tokyo, Ja-
pan) before strong cation exchange (SCX) fractionation.

SCX fractionation

In order to remove excess unreacted iTRAQ reagent and to
simplify the complexity of the peptide mixture, the labeled
peptide mixtures were purified and fractionated using SCX
column (SCX, PolySulfoethyl A column, 2.1 x 150 mm, 5
pm, 300 A) on an Agilent 1200 HPLC system. Detailed infor-
mation is provided in the Supporting Information Materials
and Methods section.

Mass spectrometric analysis

Nano LC-MS/MS analyses were performed on an LTQ-Orbi-
trap XL (Thermo Fisher Scientific, Waltham, MA) equipped
with a nano-ESI source and coupled to a Paradigm MG4
pump (Michrom Bioresources, Auburn, CA) and autosampler
(HTC PAL, CTC Analytics, Zwingen, Switzerland). Detailed
information is provided in the Supporting Information Mate-
rials and Methods section.

iTRAQ data analysis
Protein identification and quantification for iTRAQ analysis
was carried out using Proteome Discoverer software (v. 1.1)

Plasma membrane proteomics in endometrial cancer

(Thermo Fisher Scientific) against Swiss Prot human protein
database (SwissProt_2011_11, 533,049 entries). Taxonomy
was set to Homo sapiens (20,326 entries) or mammalian
(65,656 entries). Search parameters for peptide and MS/MS
mass tolerance were 10 ppm and 0.8 Da, respectively, with
allowance for two missed cleavages made from the trypsin
digest. Carbamidomethylation (Cys) and iTRAQS8plex (Lys,
N-terminal) were specified as static modifications, whereas
CAMthiopropanoyl (Lys, N-terminal), iTRAQSplex (Tyr),
and oxidation (Met) were specified as variable modifications
in the database search. The false discovery rate of 1% was
calculated by Proteome Discoverer based on a search against
a corresponding randomized database. Relative protein abun-
dances were calculated using the ratio of iTRAQ reporter ion
in the MS/MS scan. For subcellular localization, all the pro-
teins identified in this analysis were analyzed using the Uni-
protKB (available at: http://www.uniprot.org/) and Ingenuity
Pathway Analysis software (Ingenuity Systems, Redwood
City, CA).

Quantitative reverse transcription-PCR (qRT-PCR) analysis
To confirm the altered expression of BST2 in endometrial
cancer, the normal endometrial cell line (EM-E6/E7/TERT
cells) and nine endometrial cancer cell lines (HEC-1, HEC-
1A, HEC-6, HEC-88nu, HEC-108, HEC-116, HEC-251, SNG-
II, and SNG-M cells) were subjected to qRT-PCR. Total
RNA was extracted using an RNeasy Mini Kit (Qiagen, Va-
lencia, CA) and cDNAs were synthesized with a QuantiTect
Reverse Transcription Kit (Qiagen), all according to the man-
ufacturers’ instructions. QRT-PCR was performed using SYBR
Premix Ex taq (Takara Bio, Shiga, Japan) and an ABI
7900HT real-time PCR instrument (Applied Biosystems). B-
Actin was used as a housekeeping gene for normalization of
quantitative real-time PCR analysis. The primer sequences
and the expected sizes of PCR products were as follows:
BST2, forward primer 5-GGAGGAGCTTGAGGGAGAG-3/
and reverse primer 5-CTCAGTCGCTCCACCTCTG-3/, 75
bp; B-actin, forward primer 5'-AGCCTCGCCTTTGCCGA-3'
and reverse primer 5-CTGGTGCCTGGGGCG-3/, 174 bp.
Relative quantitation of gene expression was performed using
the standard curve method as outlined by Applied Biosys-
tems. Experimental conditions were tested in triplicate and
three independent experiments were performed.

Fluorescence activated cell sorting (FACS) analysis

Cells were washed twice in PBS (Nacalai Tesque) and
detached with 0.02% EDTA solution (Nacalai Tesque). Cells
were washed twice with cold FACS buffer (PBS supplemented
with 1% FBS and 0.1% sodium azide) and then incubated
with mouse anti-human BST2 antibody (Biolegend, San
Diego, CA) at a 1:100 dilution and labeled with Alexa Fluor
488-labeled donkey anti-mouse IgG antibody (Invitrogen).
Stained cells were analyzed using a FACS Canto cytometer
(Becton Dickinson, Mountain View, CA) and the results were
analyzed using FlowJo software (Tree Star, Stanford, CA).

Int. J. Cancer: 132, 472-484 (2013) © 2012 UICC
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Patients and tissue samples

The formalin-fixed, paraffin-embedded tissue sections of 59
cases of normal endometrium and 118 cases of endometrial
cancer were obtained from 177 patients who underwent surgi-
cal resections at Osaka University Hospital, Japan, between
1998 and 2007. Cases of normal endometrium were obtained
from 59 patients who underwent simple hysterectomy for be-
nign indications such as leiomyoma and uterine prolapse. His-
tological features of the tissues were reviewed by board-certi-
fied pathologists. The degree of histological differentiation and
surgical pathological staging of 118 cases of endometrial cancer
were assigned according to the 1988 recommendations of
International Federation of Gynecology and Obstetrics. A sum-
mary of clinicopathological information for these patients is
shown in Supporting Information Table S1. Written informed
consent was obtained for all the cases and the experimental
protocol was approved by the ethics committees of Osaka Uni-
versity and National Institute of Biomedical Innovation.

Immunohistochemistry

Sections were prepared from formalin-fixed, paraffin-embedded
tissue specimens, deparaffinized, and rehydrated in graded alco-
hols. Immunohistochemical staining for BST2 was performed
using the avidin-biotin-peroxidase complex (ABC) method using
a rabbit polyclonal anti-BST2 antibody (Sigma-Aldrich, St. Louis,
MO) and the Vectastain ABC kit (Vector Laboratories, Burlin-
game, CA) according to the manufacturer’s protocol. Immuno-
stained sections were photographed with an Olympus FSX100
(Olympus, Tokyo, Japan). Detailed information is provided in
the Supporting Information Materials and Methods section.

Evaluation of immunohistostaining

Immunostainings were scored according to the intensity of the
staining (no staining = 0, weak staining = 1, moderate stain-
ing = 2, strong staining = 3) and the extent of stained cells
(0-9% = 0, 10-40% = 1, 41-70% = 2, 71-100% = 3). The
final immunohistochemistry (IHC) score was determined by
multiplying the intensity score (0, 1, 2, or 3) with the positivity
score (0, 1, 2, or 3), resulting in a maximum score of 9. Three
independent gynecologic oncologists (Y.U., K.Y, and M.FE.),
blinded to the histological data, analyzed the stained sections
using an Olympus BH2 microscope (Olympus). In case of dis-
agreement, the staining results were re-evaluated by careful
discussion until a consensus was reached.

Cell proliferation assay

Endometrial cancer cells plated in 96-well plates (1,000 cells
per well) were grown in their respective media for 24, 48, or
72 hr after the addition of antibody or small interfering RNA
(siRNA) transfection. At each time point, cell proliferation
was assessed by a WST-8 assay according to the manufac-
turer’s protocol (Nacalai Tesque). Detailed information for
these assays can be found in the Supporting Information
Materials and Methods section.
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ADCC assay

ADCC was measured by calcein-acetoxymethyl ester (calcein-
AM) release assay, with sensitivity similar to the traditional
*ICr release assay.'®!” Detailed information for this assay can
be found in the Supporting Information Materials and
Methods section.

CDC assay

CDC was evaluated using a 'Cr release assay.'® Detailed in-
formation for this assay can be found in the Supporting In-
formation and Methods section.

Tumor xenograft and antibody therapy

Healthy female severe combined immunodeficient (SCID)
and nonobese diabetic (NOD)/SCID mice at 8 weeks of age
were obtained from Charles River Japan (Yokohama, Japan)
and maintained in a specific pathogen-free facility. For sub-
cutaneous xenograft experiments, SCID mice were inoculated
subcutaneously with 5 x 10° HEC-88nu or SNG-II cells in a
total volume of 50 pl of 1/1 (v/v) PBS/Matrigel (Becton Dick-
inson) into the abdomen. NOD/SCID mice were inoculated
with 5 x 10® HEC-88nu cells. PBS, isotype control (mouse
IgG2ax, Sigma-Aldrich), or mouse anti-human BST2 anti-
body (clone 1B4: Chugai Pharmaceutical) was administered
intraperitoneally at a dose of 5 mg/kg (SNG-II) or 10 mg/kg
(HEC-88nu) in 400 pl of PBS. Six mice were used per group.
The first dose was given on day 4 (SNG-II) or 9 (HEC-88nu)
and continued twice weekly for 4 weeks. Tumors were meas-
ured twice weekly from days 4 (SNG-II) or 9 (HEC-88nu)
using vernier calipers throughout the study. Tumor volumes
were calculated using the following formula: tumor volume
(mm°®) = length x width x height. After 8 (HEC-88nu) or
12 (SNG-II) weeks, tumors were resected and weighted. All
animal experiments were conducted according to the institu-
tional ethical guidelines for animal experimentation of the
Natjonal Institute of Biomedical Innovation.

Statistical analysis

For immunohistochemistry, statistical significance of differ-
ence between normal endometrium and endometrial cancer
was analyzed by the nonparametric Mann-Whitney U test.
Differences in the in vitro cytotoxic assay were determined
by using the Kruskal-Wallis test followed by the Steel proce-
dure. For all subcutaneous tumor comparisons, groups were
analyzed using the Kruskal-Wallis test followed by the Steel-
Dwass procedure.

Results

Protein expression profiles in normal endometrium and
endometrial cancer

To identify potential therapeutic targets of endometrial can-
cer, we performed comparative protein expression profiling
between normal endometrium (EM-E6/E7/TERT cells) and
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endometrial cancer (HEC-1, HEC-1A, HEC-6, HEC-108,
HEC-116, HEC-251, and SNG-II cells) at the cell surface level.
We identified a total of 272 proteins by a biotinylation-based
approach for cell membrane enrichment combined with
iTRAQ technology using nano LC-MS/MS analysis. The com-
plete list of all the proteins identified is shown in Supporting
Information Table S2. The list of proteins identified with sin-
gle peptide is provided in Supporting Information Table S3.
MS/MS spectra of all single-peptide-based assignments with
masses detected as well as fragment assignments are presented
in Supporting Information Table S4. The raw MS data of this
analysis is publicly available for download from PeptideAtlas
(available at: http://www.peptideatlas.org/PASS/PASS00032).
To correct the error of quantitation during chromatographic
procedures, we added the equivalent moles of the sulfo-NHS-
SS-biotin labeled BSA into the each sample as an internal
standard. The iTRAQ ratio of BSA (0.873 to 1.131, Supporting
Information Table S3) was used for the correction of quantita-
tion information accurately. According to the annotation from
UniprotKB and Ingenuity Pathway Analysis, 139 proteins
(51% of the identified proteins) were located in the plasma
membrane (Fig. 1a). Among these 139 plasma membrane pro-
teins identified, 11 proteins were increased more than twofold
in at least four of seven endometrial cancer cell lines compared
with the normal endometrial cell line (Table 1). As expected,
neural cell adhesion molecule L1, a plasma membrane protein
previously known to be overexpressed in endometrial cancer,
was identified again. Interestingly, BST2 was found to show
one of the most significant differences in expression between
normal endometrial cells and endometrial cancer cells, making
it a prime target.

Confirmatory studies by qRT-PCR and FACS

To confirm the altered expression of BST2 in endometrial
cancer, we first evaluated its transcripts by qRT-PCR in the
normal endometrial cell line (EM-E6/E7/TERT cells) and
nine endometrial cancer cell lines (HEC-1, HEC-1A, HEC-6,
HEC-88nu, HEC-108, HEC-116, HEC-251, SNG-II, and
SNG-M cells). BST2 mRNA expression was clearly detected
in seven of the nine endometrial cancer cell lines, while the
normal endometrial cell line showed no detectable expression
of BST?2 transcripts (Fig. 1b).

We then evaluated the expression of BST2 at the protein
level and confirmed the surface localization of BST2 by
FACS analysis. Protein expression of BST2 was very weak in
EM-E6/E7/TERT cells. In contrast, a considerably higher
level of BST2 protein expression was detected in six of the
nine endometrial cancer cell lines on the cell surface (Fig.
Ic). Together our data demonstrate that BST2 was overex-
pressed in endometrial cancer cells at both the mRNA and
protein level; this was consistent with our iTRAQ analysis.

Validation study by IHC
As a validation study, immunohistochemical analyses were
performed by examination of the BST2 expression pattern
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in paraffin-embedded tissue samples (Supporting Informa- '
tion Table S1). Representative immunohistochemical stain-
ing of BST2 in tissue sections from patients revealed
intense BST2 staining in endometrial cancer compared with
normal endometrium (Fig. 24). In addition, immunohisto-
chemical analyses showed membranous immunoreactivity
in endometrial cancer cells, indicating that the localization
of BST2 was at cell surface. We observed significantly
stronger positive staining of BST2 in tissue sections from
patients with endometrial cancer compared with normal
endometrium (p < 0.0001) (Fig. 2b). In 118 endometrial
cancer specimens, moderately to strongly positive staining
(IHC score = 3-9) was detected in 71.2% of specimens (84
of 118), whereas only 1.7% (1 of 59) were positive in the
normal endometrial specimens. There were no significant
differences in BST2 immunohistochemical staining among
endometrial cancer tissues according to their degree of his-
tological differentiation or surgical pathological staging
(p = 0.77 and 0.06, respectively, by the Kruskal-Wallis
test). There were no significant differences in BST2 staining
among normal proliferative-phase, secretory-phase, and
atrophic endometrium (p = 0.82 by the Kruskal-Wallis
test). These results indicate that BST2 was overexpressed
on the cell surface of endometrial cancer tissues much
more frequently than in normal endometrium, raising the
possibility that BST2 might represent a potential therapeu-
tic target.

BST2-siRNA and anti-BST2 antibody treatment in vitro

To examine whether the BST2 expression contributes to
cell proliferation of endometrial cancer cells, the effect of
BST2-siRNA treatment in four of the endometrial cancer
cell lines expressing BST2 (HEC-6, HEC-88nu, HEC-116,
and SNG-II cells) was evaluated using the WST-8 assay.
To ensure silencing efficiency, BST2 expression was ana-
lyzed by FACS analysis after 48 hr of siRNA transfection.
The two siRNAs targeting BST2 (Hs_BST2_1 and
Hs_BST2_5) had a similar silencing effect on the protein
level (Supporting Information Fig. S1). There were no sig-
nificant differences in cell proliferation among BST2-
siRNA and control-siRNA treated cells (Fig. 3a). Similarly,
anti-BST2 antibody treatment did not affect in vitro cell
proliferation (Fig. 3b).

We subsequently examined whether an anti-BST2 anti-
body can induce ADCC among endometrial cancer cells
using the calcein-AM release assay. To study the specificity
of anti-BST2 antibody-mediated ADCC against BST2-
expressing target cells, an ADCC assay was performed using
a BST2-expressing endometrial cancer cell line (HEC-88nu
cells) and a BST2-negative cell line (HEC-1 cells). As shown
in Figure 3¢, HEC-88nu cells treated with the anti-BST2 anti-
body showed specific lysis via ADCC (p = 0.045), whereas
the anti-BST2 antibody showed no lytic activity against
HEC-1 cells.
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Figure 1. (a) Subcellular localization of the identified 272 proteins analyzed by UniprotKB and Ingenuity Pathway Analysis. (b) Confirmation
of iTRAQ results by qRT-PCR. qRT-PCR was used to quantify BST2 mRNA; B-actin was used as the internal control. Data are mean * SEM of
three independent experiments, each performed in triplicate. BST2 mRNA expression was not detected in the normal endometrial cell line
(EM-E6/E7/TERT cells), but seven of nine endometrial cancer cell lines exhibited positive expression of BST2 mRNA. (¢) Confirmation of
iTRAQ results by FACS analysis. The shaded histogram profile indicates the isotype control, and the open histogram indicates the anti-BST2
antibody staining results.

We also examined CDC exhibited by the anti-BST2 anti- Therapeutic effect of the anti-BST2 antibody in vivo
body. Figure 3d shows that the BST2-expressing endometrial To evaluate the therapeutic efficacy of anti-BST2 antibody
cancer cell line (HEC-88nu cells), but not the BST2-negative therapy, in vivo studies were performed using an endometrial
cell line (HEC-1 cells), was sensitive to CDC (p = 0.045). cancer xenograft model. SCID mice injected with -either
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HEC-88nu or SNG-II cells (BST2-expressing endometrial
cancer cell lines) were assigned to one of three treatment
groups (n = 6 per group): (i) PBS; (i) isotype control; (iii)
anti-BST2 antibody, 5 mg/kg (SNG-II) or 10 mg/kg (HEC-
88nu) twice weekly. Although the tumors of all mice were
approximately equal in initial volumes, significant differences
in tumor growth were observed during the study, as illus-
trated by the tumor growth curve in Figure 4a. All mice were
sacrificed on days 61 (HEC-88nu) or 85 (SNG-II) post-tumor
inoculation. The tumors of the anti-BST2 antibody treatment
group were markedly smaller than that of the PBS and con-
trol IgG treatment groups (Fig. 4b). The tumor weights of
the anti-BST2 antibody treatment group were significantly
decreased compared with the PBS and control IgG treatment
groups, whereas there was no statistical difference between
the PBS and control IgG treatment groups at the termination
of the experiment (Fig. 4c).

Once we had established a proof of principle that the
anti-BST2 antibody can inhibit tumor growth, we then
sought to identify mechanisms by which the anti-BST2 anti-
body acts on tumor cells. Anti-BST2 antibody treatment
showed no significant therapeutic effect in identically treated
NOD/SCID mice, with anti-BST2 antibody treated mice
developing tumors at virtually the same rate as PBS and con-
trol IgG treated mice (Fig. 5).

1.364
L1727 f
4,283
2864
3.256

18.523

- SNG-IIl
n.d.

HEC-251
3.958
5.239
2.747

4396

13.756
3.265
77.025

2.824
2.603
4.507

HEC-116
23.673

3.175
11644
9.025
16.042
47.784

2.032
7.796
25.645

HEC

1.271
5.353
17.088

HEC-1A

1.670

2.518
4.374

Discussion

Our study focused on a novel biotechnological method we
found to be useful for identifying tumor-associated cell-sur-
face antigens differentially expressed in cancer cells with
respect to corresponding normal cells. The ideal expression
pattern of a tumor-specific antigen for antibody therapy is
that it should be abundant and homogeneous on the surface
of cancer cells, and absent from normal tissue.'” Such targets
can be experimentally identified at different molecular levels,
such as DNA, RNA, and protein.

DNA microarray technologies have led to the identifica-
tion of genes that are dysregulated in cancer cells when com-
pared with normal cells.2*?! However, DNA arrays measure
only the changes at the mRNA level, and this is not always
translated to corresponding changes at the protein level, lead-
ing to many false positives and missed positives. The use of
mRNA expression patterns by themselves is often insufficient
for understanding the expression of protein products, as
additional post-translational mechanisms, including protein
translation, post-translational modification, and degradation,
may influence the level of a protein and its antigenic epi-
topes.”>** In addition, effective induction of ADCC or CDC
mediated by a therapeutic antibody requires abundant
expression of cell-surface proteins specifically on the cancer
cells,**** providing a compelling rationale for a more direct
analysis of gene expression at the protein level by proteomic
methods.

The intensity of individual proteins in the sample is cru-
cial when performing proteomic analyses, as larger amounts
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The iTRAQ ratios were calculated comparing the endometrial cancer cells’ iTRAQ signal divided by the normal endometrial cells’ iTRAQ signal. Proteins overexpressed more than twofold in at least

Table 1. Plasma membrane proteins overexpressed in endometrial cancer cells
four cell lines are listed.
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Figure 2. (a) Representative immunohistochemical staining for BST2 in normal endometrium and endometrial cancer specimens.
Immunostained sections were counterstained with hematoxylin and photographed with an Olympus FSX100 (Olympus). The expression of
BST2 was negative in normal endometrium, whereas endometrial cancer showed strong membranous reactivity for BST2. Scale bar, 100
um. (b) BST2 immunoreactivity in normal endometrial tissues and endometrial cancer tissues. The expression of BST2 was increased in
endometrial cancer, with significant difference (p < 0.0001). IHC score = intensity score (0, 1, 2, or 3) x positivity score (0, 1, 2, or 3).

of some proteins may hinder the detection of less abundant
proteins, such as cell-surface membrane proteins. As such,
enrichment of plasma membrane proteins is an important
initial step. Physical isolation of membrane proteins using
centrifugation and/or chemical extraction are well-described
methods.*®*” However, these techniques fail to isolate only
the cell-surface membrane proteins and usually provide

Int. J. Cancer: 132, 472-484 (2013) © 2012 UICC

extracts that consist of all the membrane structures, including
those inside the cell (e.g., endoplasmic reticulum, Golgi appa-
ratus, and mitochondrial membranes). The proteins that are
found inside the cell will most likely not be accessible to the
systemically delivered antibodies and hence do not represent
a group of interest for discovery of targetable molecules.
Another way to enrich specifically the potentially accessible

404




480 Plasma membrane proteomics in endometrial cancer

a
HEC-6 HEC-88nu HEC-116
140 140 140
5 120 120 120
% 8 1004 100 100
85 80 80 80
52 60 60 60
22 40 40 40
8= 20 20 20
ol - 0 0
24 48 72 24 48 72 24 48 T2
hours post transfection
oControl-siRNA mBST2-siRNA #1 mBST2-siRNA #5
b HEC-6 HEC-88nu HEC-116 SNG-II
_E125 125 125 125
S £ 100 100 100 100
88 75 75 75 75
S92 50 50 50 50
Qo
=% 25 25 25 25
° 00— e 0+ T ; 0
0 01 1 10 100 0 01 1 10 100 0 01 1 10 100 0 01 1 10 100
conc. of Ab (ng/ml)
—e—Control IgG -m-Anti-BST2 antibody
o D
HEC-1 HEC-88nu HEC-1 HEC-88nu
=10 ~10 k. % =60 ~ 60 * Lk
S S S S
3 8 el > >
56 S 6 g 40 &)
> 4 x 4 x x
g 3 g 20 8
5 2 52 S 3
O o S T 0 o4 1 0 o1 1

conc. of Ab (ug/ml) conc. of Ab (ug/ml) conc. of Ab (ng/mi)

conc. of Ab (ug/mil)

Figure 3. In vitro growth assay of endometrial cancer cells treated with BST2-siRNA (a) or anti-BST2 antibody (b). HEC-6, HEC-88nu, HEC-116,
and SNG-li cells are BST2-positive endometrial cancer cell lines. (a) A total of 1,000 cells were plated in each well of 96-well plates and then
SiRNA was transfected. Cell proliferation was assessed at 24, 48, and 72 hr using a WST-8 assay. Values were normalized to control-siRNA
treated cells. There were no significant differences in cell proliferation among BST2-siRNA and control-siRNA treated cells. (b) Anti-BST2
antibody or isotype-control IgG (final concentrations of 0.1, 1, 10, or 100 ug/ml) were added to 1,000 cells/well in 96-well plates. Cell
proliferation was assessed at 72 hr using the WST-8 assay. Values were normalized to untreated cells. Anti-BST2 antibody had no direct
cytotoxic effect on endometrial cancer cells in vitro. (), ADCC activity of anti-BST2 antibody. Calcein-labeled HEC-1 (BST2-negative) and HEC-
88nu (BST2-positive) cells were incubated with bone marrow-derived lymphokine-activated killer cells at an £/7 ratio of 50 in the presence of
0, 0.1, or 1.0 pug/ml anti-BST2 antibody. (d) CDC activity of anti-BST2 antibody. >'Cr-labeled HEC-1 (BST2-negative) and HEC-88nu (BST2-
positive) cells were incubated with 12.5% baby rabbit complement in the presence of 0, 0.1, or 1.0 pg/ml anti-BST2 antibody. Anti-BST2
antibody had ADCC and CDC activity against HEC-88nu cells (BST2-expressing endometrial cancer cell line). *p = 0.045.

cell-surface proteins involves conjugating membrane proteins using nano LC-MS/MS analysis. While quantitative mem-

with the small molecule biotin and using the receptor strepta-
vidin to extract the labeled proteins.®®*’

In this study, we quantitatively analyzed the plasma mem-
brane profiles comparing normal endometrium and endome-
trial cancer using a biotinylation-based approach for cell
membrane enrichment combined with iTRAQ technology

brane proteomic approaches combining biotin labeling fol-
lowed by enrichment of cell surface membrane proteins by
avidin-beads and SILAC technology or spectral counting
were already reported,”*® we demonstrated that iTRAQ
approach is also an alternative method, suitable for the quan-
titative analysis of the cell surface membrane proteins.
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Figure 4. In vivo therapeutic effect of anti-BST2 antibody on endometrial cancer growth. SCID mice inoculated with HEC-88nu or SNG-II cells
(both are BST2-expressing endometrial cancer cell lines) received PBS, control IgG, or anti-BST2 antibody twice a week for 4 weeks from days
4 (SNG-If) or 9 (HEC-88nu) post-tumor inoculation. (a) Time-course of tumor volume change. Tumor volumes were measured twice a week and
calculated as the product of length, width, and height. The mean volume * SD of six tumors in each group is shown. Anti-BST2 antibody
treatment resulted in significantly decreased tumor growth compared with the other control groups (PBS and control IgG) at the termination of
the experiment. *p = 0.0110, **p = 0.0108. (b) Mice at the end of the experiment. Scale bar, 1 cm. (¢) Tumor weight at autopsy. After 4
(HEC-88nu) or 8 (SNG-I) weeks of observation following treatment, tumors were removed and weighted. Their weights were significantly
different between the experimental (anti-BST2 antibody) group and the control (PBS and control IgG) groups (p = 0.011).

In total, we identified 272 proteins, 139 of which (51%) frames encode integral membrane proteins,”" our results indi-

were found to be cell-surface proteins. Given that global cate that the membrane proteins were moderately enriched
genomic analysis predicts that 20 to 30% of all open reading by our sample preparation strategy.
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Figure 5. Natural killer cells are required for antitumor activity of
anti-BST2 antibody in vivo. NOD/SCID mice inoculated with HEC-
88nu cells (BST2-expressing endometrial cancer cell line) received
PBS, control IgG, or anti-BST2 antibody twice a week for 4 weeks
from day 9 post-tumor inoculation. (a) Time-course of tumor
volume change. Tumor volumes were measured twice a week and
calculated as the product of length, width, and height. The mean
volume = SD of six tumors in each group is shown. There were no
significant differences in tumor volumes among PBS, control IgG,
and anti-BST2 antibody groups at the termination of the
experiment. *p = 0.9769. (b) Mice at the end of the experiment.
Scale bar, 1 cm. (¢) Tumor weight at autopsy. After 4 weeks of
observation following treatment, tumors were removed and
weighted. There were no significant differences in tumor weights
among the three groups.

Plasma membrane proteomics in endometrial cancer

Eleven proteins were annotated as unique membrane pro-
teins whose expression was specifically up-regulated in endo-
metrial cancer (Table 1). These proteins included several
reported markers for prediction of clinical outcome (neural
cell adhesion molecule L1 and CUB domain-containing pro-
tein 1), suggesting a certain amount of robustness for our
methodology of identifying tumor-associated antigens.”>** In
the present study, BST2 was further validated as a potential
therapeutic target for endometrial cancer, because BST2
showed one of the most significant differences between nor-
mal endometrium and endometrial cancer (a 10-fold up-reg-
ulation was shown in four of seven endometrial cancer cell
lines compared with the normal endometrial cell line) and
has been reported to be overexpressed in endometrial cancer
using genome-wide gene expression profiling®' In future
work, we would like to characterize other novel candidates
for developing new therapeutic agents.

BST2 (also termed CD317, tetherin, or HM1.24) was orig-
inally identified as a Type II membrane glycoprotein with an
unusual topology (one-pass transmembrane domain and C-
terminal glycosylphosphatidylinositol anchor) that is prefer-
entially overexpressed on multiple myeloma cells.>**> More
recently, BST2 has also been proposed as a tumor-associated
antigen expressed in some human cancer cell lines.**>* How-
ever, BST2 is an interferon-induced protein and inflamma-
tory cytokines such as interleukin-6 and tumor necrosis fac-
tor-alpha might also induce its expression.’® Furthermore,
BST2 has been found to block the release of enveloped virus
particles (e.g., HIV-1, Marburg virus, and Ebola virus) and
may therefore be an important component of the antiviral
innate immune defense.***® Future research should further
explore the role of BST2 in inflammatory diseases.

To our knowledge, protein expression of BST2 in endo-
metrial cancer has not been described before. Our results are
the first to show that BST2 is significantly overexpressed in
endometrial cancer compared with normal endometrium.
The degree of histological differentiation and surgical patho-
logical staging showed no significant correlation with expres-
sion of BST2. Given the almost ubiquitous expression of
BST2 in endometrial cancer, BST2 might have some value
acting as a potential molecular therapeutic target.'” In this
study, we demonstrated that the administration of the anti-
BST2 antibody reduced the growth of BST2-positive endome-
trial cancer cells in SCID mice. The suppressive effects on tu-
mor growth were observed in two cell lines. In principle, the
putative mechanisms of monoclonal antibody-based cancer
therapy can be classified into two categories.*"** One mecha-
nism is direct action to block the function of target signaling
molecules or receptors, or stimulate apoptosis. It has been
reported that BST2 gene is one of the important activators of
the NF-kB pathway,® suggesting that the signaling from
BST2 antigen affects the biological responses of BST2-
expressing cells. However, silencing of BST2 expression by
siRNA transfection did not alter its cell proliferation, and
the anti-BST2 antibody had no direct cytotoxic effect on
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BST2-positive endometrial cancer cells in vitro. The other
mechanism of tumor growth suppression is via an indirect
action mediated by immune systems such as the ADCC and
CDC. We showed that the anti-BST2 antibody had ADCC
and CDC activity against BST2-expressing endometrial can-
cer cells. Indeed, the same clone of this monoclonal antibody
used in this study has previously been shown to be effective
in promoting ADCC and CDC.*”*® To examine the relative
importance of ADCC, xenograft analysis was performed
using NOD/SCID mice,* which have impaired natural killer
cells, thereby compromising their ADCC activity. Anti-BST2
antibody treatment did not result in a significant decrease in
tumor growth, suggesting that host effector mechanisms, and
ADCC in particular, critically contribute to the antitumor ac-
tivity of the anti-BST2 antibody in vivo.**

Beyond tumors, expression of BST2 on normal tissue is a
key factor in assessing the suitability of an antigen for anti-
body targeting in oncology. Expression of BST2 in normal
tissues is still less clear. An earlier report indicated that BST2
expression was barely detectable on normal B cells and was
not detected on other normal tissues, including bone marrow,
liver, heart, kidney, and spleen.a4 A recent article demon-

483

strated the expression of BST2 in various normal tissues by
immunohistochemistry.*® Although limited, a Phase I clinical
study reported that a humanized anti-BST2 antibody did not
cause any serious toxicity when administered to patients with
relapsed or refractory multiple myeloma.*”** To consider the
potential for toxicity of targeted anti-BST2 therapies, addi-
tional studies in relevant animals, including nonhuman pri-
mates, would be warranted.

In summary, we have used a high-throughput proteomic
approach to identify and quantify membrane proteins which
might represent potential therapeutic targets of endometrial
cancer. BST2, one of the proteins identified using this
method, may serve as a candidate therapeutic target for en-
dometrial cancer. While we focused on identifying targetable
candidates of endometrial cancer, our approach is broadly
applicable to other malignancies for screening new therapeu-
tic targets.
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Periostin Facilitates Skin Sclerosis via PI3K/Akt
Dependent Mechanism in a Mouse Model of Scleroderma

Lingli Yang"?, Satoshi Serada?, Minoru Fujimoto?, Mika Terao’, Yorihisa Kotobuki', Shun Kitaba',
Saki Matsui’, Akira Kudo?, Tetsuji Naka®, Hiroyuki Murota'*, Ichiro Katayama'

1 Department of Dermatology, Osaka University Graduate School of Medicine, Osaka, Japan, 2 Laboratory for Immune Signal, National Institute of Biomedical Innovation,
Osaka, Japan, 3 Department of Biological Information, Tokyo Institute of Technology, Yokohama, Japan

Abstract

‘Ob/ectlve. Periostin, a novel matncellular proteln is recently reported to play a crucial role in tissue remodeling and is
highly expressed under fi brotlc condltlons This study was undertaken to assess the role of periostin in scleroderma.

Methods Using skm from patlents and healthy donors the expressmn of periostin was assessed by |mmunoh|stochem|stry
and immunoblotting analyses. Furthermore, we investigated periostin ™/~ (PN /") and wild-type (WT) mice to elucidate the
role of periostin in scleroderma. To induce murine cutaneous sclerosis, mice were subcutaneously injected with bleomycin,
while untreated control groups ‘were injected with phosphate-buffered saline. Bleomycin-induced fibrotic changes were
compared in"PN~/~ and WT mice by histological analysis as well as by measurements of profibrotic cytokine and

- extracellular matrix: protein expression levels in vivo and in vitro. To determine the downstream pathway |nvolved in
periostin 5|gnalmg, receptor neutrahzmg antrbody and sugnal transductlon inhibitors were ‘used in vitro.

Results: Elevated expressmn of penostm was observed in the Ie5|onal skin of patients with scleroderma compared with
healthy donors. Although WT mice showed marked cutaneous sclerosis with increased expression of periostin and increased
numbers ‘of myofi broblasts after bleomycin treatment, PN ™/~ mice showed resistance to these changes. In vitro, dermal
fibroblasts from PN/~ mice showed reduced transcript expression of alpha smooth actin and procollagen type-| alpha 1
(Col1a1) induced by transforming growth factor beta 1-(TGFB1). Furthermore, recombinant mousé periostin directly
induced Col1a1 expression in vitro,-and this effect was inhibited by blocking the av integrin-mediated PI3K/Akt signaling
either with anti-av functional blocking antibody or with the PI3K/Akt kinase inhibitor LY294002.

Conclusion: Periostin plays an essential role in the pathogenesis of Bleomycin-induced scleroderma in mice. Periostin may
represent a potential therapeutic target for human scleroderma.
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process in scleroderma, since it potently accelerates fibrosis in skin
by inducing collagen production; various pro-fibrotic ECM
proteins such as CCN2 (also known as a connective tissue growth
factor or CTGF) are known to induce the transdifferentiation of

Introduction

Scleroderma is a connective tissue disorder with unknown
etiology. The disease is characterized by excessive deposition of

collagen and other extracellular matrix (ECM) proteins, resulting
in fibrosis of skin and other visceral organs [1]. To date, despite
much effort, there is still no established treatment for fibrosis in
scleroderma.

The ECM of the skin is composed not only of structural proteins
such as collagen type-I but of many different proteins that
modulate cellular behavior. The interactions among various ECM
proteins provide molecular signals to resident cells including
dermal fibroblasts and play essential roles in the maintenance and
turnover of the ECM. At present, ECM proteins are considered as
key players in the pathogenesis of scleroderma.

Among ECM proteins, the cytokine transforming growth factor
Bl (TGFBI) is regarded as a master regulator of the disease

@ PLoS ONE | www.plosone.org
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fibroblasts to myofibroblasts [2,3]. Recently, a class of ECM
proteins called matricellular proteins has attracted increasing
attention in the field of scleroderma research. These proteins
specifically regulate cell-matrix interactions and play critical roles
in embryonic development as well as in tissue repair and fibrosis.
Indeed, several matricellular proteins, including CCN2 [4], CCN1
(cysteine-rich protein 61) [3], and their cell-adhesive receptor,
integrin B1 [6], have been shown to play roles in scleroderma, and
such studies are still ongoing. Thus, investigations of the functions
of ECM proteins and their signaling networks are urgently needed
to elucidate the pathogenesis of scleroderma and develop new
therapies.
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Figure 1. Periostin is overexpressed in lesional skin derived from patients with systemic scleroderma (SSc). A, Western blotting
analysis for periostin using protein extracts from the skin of SSc patients and healthy donors. B, Representative immunohistochemistry of skin
sections of SSc patients, healthy donors, hypertrophic scar and keloid patients. Slides were stained with anti-periostin antibodies (original

magnification, x100).
doi:10.1371/journal.pone.0041994.g001

To investigate the involvement of matricellular proteins in the
pathogenesis of scleroderma, we focused on a novel matricellular
protein, periostin, a 90-kDa, secreted, homophilic cell adhesion
protein. Despite being first identified 15 years ago as osteoblast-
specific factor-2 {7], periostin is now classified as a matricellular
protein, because it is expressed in many collagen-rich tissues and
possesses important biological functions in the ECM [8]. Periostin
can bind to collagen during fibrillogenesis, thus affecting the
diameter of collagen fibers and the extent of cross-linking [9,10].
Periostin also binds to other ECM proteins, including fibronectin
and tenascin-C, thereby organizing the ECM architecture. Like
other matricellular proteins, such as CCN1, CCN2, and CCN3
(capable of mteracting with owv, B3, and Bl integrins) [11],
periostin serves as a ligand for integrins ov, 1, 3, f4, and B5
[12—14]. Such signals can mediate cell adhesion to the ECM and
may regulate certain cellular behaviors, including intracellular
signaling, proliferation, and differentiation [15].

@ PLoS ONE | www.plosone.org

411

Analysis on periostin_/_ (PN—/_) mice revealed that this
protein plays a pivotal role in the development of heart, bones, and
teeth [16]. Approximately 14% of PN~/~ mice die postnatally
prior to weaning [17], suggesting a role of periostin in the
development of these tissues. In adults, periostin is prominently
upregulated during ECM remodeling and fibrosis. The major
producers of periostin are fibroblasts [18,19], and its expression is
induced by various factors, including TGFB1, interleukin (IL) 4,
and IL13 [19,20]. The prominent expression of periostin has been
detected during a number of remodeling processes, including
myocardial infarction [21], wound repair [8,22-24], fibrotic scar
formation [25], sub-epithelial fibrosis in bronchial asthma [20],
and bone marrow fibrosis [26]. Studies of PN™/" mice with
experimentally induced diseases have further confirmed that
periostin, in many cases, is profoundly involved in the progression
of tissue fibrosis [17,27-29]. However, in a model of bronchial
asthma, PN™/™ mice developed peribronchial fibrosis equivalent
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Figure 2. Periostin gene knockout (PN™'7) mice are resistant to
BLM-induced cutaneous sclerosis as assessed by dermal
thickness and collagen deposition. A, Western blotting analysis
for periostin in skin extracts from WT and PN™~ mice, which were
treated with BLM or PBS. B, H&E staining of skin samples from WT and
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PN~ mice (original magnification, x100). Dermal thickness is shown
as the black bar in the lower panel and was measured as described in
the Materials and Methods. C, Masson’s trichrome staining of skin
samples from WT and PN™/" mice (original magnification, x100).
Collagen fibers were stained blue. Collagen deposition was scored on a
scale of 0-3 as described in the Materials and Methods and is shown in
the lower panel. For all assays, 10 mice from each group were analyzed.
Values in B and C are shown as the mean = SD. NS, no significance; ***,
p<0.01.

doi:10.1371/journal.pone.0041994.g002

to WT mice [30], suggesting that periostin plays a limited role or is
dispensable in certain conditions of fibrosis.

At present, it is unclear whether periostin is upregulated in the
fibrotic lesions of scleroderma or plays a role in its pathology. In
the present study, we analyzed periostin expression in skin samples
from patients with systemic scleroderma, and the role of periostin
in this disease, using PN™/~ mice in a murine model of bleomycin
(BLM)-induced scleroderma that exhibits defined cutaneous
sclerosis that mimics human scleroderma [31].

Results

Periostin is Overexpressed in Lesional Skin of Patients
with Scleroderma

To assess the involvement of periostin in the pathogenesis of
scleroderma, we first compared the expression of periostin in
sclerotic skin lesions from scleroderma patients and skin from
identical areas of healthy donors. Based on western blotting
analysis and immunohistochemical staining, periostin expression
was markedly elevated in lesional skin from scleroderma patients
compared with skin from healthy donors (Figure 1A and 1B). In
addition, the distribution pattern of periostin in normal and
fibrotic skin tissue appeared to be very different. In normal skin
sections, periostin was faintly detectable in the upper dermis. In
contrast, in scleroderma lesional skin, more intense staining for
periostin was observed in the surrounding ECM throughout the
dermis (Figure 1B). Furthermore, we examined periostin expres-
sion in the lesional skin from patients with other skin fibrotic
diseases (keloid and hypertrophic scar), and found that periostin
appeared to be expressed more strongly in lesional skin tissue of
scleroderma than in those of keloid and hypertrophic scar

(Figure 1B).

Periostin Gene Knockout Results in Reduced Symptoms

of BLM-induced Cutaneous Sclerosis in Mice

Given these results above, it was logical to ask whether periostin
plays an essential role in the pathophysiology of scleroderma or
whether the altered expression of periostin is secondary to the
disease process. To resolve this issue, we assessed the role of
periostin in BLM-induced murine scleroderma using PN™/" mice
[27]. To induce cutancous sclerosis, we subcutaneously injected
mice with BLM or PBS for four consecutive weeks, which has been
widely used as an animal model of scleroderma [31]. Skin samples
were collected one day after the final injection. To evaluate
whether periostin is overexpressed in mice with BLM-induced
scleroderma, the proteins extracted from mouse skin were
subjected to western blotting analysis (Figure 2A). Indeed,
periostin was strongly expressed in BLM-induced sclerotic skin
of WT mice compared to skin samples from control PBS-treated
mice. Antibody specificity was confirmed by the absence of a
corresponding band in samples from PN/~ mice. These results
agree with the supposition that elevated expression of periostin is
closely linked to the pathogenesis of scleroderma.
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Next, histological examinations of mouse skin sections using
H&E staining (Figure 2B) were performed. As previously reported
in this mouse model [32], a striking increase in dermal thickness
and an apparent decrease in the amount of subcutaneous fat tissue
(Figure 2B) were observed in WT mice injected with BLM. In
contrast, PN™/7 mice showed minimal dermal thickening
(Figure 2B). WT mice showed a statistically significant increase
of 220% *33% in dermal thickness following BLM treatment
(p<<0.01), whereas, PN~/ mice did not develop apparent dermal
thickening (Figure 2B, bar graph, lower panel).

Masson’s trichrome staining, which stains collagen fibers blue,
was performed to examine the increase of collagen fibers in BLM-
treated mice (Figure 2C). WT BLM-treated mice displayed
substantial thickening of the dermis with a robust deposition of
collagen fibers that replaced the subcutaneous fat. These changes
were markedly attenuated in BLM-treated PN/~ mice. Assess-
ment using a four-point (grade 0-3) collagen deposition scoring
system confirmed that the difference between PN~/ mice and
WT mice was significant (Figure 2C, bar graph, lower panel).

Collectively, these results demonstrate that PN/~ mice display
markedly reduced symptoms of BLM-induced cutaneous sclerosis,
indicating that periostin is required for the development of BLM-
induced cutaneous sclerosis.

Expression of Fibrogenic Cytokines and ECM Proteins in
BLM-treated Mice Skin

Next, we assessed the expression of the main fibrogenic
cytokines, TGFBl and CCN2 (also called CTGF), by real-time
quantitative PCR. The expression of TGFBL and CCN2 (CTGF)
mRNA after BLM treatment (Figure 3A and 3B} was increased in
both WT and PN™/™ mice, suggesting that the fibrotic process
was iitiated similarly in both PN™/~ and WT mice. We then
assessed the mRNA levels of Collal, a major component of
dermal collagen fibers in these mice. Collal mRINA levels were
increased (536%£76%) in WT mice skin after BLM treatment
(p<<0.01), but unexpectedly, not in BLM-treated PN/~ mice
(Figure 3C). Thus, while periostin is known to regulate collagen
asserbly [10], these data suggest that periostin in BLM-induced
scleroderma is critical for excessive collagen synthesis.

Role of Periostin in Scleroderma

Periostin is Required for Myofibroblast Differentiation
in vivo

It is widely accepted that o-SMA-expressing myofibroblasts,
which are induced by fibrogenic cytokines, play key roles in
collagen synthesis during the development of scleroderma [33]. To
determine whether periostin is required for myofibroblast differ-
entiation in this model, histoimmunohistochemistry for o-SMA
(the most widely used myofibroblast marker) was performed on
skin derived from WT and PN™/~ mice with BLM or after PBS
treatment (Figure 4A). a-SMA* cells were increased in the dermis
of skin sections from BLM-treated WT mice compared with skin
from PBS-treated WT mice (Figure 4A). In contrast, a-SMA™ cells
were not increased in BLM-treated PN/~ mice (Figure 4A}). To
detect myofibroblasts more specifically, double-labeling histoim-
munofluorescence staining for anti-o-SMA and anti-CD34 (a
representative vascular endothelial maker) were further performed
(Figure 4B). Nonvascular o-SMA-positive CD34-negative spindle-
shaped cells (0-SMA™ and CD347 cells), which indicate myofi-
broblasts, increased in the dermis of WT mice with statistical
significance (p<<0.01) but not in PN™/" mice (Figure 4C) after
BLM treatment.

Supporting these data, western blotting analysis revealed an
increase in the expression of ¢-SMA in skin derived from BLM-
treated WT mice, but not PN™/~ mice, compared with PBS-
treated WT mice (Figure 4D). These results suggest that periostin
is required for myofibroblast development in this scleroderma
model.

Periostin is Required for TGFB1-induced Myofibroblast
Differentiation in vitro

TGFf1 is the most potent inducer of myofibroblast differen-
tiation in fibrosis [34]. To investigate the mechanism of action
of periostin in myofibroblast generation, we isolated mouse
dermal fibroblasts from WT and PN~/ mice and stimulated
these cells with TGFB1 i uitro. The induction of o-SMA at
2 hrs after TGFBI1 stimulation appeared similar between WT
and PN™/" fibroblasts. However, after longer periods of
stimulation (12 hrs, 24 hrs), «-SMA expression levels in PN =/
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Figure 3. The expression of fibrogenic cytokines (TGFf1 and CCN2/CTGF) and collagen type | in BLM-treated mouse skin. Real-time
quantitative PCR analysis was performed to determine mRNA levels of TGFB1 (A), CCN2 (CTGF) (B), and Col1a1 (C) in mouse skin of WT and PN/
mice. Values were normalized to GAPDH levels and expressed as relative mRNA levels compared with PBS-treated WT mice. Values are shown as the

mean = SD. NS, no significance; ***, p<<0.01.
doi:10.1371/journal.pone.0041994.g003
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