Journal of Proteome Research

(15) Haltiwanger, R. S; Lowe, J. B. Role of glycosylation in
development. Annu. Rev. Biochem. 2004, 73, 491—-537.

(16) Moriwaki, K.; Okudo, K.; Haraguchi, N.; Takeishi, S.; Sawaki, H.;
Narimatsu, H.; Tanemura, M,; Ishii, H; Mori, M,; Miyoshi, E.
Combination use of anti-CD133 antibody and SSA lectin can effectively
enrich cells with high tumorigenicity. Cancer Sci. 2011, 102 (6), 1164—
70.

(17) Varki, A. Sialic acids in human health and disease. Trends Mol.
Med. 2008, 14 (8), 351—60.

(18) Yogeeswaran, G.; Salk, P. L. Metastatic potential is positively
correlated with cell surface sialylation of cultured murine tumor cell
lines. Science 1981, 212 (4502), 1514—6.

(19) Fogel, M.; Altevogt, P.; Schirrmacher, V. Metastatic potential
severely altered by changes in tumor cell adhesiveness and cell-surface
sialylation. J. Exp. Med. 1983, 157 (1), 371-6.

(20) Passaniti, A; Hart, G. W. Cell surface sialylation and tumor
metastasis. Metastatic potential of B16 melanoma variants correlates
with their relative numbers of specific penultimate oligosaccharide
structures. J. Biol. Chem. 1988, 263 (16), 7591—603.

(21) Cui, H;; Lin, Y.; Yue, L.; Zhao, X; Liu, J. Differential expression of
the alpha2,3-sialic acid residues in breast cancer is associated with
metastatic potential. Oncol. Rep. 2011, 25 (S), 1365~71.

(22) Babal, P; Janega, P.; Cerna, A,; Kholova, I; Brabencova, E.
Neoplastic transformation of the thyroid gland is accompanied by
changes in cellular sialylation. Acta Histochem. 2006, 108 (2), 133—40.

(23) Sethi, M. K; Thaysen-Andersen, M.; Smith, J. T.; Baker, M. S.;
Packer, N. H.; Hancock, W. S.; Fanayan, S. Comparative N-glycan
profiling of colorectal cancer cell lines reveals unique bisecting GlcNAc
and alpha-2,3-linked sialic acid determinants are associated with
membrane proteins of the more metastatic/aggressive cell lines. J.
Proteome Res. 2014, 13 (1), 277—88.

(24) Lanctot, P. M.; Gage, F. H.; Varki, A. P. The glycans of stem cells.
Curr. Opin. Chem. Biol. 2007, 11 (4), 373~—80.

(25) Taniguchi, N.; Ekuni, A.; Ko, J. H.; Miyoshi, E.; Ikeda, Y.; Thara,
Y; Nishikawa, A.; Honke, K.; Takahashi, M. A glycomic approach to the
identification and characterization of glycoprotein function in cells
transfected with glycosyltransferase genes. Proteomics 2001, 1 (2), 239~
47.

(26) Hermann, P. C.; Huber, S. L.; Herrler, T.; Aicher, A.; Ellwart, J.
W.; Guba, M,; Bruns, C. J.; Heeschen, C. Distinct populations of cancer
stem cells determine tumor growth and metastatic activity in human
pancreatic cancer. Cell Stem Cell 2007, 1 (3), 313—23.

(27) Ross, P. L.; Huang, Y. N.; Marchese, J. N.; Williamson, B.; Parker,
K.; Hattan, S.; Khainovski, N.; Pillai, S.; Dey, S.; Daniels, S.; Purkayastha,
S.; Juhasz, P.; Martin, S.; Bartlet-Jones, M.; He, F.; Jacobson, A.; Pappin,
D. J. Multiplexed protein quantitation in Saccharomyces cerevisiae using
amine-reactive isobaric tagging reagents. Mol. Cell Proteomics 2004, 3
(12), 1154—69.

(28) Zieske, L. R. A perspective on the use of iTRAQ reagent
technology for protein complex and profiling studies. J. Exp. Bot 2006,
57 (7), 1501-8.

(29) Kuno, A.; Uchiyama, N.; Koseki-Kuno, S.; Ebe, Y.; Takashima, S.;
Yamada, M.; Hirabayashi, J. Evanescent-field fluorescence-assisted lectin
microarray: a new strategy for glycan profiling. Nat. Methods 2005, 2
(11), 851—6.

(30) Serada, S.; Fujimoto, M.; Ogata, A.; Terabe, F.; Hirano, T.; lijima,
H.; Shinzaki, S.; Nishikawa, T.; Ohkawara, T.; Iwahori, K,; Ohguro, N.;
Kishimoto, T,; Naka, T. iTRAQ-based proteomic identification of
leucine-rich alpha-2 glycoprotein as a novel inflammatory biomarker in
autoimmune diseases. Ann. Rheum. Dis. 2010, 69 (4), 770—4.

(31) Serada, S.; Fujimoto, M.; Takahashi, T.; He, P.; Hayashi, A;
Tanaka, T.; Hagihara, K;; Yamadori, T.; Mochizuki, M.; Norioka, N.;
Norioka, S.; Kawase, L; Naka, T. Proteomic analysis of autoantigens
associated with systemic lupus erythematosus: Anti-aldolase A antibody
as a potential marker of lupus nephritis. Proteomics Clin. Appl. 2007, 1
(2), 185-91.

(32) He, P; Naka, T.; Serada, S; Fujimoto, M., Tanaka, T;
Hashimoto, S.; Shima, Y.,; Yamadori, T.; Suzuki, H.; Hirashima, T.;
Matsui, K; Shiono, H.; Okumura, M,; Nishida, T.; Tachibana, L;

4877

Norjoka, N.; Norioka, S.; Kawase, I. Proteomics-based identification of
alpha-enolase as a tumor antigen in non-small lung cancer. Cancer Sci.
2007, 98 (8), 1234—40.

(33) Shevchenko, A.; Wilm, M,; Vorm, O, Mann, M. Mass
spectrometric sequencing of proteins silver-stained polyacrylamide
gels. Anal. Chem. 1996, 68 (S), 850—8.

(34) Kuwamoto, K.; Takeda, Y.; Shirai, A.; Nakagawa, T.; Takeishi, S.;
Thara, S.; Miyamoto, Y.; Shinzaki, S.; Ko, J. H.; Miyoshi, E. Identification
of various types of alpha2-HS glycoprotein in sera of patients with
pancreatic cancer: Possible implication in resistance to protease
treatment. Mol. Med. Rep 2010, 3 (4), 651—6.

(35) Stojadinovic, A.; Hooke, J. A.; Shriver, C. D.; Nissan, A.; Kovatich,
A. J.; Kao, T. C,; Ponniah, S.; Peoples, G. E.; Moroni, M. HYOU1/
Orpl50 expression in breast cancer. Med. Sci. Monit 2007, 13 (11),
BR231-239.

(36) Fukuda, M,; Viitala, J.; Matteson, J.; Carlsson, S. R. Cloning of
cDNAs encoding human lysosomal membrane glycoproteins, h-lamp-1
and h-lamp-2. Comparison of their deduced amino acid sequences. J.
Biol. Chem. 1988, 263 (35), 18920—8. ,

(37) Privitera, S.; Prody, C. A.; Callahan, J. W.; Hinek, A. The 67-kDa
enzymatically inactive alternatively spliced variant of beta-galactosidase
is identical to the elastin/laminin-binding protein. J. Biol. Chem. 1998,
273 (11), 6319~26.

(38) Eom, Y. W.; Kim, M. A,; Park, S. S.; Goo, M. J.; Kwon, H.J.; Sohn,
S.; Kim, W. H,; Yoon, G.; Choi, K. S. Two distinct modes of cell death
induced by doxorubicin: apoptosis and cell death through mitotic
catastrophe accompanied by senescence-like phenotype. Oncogene
2005, 24 (30), 4765—77.

(39) Hayase, T.; Rice, K. G.; Dziegielewska, K. M.; Kuhlenschmidt, M.;
Reilly, T.; Lee, Y. C. Comparison of N-glycosides of fetuins from
different species and human alpha 2-HS-glycoprotein. Biochemistry
1992, 31 (20), 4915-21.

(40) Edge, A. S.; Spiro, R. G. Presence of an O-glycosidically linked
hexasaccharide in fetuin. J. Biol. Chem. 1987, 262 (33), 16135—41.

(41) Stefan, N.; Haring, H. U. The role of hepatokines in metabolism.
Nat. Rev. Endocrinol. 2013, 9 (3), 144—52.

(42) Wang, H.; Sama, A. E. Anti-inflammatory role of fetuin-A in injury
and infection. Curr. Mol. Med. 2012, 12 (5), 625—33.

(43) Inohara, H.; Raz, A. Identification of human melanoma cellular
and secreted ligands for galectin-3. Biochem. Biophys. Res. Commun.
1994, 201 (3), 1366—75.

(44) von Mach, T.; Carlsson, M. C,; Straube, T.; Nilsson, U.; Leffler,
H.; Jacob, R. Ligand binding and complex formation of galectin-3 is
modulated by pH variations. Biochem. ]. 2014, 457 (1), 107-15.

(4S) Akar, U;; Chaves-Reyez, A.; Barria, M.; Tari, A; Sanguino, A;
Kondo, Y.; Kondo, S; Arun, B,; Lopez-Berestein, G; Ozpolat, B.
Silencing of Bcl-2 expression by small interfering RNA induces
autophagic cell death in MCEF-7 breast cancer cells. Autophagy 2008, 4
(5), 669—79.

(46) Ohnishi, T.; Nakamura, O.; Ozawa, M.; Arakaki, N.; Muramatsu,
T.; Daikuhara, Y. Molecular cloning and sequence analysis of cDNA for
a 59 kD bone sialoprotein of the rat: demonstration that it is a
counterpart of human alpha 2-HS glycoprotein and bovine fetuin. J. Bone
Miner. Res. 1993, 8 (3), 367—77.

(47) Martin, M. J.; Muotri, A,; Gage, F.; Varki, A. Human embryonic
stem cells express an immunogenic nonhuman sialic acid. Nat. Med.
2008, 11 (2), 228-32.

dx.doi.org/10.1021/pr5004399 | J. Proteome Res. 2014, 13, 4869—4877

— 417 —



Annexin A4 induces platinum resistance in a chloride-and
calcium-dependent manner

Akiko Morimoto!?, Satoshi Serada? Takayuki Enomoto?, Ayako Kim? Shinya
Matsuzaki®* ,Tsuyoshi Takahashi** ,Yutaka Ueda’, Kiyoshi Yoshino*, Masami
Fujita‘, Minoru Fujimoto?, Tadashi Kimura' and Tetsuji Naka?

! Department of Obstetrics and Gynecology, Osaka University Graduate School of Medicine, Japan

2 Laboratory for Immune Signals, National Institute of Biomedical Innovation, Japan

3 Department of Obstetrics and Gynecology, Niigata University Medical School, Japan

4 Department of Surgery, Osaka University Graduate School of Medicine, Japan

Correspondence to: Tetsuji Naka , email: inaka@nibio.go.jo

Keywords: Annexin A4; platinum resistance; annexin repeat; chloride ion

Received: April 04, 2014 Accepted: August 03, 2014

Published: August 04, 2014

This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted use,
distribution, and reproduction in any medium, provided the original author and source are credited.

ABSTRACT

Platinum resistance has long been a major issue in the treatment of various
cancers. We previously reported that enhanced annexin A4 (ANXA4) expression, a
Ca?*-regulated phospholipid-binding protein, induces chemoresistance to platinum-
based drugs. In this study, we investigated the role of annexin repeats, a conserved
structure of all the annexin family, responsible for platinum-resistance as well
as the effect of knockdown of ANXA4. ANXA4 knockdown increased sensitivity to
platinum-based drugs both in vitro and in vivo. To identify the domain responsible
for chemoresistance, ANXA4 deletion mutants were constructed by deleting annexin
repeats one by one from the C terminus. Platinum resistance was induced both in
vitro and in vivo in cells expressing either full-length ANXA4 or the deletion mutants,
containing at least one intact annexin repeat. However, cells expressing the mutant
without any calcium-binding sites in the annexin repeated sequence, which is
essential for ANXA4 translocation from the cytosol to plasma membrane, failed to
acquire platinum resistance. After cisplatin treatment, the intracellular chloride ion
concentration, whose channel is partly regulated by ANXA4, significantly increased in
the platinum-resistant cells. These findings indicate that the calcium-binding site in
the annexin repeat induces chemoresistance to the platinum-based drug by elevating

the intracellular chloride concentration.

INTRODUCTION

Since cisplatin was first introduced as an anticancer
drug in the 1970s [1], various platinum-based drugs
have been developed and widely used not only against
gynecological but also against other cancers, including
lung, colorectal, testicular, prostate and bladder cancer [2-
6]. Although these platinum-based drugs have significantly
contributed to improve survival rates, chemoresistance to
these drugs has become a major problem in recent years
[7-9]. It has now been clucidated that the mechanism
of platinum resistance is mediated by reduced platinum
accumulation, increased platinum detoxification, increased

repair of platinnm-DNA adducts and inhibited apoptosis
[10-12]. Several proteins have been reported to be
candidate factors such as copper transporters: CTR1[13],
ATP7A and ATP7B[14-17]; multidrug resistance protein
2 (MRP2) [18-20]; glutathione S-transferase enzyme
7 (GSTx) [21]; excision cross-complementing gene 1
(ERCC1) [22]; receptor-interacting protein 1 (RIP1) [23];
microRNAs [24-26]; and p53 [27]. In contrast, there are
still several proteins related to platinum resistance without
a full understanding of how these proteins help cells to
confer platinum-based drugs.

We recently reported that annexin A4 (ANXA4)
is overexpressed in ovarian clear cell carcinoma and
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induces chemoresistance to platinum-based drugs [28].
Annexins are calcium-regulated and negatively charged
phospholipid membrane-binding proteins. The basic
structure of annexins consists of 2 major domains: a
conserved structural element called an annexin repeat,
a segment of 70 amino acid residues at the C terminus,
and the N-terminal region unique for a given member of
the family and determining individual annexin properties
in vivo. The annexin repeat possesses the calcium and
membrane binding sites and is responsible for mediating
the canonical membrane binding properties [29].
These domains in ANXA4 are surrounded by relatively
short amino and carboxy termini that do not have any
known function [30]. ANXA4 is involved in membrane
permeability, exocytosis and regulation of chloride
channels in a calcium-dependent manner [29, 31-33].
ANXA4 is almost exclusively expressed in epithelial cells
[34]. With regard to cancer, ANXA4 overexpression has
been reported in various tumours, such as lung, gastric,
colorectal, renal, pancreatic, ovarian and prostate cancer
[28, 35-39] and is associated with tumour invasiveness,
metastasis and chemoresistance [37, 40]. Moreover,
ANXA4 has been shown to be associated with resistance
to platinum-based drugs [28, 41-43].

ANXA4-induced platinum resistance appears
to be mediated in part by the increased extracellular
efflux of platinum mediated by the copper transporter
ATP7A[28, 44]. Another mechanism of ANXA4-
induced chemoresistance is the modulation of NF-kB
transcriptional activity [45]. ANXA4 suppresses NF-xB
transcriptional activity through interaction with the p30
subunit in a calcium-dependent manner; ANXA4 causes
resistance to apoptosis induction by etoposide.

While ANXA4 prominently associated with
chemoresistance, the functional domain of ANXA4
remains unclear. Therefore, to clarify the functional
domain of ANXA4 is required to understand detailed
mechanisms of the chemoresistance induced by ANXA4
and also overcome chemoresistance. In this study, focusing
on platinum resistance, we aimed to identify the ANXA4
domain relevant to chemoresistance with regard to its
structure as well as to test whether knockdown of ANXA4
expression could improve platinum resistance. Our data
showed that the annexin repeat plays an important role in
platinum resistance induced by ANXA4, which occurs in
a calcium-dependent manner.

RESULTS

Establishment of ANXA4 knockdown RMG-I
cells

To create cell lines with a stable ANXA4
knockdown, we analysed ANXA4 expression in

ovarian cancer cells using western blotting. ANXA4
expression was strong in clear cell carcinoma cell lines
(OVTOKO, OVISE and RMG-I) compared with serous
adenocarcinoma cell lines (A2780, OVCAR3 and
OVSAHO) and a mucinous adenocarcinoma cell line
(MCAS; Fig. 1A). To see whether blocking ANXA4
expression was a valid chemosensitising strategy for
ovarian clear cell carcinoma treatment, ANXA4 was
stably suppressed using an ANXA4 shRNA plasmid.
We established RMG-I-Y4 and R3S cell clones as well
as RMG-I NC7 cell clones transfected with the empty
vector as a control. Compared with RMG-I NC7 and
untransfected control parent RMG-I cells, ANXA4
expression was markedly down-regulated at the protein
level in RMG-I-Y4 and RMG-I-R5 cells (Fig. 1B). In the
absence of any drug treatment, the growth rate among the
4 cell lines was similar in vitro (data not shown).

Knockdown of ANXA4 expression enhances
sensitivity to cisplatin and carboplatin

The sensitivity to cisplatin and carboplatin was
assessed in the 3 RMG-I clones NC7, RS and Y4.
Compared with the IC, for cisplatin in NC7 cells, IC,,
was significantly decreased in Y4 cells and R5 cells (p <
0.01; Fig. 1C, left panel). Similarly, IC,; for carboplatin
significantly decreased in Y4 cells and RS cells compared
with NC7 cells (p < 0.01; Fig. 1C, right panel). IC_ for
cisplatin and carboplatin decreased approximately 2-fold
because of the knockdown of ANXA4 expression.
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Fig.1: Knockdown of ANXA4 expression attenuates
platinum resistance. (A) ANXA4 expression in indicated
ovarian cancer cell lines and (B) established ANX A4 knockdown
RMG-I cells (R5 and Y4) was confirmed using Western blotting.
(C) IC,, for both cisplatin and carboplatin was significantly
reduced in R5 and Y4 cells compared with NC7 cells. Data are
presented as mean £+ SD (¥p <0.01).
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Suppression of ANXA4 expression improves
platinum sensitivity in vivo

To determine whether ANXA4 knockdown in
clear cell carcinoma cells improved platinum sensitivity
in vivo, NC7 and Y4 cells were subcutaneously injected
in ICR ru/nue mice. One week after inoculation with the
tumour cells, the mice were randomised into 2 groups
and received cisplatin or PBS 7.p. twice a week for 4
weeks. The tumour growth rate in the absence of drugs
was similar for both cell lines (Figs. 2A and 2B). Cisplatin
treatment had very little effect on NC7 cells (Fig. 2A), but
tumour volume markedly decreased in Y4 cells (Fig. 2B).
Cisplatin treatment significantly decreased tumour growth
in Y4 cells (87.4 + 1.8%) compared with NC7 cells (-1.1
+ 18.0%; p < 0.01; Fig. 2C). These results showed that
ANXA4 knockdown in the RMG-1 cell line significantly
attenuated resistance to cisplatin in vivo.

The annexin repeat domain is required for the
platinum drug resistance

To identify a possible resistance-related domain
within the annexin repeated sequence of ANXA4, we
constructed 3 deletion mutants by deleting the annexin
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repeats one by one from the C-terminal region. Figure 3A
shows the structure of each deletion mutant. Full-length
ANXA4, 3 ANXA4 deletion mutants or the empty vector
were fransfected into NUGC3 cells, whose endogenous
ANXA4 expression is relatively low (Supplementary
Fig. S1). Therefore, we established cell lines stably
overexpressing full-length ANXA4 (FL-22), each ANXA4
deletion mutant (R3-6, R2-13 or R1-12) or the empty
vector (NC-14). Expression of ecach ANXA4 deletion
mutant was confirmed using Western blotting (Fig. 3B).

Subsequently, the sensitivity to the platinum-
based drugs cisplatin and carboplatin was assessed. Cells
transfected with full-length ANXA4 and the 3 deletion
ANXA4 mutants were significantly more resistant to both
cigplatin and carboplatin compared with control cells,
approximately with a 1.7- to 2.2-fold increase in IC, for
cisplatin (p <0.01) and a 1.4- to 1.7-fold increase in IC,
for carboplatin (p < 0.05; Fig. 3C).

To test whether these deletion mutants induce
platinum resistance through regulating cellular drug
concentration as previously reported [28], we quantitated
the intracellular platinum content of each deletion
mutant-transfected cell clone after cisplatin treatment,
which is one of the most representative platinum drugs.
Platinum accamulation was significantly reduced in cells
overexpressing either full-length ANXA4 or any of the 3
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Fig.2: ANXA4 knockdown cells show enhanced sensitivity to cisplatin in vivo. Female ICR niw/nu mice were subcutaneously
inoculated with RMG-I NC7 or Y4 cells and given PBS (control group: filled circles) or cisplatin 1.p. (3 mg/kg; treatment group: open
circles) twice weekly for 4 weeks (n = 6 per group). Growth curves of NC7 tumours (A) and Y4 tumours (B). The mean volume (points)
+ SE (bars) is shown. (C) Comparison of the cisplatin-induced growth inhibition of tumours 46 days after treatment among NC7 and Y4
tumours. The average (columns) + SE (bars) are shown (*p <0.01).
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deletion mutants compared with NC-14 cells regardless
of the incubation time after cisplatin exposure (Fig. 3D).
These results suggested that the decreased intracellular
platinum contents were associated with platinum
resistance of the cells transfected with ANXA4 full length
and each deletion mutant.

The calcium-binding site of the annexin repeat is
responsible for platinum resistance

As specified above, platinum resistance was
enhanced in cells overexpressing ANXA4 deletion
mutants, which contained at least 1 intact annexin repeat.
Thus, to assess whether the calcium-binding site of the
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annexin repeat sequence was involved in chemoresistance,
another deletion mutant, RI(E70A) was constructed.
Within the annexin repeat next to the N-terminal region,
the 70th amino acid, glutamic acid, was responsible
for the calcium-dependent activity of ANXA4 [30].
Accordingly, at this site, the point mutation variant of R1,
RI(E70A), loses the function of its calcium-binding site
(Fig. 4A). Similar to other deletion mutants, R1(E70A)
was transfected into NUGC3 cells and designated
RI(E70A)-95. Western blotting revealed that R1-12 had
the same molecular weight as R1(E70A)-95 (Fig. 4B).
R1(E70A)-95 did not induce resistance to either cisplatin
or carboplatin (Fig. 4C). Moreover, the intracellular
platinum content of R1(E70A)-95-transfected cells did
not decrease compared with that of NC-14 cells after 0 hr
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Fig.3: Annexin repeat domain is required for the platinum drug resistance. (A) A structural map of ANXA4 and 3 deletion
mutant proteins. Annexin repeats were deleted one by one from the C-terminal site. (B) Established deletion mutant cells together with
parent cells, control cells and RMG-I as a positive control were confirmed using Western blotting. (C) Compared with NC-14 cells, IC,|
for both cisplatin and carboplatin was significantly increased in FL-22 and all other mutant cells. (D) Intracellular platinum accumulation
after treatment with 100 uM cisplatin for 60 min with or without additional 3 hr of incubation in cisplatin-free medium. Data are presented

as mean £ SD (*p <0.05, **p <0.01).
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or 3 hr of additional incubation in cisplatin-free medium
(Fig. 4D). According to the above results, the platinum
resistance of ANXA4 seemed to be related to the calcium-
binding site of the annexin repeat next to the N-terminal
domain.

The calcium-binding site of the annexin repeated
sequence is required for the resistance to
platinum-based drugs in vivo

To determine whether the annexin deletion mutants
of ANXA4 influenced the sensitivity to cisplatin in vivo,
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we inoculated ICR muwnu mice with NC-14, FL-22,
R1-12 or RI(E70A)-95 cells. Mice in each group were
randomised into 2 subgroups and received either cisplatin
at 3 mg/(kg-d) or PBS i.p. once a week for 3 weeks.
Cisplatin markedly decreased tumour volume in mice
injected with NC-14 and R1(E70A)-95 cells, whereas the
treatment effect was relatively smaller in mice injected
with FL-22 and R1-12 cells (Fig. 5A). Consistent with the
tumour volume, tumour growth was significantly inhibited
by cisplatin in mice inoculated with NC-14 (96.5 £ 1.3%)
and RI(E70A)-95 cells (87.8 + 11.4%) compared with
those injected with FL-22 (48.5 % 11.7%) and R1-12 cells
(37.7 £ 9.8%; p < 0.01; Fig. 5B). These in vivo results
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were consistent with those obtained in vitro.

Increase of the intracellular chloride
concentration is related to cisplatin resistance

To clucidate the molecular mechanisms of
chemoresistance induced by ANXA4, we focused on
the chloride channel because one of the functions of
ANXA4 is inhibition of calcium-dependent chloride
conductance[32]. According to the literature, treatment
with cisplatin induces an increase of the intracellular
Ca** concentration [46], which is an important ion for
the phospholipid membrane-binding activity of ANXA4.
In contrast, cisplatin exposure also induces an elevation
of the intracellular chloride concentration: [CI], [47].
Elevation of [CI], has been shown to prevent the aquation
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of 1 or 2 of the 2 chloride coordination sites in cisplatin,
and only the aquated forms of cisplatin covalently
bind to DNA. Nevertheless, the mechanisms of [Cl]
. elevation because of cisplatin treatment have not been
fully elucidated. We hypothesised that an increase in
intracellular Ca** concentration after cisplatin exposure
would result in translocation of ANXA4 from the cytosol
to plasma membrane, which leads to [CI7];accumulation
through inhibition of the chloride channel by the Ca*-
bound ANXA4. To confirm this hypothesis, we quantified
[CT7], after cisplatin treatment using MAQE fluorescence,
a fluorescent CI- indicator. Relative fluorescence was
substituted for [C1], as previously reported [48].

We monitored MQAE fluorescence in control cells
(NC-14), in cells overexpressing full-length ANXA4 (FL-
22) and in 2 deletion mutants (R1-12 and R1[E70A]-95).
The relative fluorescence ratio before (FO) and after

FL-22
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Fig.5: The calcium-binding site of the annexin repeat is required for platinum drag resistance 77 vivo. Female ICR nu/
nu mice were subcutaneously inoculated with NC14, FL-22, R1-12 or R1(E70A)-95 cells and given PBS (control group: filled circles) or
cisplatin 1.p. (3 mg/kg; treatment group: open circles) once a week for 3 weeks (n = 6 per group). (A) Growth curves of tumours of each
cell. The mean volume (points) £ SE (bars) is shown. (B) Comparison of the cisplatin-induced growth inhibition of tumours 28 days after
treatment. The average (columns) + SE (bars) are shown; *p < 0.01.

www.impactjournals.com/oncotarget 6 Oncotarget

— 423 —



treatment with cisplatin for 30 min (F30) is shown in
Figure 6. The inverse ratio of MQAE fluorescence 1/
(F30/F0), which is directly proportional to the increase in
[CI],, was significantly elevated in the platinum-resistant
cell clones FL-22 (1.12 + 0.03) and R1-12 (1.12 & 0.01)
compared with sensitive clones, NC-14 (1.06 4 0.01) and
RI(ETOA)-95 (1,06 £0.02; p <0.01). Thus, the increase in
[CI'], is likely to be involved in cisplatin resistance.

DISCUSSION

ANXA4 has been reported to be strongly expressed
and involved in chemoresistance in various cancers. The
factors associated with ANXA4-induced chemoresistance
have been reported, such as NF-kB [45] and ATP7A
[44], but the structure of the protein, i.e. annexin repeats
and calcium-binding sites in the annexin repeated
sequence, has not been taken into account in relation to
the ANXA4-induced chemoresistance. In this study, we
showed that ANXA4 knockdown improved sensitivity
to platinum drugs, and annexin repeats were involved in
chemoresistance.

We first confirmed ANXA4 expression in various
ovarian adenocarcinoma cell lines. As previously
reported [28, 49], ANXA4 is significantly upregulated
in clear cell carcinoma cell lines (OVTOKO, OVISE
and RMG-I) compared with other histological types
(serous and mucinous adenocarcinoma cell lines: A2780,
OVCAR3, OVSAHO and MCAS). It has been previously
demonstrated that enhanced ANXA4 expression induces
platinum resistance both in vitro and in vivo [28, 44],
but whether ANXA4 knockdown attenuates platinum
resistance has been unknown thus far. Mogami et al.
recently reported that an ANXA4 knockdown improves
sensitivity to carboplatin iz vitro using 2 cell lines of
ovarian clear cell carcinoma, OVTOKO and OVISE.
To the best of our knowledge, ours is the first study to
show that ANXA4 knockdown markedly improves the
sensitivity to platinum-based drugs not only in vifro but
also in vivo (Figs. 1 and 2).

The result that ANXA4 knockdown improves
sensitivity to platinum-based drugs suggests that ANXA4
is a good therapeutic target. To identify the functional
domain(s) of ANXAA4 that could be a promising therapeutic
target, we focused on annexin repeats and constructed 4
deletion mutants (R3, R2, R1 and R1[E70A)). Resistance
to platinum drugs was enhanced in cells transfected with
mutants possessing at least 1 intact annexin repeat. In
contrast, the sensitivity to platinum-based drugs improved
among the R1(E70A)-transfected clones because in those
cells, the calcium-binding site did not function properly
(Figs. 3C and 4C). This result implies that the ANXA4-
induced chemoresistance to platinum-based agents is
calcium dependent. It has been reported that cisplatin
induced increase of intracellular calcium concentration in
chemosensitive cells, but not in resistant cells [46, 50].

Together with this and the data by Chan et al., elevation
of intracellular calcium concentration induced by cisplatin
treatment may (ranslocate Ca** bound form of ANXA4
from cytosol to plasma membrane, which results in
platinum-resistance[32]. We are currently investigating
on further analysis.

By analysing the intracellular  platinum
accumulation, we attempted to elucidate the mechanism
of the platinum resistance induced by ANXA4 and its
deletion mutants. When intracellular platinum contents
were quantitated just after exposure to cisplatin or 3 hr
incubation with cisplatin-free medium after exposure to
cisplatin, significantly less platinum accumulated in cells
transfected with the full-length ANXA4 (FL-22) and 3
deletion mutants (R3-6, R2-13 and R1-12), all of which
cnhanced the resistance to the platinum-based drugs. In
contrast, RI(E70A)-transfected cells (R1[E70A]-93),
which did not induce chemoresistance, had the same
amount of platinum accumulation as the control cells
(Figs. 3D and 4D). These results suggest that the
resistance to the platinum-based drugs is mediated by the
decrease in intracellular platinum accumulation, which is
calcium dependent. The annexin repeats, especially their
calcium-binding sites, may be involved in inhibition of
the influx, promotion of the efflux or both of platinum
drugs. Recently, Cu transporters (CTR1 for the uptake and
ATP7A and ATP7B for the efflux) have been reported to
be involved in resistance to both cisplatin and carboplatin
[14, 44, 51]. In addition, ANXA4 likely enhance platinum.
efflux through the interaction with ATP7A [44]. The
possible mechanisms of inhibition of the influx mediated
by ANXA4 remains unclear and further analyses are
needed.
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Fig.6: The increase of intracellular chloride
concentration is related to cisplatin resistance.
ANXA4 deletion mutant series cells (NC-14, FL-22, R1-12
and R1[E70A]-95) loaded with N-ethroxycarbonymethyl-6-
methoxyquinolinium bromide (MQAE) were exposed to 100 uM
cisplatin. The fluorescence pre-treatment and during treatment
(30 min exposure) was compared in each cell clone. Data are
presented as mean + SD (*p <0.01).
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Subsequently, the question regarding the
involvement of calcium-binding site in the platinum
resistance arose. To answer this question, we measured
[CI'], after cisplatin exposure. The significant increase in
[CI], was observed in the cells with platinum resistance,
FL-22 and R1-12, compared with cell clones without
platinum resistance, NC-14 and RI(E70A)-95. In a
previous study, higher [CI], was observed in cisplatin-
resistant cells compared with sensitive cells, whereas the
intracellular cisplatin accumulation showed the opposite
pattern [47]. These results, in addition to the results of
decreased platinum accumulation in resistant mutants,
indicate that ANXA4 induces platinum resistance through
cellular drug efflux partly by elevating the intracellular
chloride concentration. We report ‘partly’ because

only cisplatin, not carboplatin, was tested in our [CI'], -

assay. Cisplatin becomes intracellularly activated by the
aquation of 1 or 2 of the 2 chloride coordination sites, but
carboplatin does not contain any chloride coordination
sites [1, 52-54]. Thus, this mechanism of resistance
through elevation of [C17], may be specific to cisplatin and
may not be true of carboplatin resistance. In this study, 3
cell clones overexpressing a deletion mutant (R3-6, R2-
13, and R1-12) show stronger tolerance to cisplatin than
to carboplatin in terms of their IC,; a 1.7- to 2.2-fold
increase for cisplatin and only a 1.4- to 1.7-fold increase
for carboplatin (Fig. 3C). It is assumed that the increase
in [CT'], is one of the factors inducing cisplatin resistance.

In this study, the calcium-binding site in the
annexin repeat next to the N terminus was observed to
be responsible for the resistance to the platinum drugs.
Nevertheless, the role of the other 3 calcium-binding sites
has not yet been investigated. The roles of individual
calcium-binding sites were demonstrated using site-
directed mutagenesis by Nelson and Creutz regarding
calcium-dependent membrane binding and aggregation
[30]. The mutations in each domain had different effects
on the binding or aggregating activities, i.e. a mutation
in the first or fourth domain had a greater effect on
membrane binding. A mutation in the second domain
had a stronger effect on membrane aggregation, whereas
the mutation of the third domain was almost silent.
Although the mechanisms involved in membrane binding/
aggregation and the mechanisms of chemoresistance are
likely different, our data could provide some clues to
understanding the function of each annexin repeat and
each calcium-binding site in chemoresistance.

ANXA4 has been shown to induce resistance to
paclitaxel and platinum-based drugs [55]. The effect of
ANXA4 knockdown on paclitaxel sensitivity was assessed
in a previous study. The effect of sensitivity to paclitaxel
varied among different cell clones: ANXA4 knockdown in
the OVTOKO cell line with acidic isoelectric point (IEPs)
did not improve the sensitivity to paclitaxel, whereas
OVISE cell lines with basic IEPs showed improved
sensitivity to paclitaxel [43]. In our own preliminary data,

significant chemosensitisation to paclitaxel and etoposide
was confirmed in RMG-I Y4 and RS (data not shown).
Further studies are required to identify the detailed
mechanism.

In summary, in this study, we observed the annexin
repeat, especially its calcium binding site, was associated
with platinum-resistance induced by ANXA4, and it
happened in calcium-dependent manner. Our findings may
help to understand the mechanisms of platinum resistance
induced by other annexin family proteins, which possesses
the same annexin repeat structure, and offer new strategies
for the treatment of chemoresistant cancers.

METHODS

Cell lines and culture

The human ovarian serous adenocarcinoma cell line
(OVSAHO), human ovarian mucinous adenocarcinoma
cell line MCAS), human ovarian clear cell carcinoma
cell lines (OVTOKO, OVISE and RMG-I) and human
gastric cancer cell line NUGC3) were obtained from the
Japanese Collection of Research Bioresources (Osaka,
Japan). A2780 cells from the human ovarian serous
adenocarcinoma were obtained from the European
Collection of Animal Cell Culture (Salisbury, Scotland)
and OVCAR-3 cells from another human ovarian serous
adenocarcinoma were from American Type Culture
Collection (Manassas, VA). MCAS cells were maintained
in the DMEM medium and the others in the RPMI
medium, all supplemented with 10% foetal bovine serum
(FBS; Serum Source International, NC, USA) and 1%
penicillin—streptomycin (Nacalai Tesque, Kyoto, Japan)
at 37°C in a humidified atmosphere with 5% CO,. All the
cell lines were tested and authenticated.

Generation of ANXA4 knockdown cell lines

To generate stable ANXA4 knockdown cell
lines, RMG-I cells were transfected with a commercial
plasmid vector expressing short heparin RNA (shRNA)
that targeted ANXA4 mRNA or a negative control
nonspecific shRNA (SuperArray Bioscience Corp.,
KHO06928N; Frederick, MD, USA) using Lipofectamine
2000 (Invitrogen, Carlsbad, CA), according to the
manufacturer’s instructions. After selection using a culture
medium containing geneticin (600 pg/mL; Invitrogen),
stable clones were maintained in 250 pg/mlL geneticin.
Two stable RMG-I-ANXA4 shRNA cell clones were
established, designated Y4 and R5 cells. In addition,
we transfected the empty vector into the RMG-I cell
line using the same procedure to generate control cells,
designated NC7.
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Construction of ANXA4 deletion mutants and
gene transfection

Using pcDNA3.1-ANXA4 as a template, full-
length cDNA of ANXA4 was amplified using KOD-
plus (Toyobo Co. Led., Osaka, Japan) with the primers
forward 5'-TTGACCTAGAGTCATGGCCA-3',
reverse  5-ATCATCTCCTCCACAGAGAA-3" and
subsequently ligated into the pcDNA3.1/V35-His-TOPO
vector in-frame with the C-terminal V5 and 6x His tag.
To generate ANXA4 deletion mutants, annexin repeat
domains were deleted one by one from the C-terminal
site. Three deletion mutants named R3, R2 and RI1
were generated and similarly amplified (an Arabic
number shows the number of annexin repeat domains).
The nucleotide sequences of the forward primers for
PCR were the same as those described above for all
the deletion mutants, and the reverse primers were as
follows: R3  5-TATAGCCAGCAGAGCATCTT-3',
R2 5-CAGAGACACCAGCACTCGCT-3' and Rl
5'-CATCCCCACAATCACCTGCT-3". We subsequently
set out to generate an R1 mutant (the E70A mutation),
whose calcium-binding site does not work because of
the change of a negatively charged carboxyl group to a
neutral side chain, as previously described [30]. The site-
directed mutagenesis was performed using the KOD-Plus-
Mutagenesis kit (Toyobo), according to the manufacturer’s
protocol. These cDNA fragments, including full-length
gene, were subsequently inserted between the Bg/ I and
EcoR 1 sites of the pIRES2AcGFP vector (Clontech,
Palo Alto, CA). The sequences of all the mutants were
confirmed using the ABI PRISM 3100 Genetic Analyser
(Applied Biosystems, Foster City, USA).

Full-length ANXA4, each ANXA4 deletion mutant
construct and the empty vector were transfected into
NUGC3 cells using Lipofectamine 2000 (Invitrogen).
Stable transfectants designated FL-12, R3-6, R2-13, R1-
12, R1(R70A)-95 and NC-14 were obtained by selection
in a medium containing geneticin and were maintained in
the same manner described above.

Western blotting

Cells were lysed in RIPA buffer (10 mM Tris—HCI,
pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 0.1% sodium
deoxycholate, 0.1% SDS, 1x phosphatase inhibitor
cocktail (Nacalai Tesque) and 1x protease inhibitor
cocktail (Nacalai Tesque)), followed by centrifugation
(13,200 rpm, 4°C, 15 min). Soluble proteins in the
supernatant were separated using sodium dodecyl
sulphate polyacrylamide gel electrophoresis, as described
previously [28]. Additional information can be found in
the Supporting Information on Material and Methods
section.

Measurement of IC_ values after treatment with
a platinum-based drug

Cells were suspended in the RPMI medium
supplemented with 10% FBS, sceded in 96-well plates
(1.500/well for the RMG-I series and 2,500 cells/well for
ANXA4 deletion mutant series), cultured for 24 h and
exposed to various concentrations of cisplatin (0-25 uM;
Sigma—Aldrich, St Louis, MO) or carboplatin (0-1000
uM; Sigma-Aldrich) for 72 h. Cellular proliferation
was subscquently evaluated using the WST-8 assay, i.e.
2~(2-methyosy-4-nitro-phenyl)-3-(4-nitrophenyl)-5-(2 4~
disulfophynel)-2H-tetrazolium monosodium salt assay
(Cell Counting Kit~-SF; Nacalai Tesque) after treatment.
The absorption of WST-8 was measured at a wavelength
of 450 nm (reference wavelength: 630 nm) using a Model
680 microplate reader (Bio-Rad Laboratories, Hercules,
CA). Absorbance values for the treated samples were
expressed as percentages relative to results for untreated
controls, and IC, values were calculated.

Measurement of intracellular
accumulation

platinum

Full-length ANXA4-transfected cells (FL-22), each
ANXA4 deletion mutant-transfected cell clone (R3-6, R2-
13, R1-12 and R1[E70A]-95), and control cells (NC-14)
were cultured up to 80% confluence in 150-mm tissue
culture dishes. The cells were then exposed to 100 pM
cisplatin for 60 min at 37°C and washed twice with PBS
either immediately or after 3 hr of incubation in cisplatin-
free RPMI 1640 medium supplemented with 10% FBS.
Whole-cell extracts were prepared, and the concentration
of intracellular platinum was determined using an Agilent
7500ce inductively coupled plasma mass spectrometer
(ICP-MS; Agilent, Santa Clara, CA, USA).

In vivo model of cisplatin resistance

All animal experiments were conducted in
accordance with the Institutional Ethical Guidelines
for Animal Experimentation of the National Institute
of Biomedical Innovation (Osaka, Japan). Female
Institute of Cancer Research (ICR) nu/mu mice were
obtained from Charles River Japan (Yokohama, Japan).
Injection of the ANXA4 knockdown cells was performed
as follows: ICR muwnu mice at 4 weeks of age were
subcutaneously inoculated (into the flank of the mice;

= 6 per group) with 2.5 x 10¢ cells of RMG-I NC7
cells or RMG-I-Y4 cells in the total volume of 100 uL
of 1/1 (v/v) PBS/Matrigel (Becton Dickinson, Bedford,
MA). Injection of ANXA4 mutant-transfected cells, i.e.
mice at 5 weeks of age were inoculated with 10° cells of
NC-14, FL-22, R1-12 or R1(E70A) in the same manner
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as with the ANXA4 knockdown cells. Treatment with
cisplatin (3 mg/kg) or PBS i.p. was initiated 1 week after
inoculation and administered twice weekly for 4 weeks
(ANXA4 knockdown cells) and once a week for 3 weeks
(ANXA4 mutant-transfected cells). Tumour volumes
were determined twice weekly by measuring length (L),
width (W) and depth (D) and using the following formula:
tumour volume (mm®) =W x L x D.

[CI'], measurements

[CI'], was measured using the fluorescent CI°
indicator N-ethroxycarbonymethyl-6-methoxy quinolinium
bromide (MQAE; Dojindo, Kumamoto, Japan). [CI], is
detected by the mechanism of diffusion-limited collisional
quenching of MQAE fluorescence. MQAE fluorescence
intensity inversely correlates with [CI7],. The cells of the
ANXA4 deletion mutant series (NC-14, FL-22, R1-12
and R1[E70A]-95) were cultured in 35-mm tissue culture
dishes up to 20% confluence and incubated with a medium
containing 10 mM MQAE for 4 h at 37°C. After loading,
the cells were washed 5 times with ClI™-free buffer and
electrically stimulated under a microscope at 37°C in
a humidified atmosphere with 5% CO,. Fluorescence
measurements were initiated immediately at the indicated
periods using Biozero BZ-9000 (Keyence, Tokyo, Japan)
at 510/40 nm excitation and 380/50 nm emission. The
fluorescence was quantitated by means of a standardised
procedure using a BZ-II Analyser (Keyence), and the
data were presented as the reciprocal of the ratio of
fluorescence data (FO/F30) to identify possible correlations
with the increase in [CI],.

Statistical analysis

All calculations involved one-way analysis of
variance (ANOVA) followed by Dunnett’s analysis to
evaluate the significance of differences. In all experiments,
p value of <0.05 was considered statistically significant.
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Summary

Given no reliable therapy for advanced malignant melanoma, it is important to elucidate the molecular
mechanisms underlying the disease progression. Using a quantitative proteomics approach, the “isobaric tags
for relative and absolute quantitation (iTRAQ)" method, we identified that the extracellular matrix protein,
periostin (POSTN), was highly expressed in invasive melanoma compared with normal skin. An
immunohistochemical analysis showed that POSTN was expressed in all invasive melanoma (n = 20) and
metastatic lymph node (n = 5) tissue samples, notably restricted in their stroma. In terms of the intercellular
regulation of POSTN, we found that there was upregulation of POSTN when melanoma cells and normal human
dermal fibroblasts (NHDFs) were cocultured, with restricted expression of TGF-1 and TGF-$3. In a functional
analyses, recombinant and NHDF-derived POSTN significantly accelerated melanoma cell proliferation via the
integrin/mitogen-activated protein kinase (MAPK] signaling pathway in vitro. The size of implanted melanoma
tumors was significantly suppressed in POSTN/Rag2 double knockout mice compared with Rag2 knock-out
mice. These results indicate that NHDF-derived POSTN accelerates melanoma progression and might be a
promising therapeutic target for malignant melanoma.

Significance

In this study, we found an extracellular matrix protein, periostin (POSTN), increased in invasive melanoma
compared with radial growth melanoma a quantitative proteomics approach, the ‘isobaric tags for relative
and absolute quantitation (iTRAQ) method. POSTN was exclusively expressed in the tumor-associated
stromal tissue not in the tumor cells, suggesting the paracrine effect of POSTN to melanoma cells
aggressiveness. As expected, secreted POSTN could augment cell proliferation in melanoma cell lines in
vitro. Moreover, we generated of postn and rag2 double knockout mice and showed significant inhibition of
human melanoma growth in those KO mice in vivo. This study could give us the cue of therapeutic effect on
melanoma growth by an agent controlling tumor microenvironment induced by POSTN.

630 © 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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Introduction

Malignant melanoma is one of the most aggressive
malignancies due to its strong capacity to grow, invade
and metastasize, and therefore, it is of high priority to
identify novel therapeutic targets and treatment options
for this cancer.

Periostin (POSTN), first described in 1993 in mouse
osteoblasts as osteoblast-specific factor 2 (OSF-2), is a
secreted matrix N-glycoprotein of 93 kDa (Takeshita
et al., 1993). The N-terminal region contains four fasci-
clin-like domains as well as several glycosylation sites.
The protein originally was identified in MC3T3-E1 osteo-
blast-like cells, where it promotes integrin-dependent cell
adhesion and motility. It shares homology with the insect
cell adhesion molecule fasciclin |, with human f IgH3, and
is induced by transforming growth factor-f (TGF-f)
(Horiuchi et al., 1999), bone morphogenic protein-2 (Inai
et al., 2008), IL-4, IL-13 (Takayama et al., 2006), and
PDGF-bb (Li et al., 2006). As a ligand to alpha{V)beta(3)
and alpha(V)beta(5) integrins, POSTN appears to activate
the Akt/PKB (protein kinase B) pathway, which is known
to facilitate cell survival and tumorigenesis (Bao et al.,
2004, Gillan et al., 2002; Yan and Shao, 2006).

POSTN promotes the epithelial-mesenchymal transi-
tion (EMT), cancer cell growth, angiogenesis, invasive-
ness, and metastasis in several cancers (Bao et al., 2004;
Baril et al., 2007, Erkan et al., 2007; Gillan et al., 2002;
Kudo et al., 2006; Li et al., 2002; Puppin et al., 2008;
Riener et al., 2010; Sasaki et al., 2001, 2002, 2003; Shao
et al, 2004; Soltermann et al., 2008a,b; Tilman et al,,
2007; Tischler et al., 2010). Although it was also reported
that melanomas expressed POSTN (Tilman et al., 2007),
the precise roles and the source of POSTN in malignant
melanoma are still unclear.

We investigated the functional role of POSTN during
melanoma tumor progression in vitro and in vivo. More-
over, we herein demonstrate that stromal cells, normal
human dermal fibroblasts (NHDFs), were important
sources of POSTN in cutaneous malignant melanoma
and that NHDFs promote tumor growth and progression
and modulate the tumor microenvironment by secreting
POSTN in cutaneous malignant melanoma.

Results

Protein expression profiles in melanoma and normal
skin

To identify the proteins associated with the progression
of melanoma, we performed comparative protein expres-
sion profiling between in situ melanoma tissues and
matched normal skin tissue, or between invasive mela-
noma tissue and matched normal skin tissues. We
identified a total of 1062 proteins, and 1036 proteins
were quantitatively analyzed by the iTRAQ 4-plex tech-
nology using a nano LC-MS/MS analysis. The complete

© 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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list of all proteins identified is shown in Table S1. Among
the identified proteins present at different levels in the
invasive melanoma lesions compared with matched
normal skin, 30 proteins were found to have increased
more than 15-fold, while 67 proteins decreased to <0.25-
fold (Table S1). As expected, $100, a protein previously
known to be overexpressed in melanoma, was identified
as one of the overexpressed proteins. Interestingly,
POSTN was found to have a 25.703-fold higher expres-
sion in invasive tumor tissue compared with matched
normal skin and showed a 4.434-fold higher expression in
in situ tissue compared with matched normal skin
(Table S1).

Expression of POSTN in melanomas

To confirm the altered expression of POSTN in invasive
melanoma, we performed a Western blot analysis using
proteins extracted from the same samples. As shown
in Figure 1, POSTN was highly expressed in invasive
melanoma tissue and slightly expressed in in situ tissue,
although POSTN was faint in normal skin tissue
(Figure 1A).

We thereafter preformed an immunohistochemical
analysis of 20 invasive melanoma tissues and five
metastatic lymph nodes. The expression of POSTN was
observed in all invasive melanoma tissue samples and
metastatic lymph nodes (Figure 1B). POSTN was local-
ized in the stroma of the invasive melanoma, with a
mesh-like structure (Figure 1C). Together, these data
demonstrate that POSTN was overexpressed in invasive
melanoma at the protein level; this was consistent with
the results of our iTRAQ analysis.

POSTN is produced by NHDF instead of melanoma
cells

We also analyzed the expression of POSTN in the cell
lysates from three melanoma cell lines (MeWo, G-361,
and VMRC-MELG) and melanocytes by Western blot
analysis; however, the expression of POSTN was not
observed in these cells (Figure 2A). Because POSTN was
expressed in melanoma tissue samples, but not in
melanoma cell lines, we hypothesized that an interaction
between melanoma cells and NHDFs was required for
the optimum expression of POSTN. First, we cocultured
NHDFs with the MeWo, G-361, and VMRC-MELG cell
lines and performed RT-PCR and a Western blot analysis.
An overexpression of POSTN mRNA was only observed
in the cocultured cell lysates (Figure 2B), and POSTN
protein was detected in the cocultured supernatant in a
time-dependent manner (Figure 2C).

To identify the source of POSTN, we cocultured
NHDFs with CFSE-labeled MeWo cells for 48 h, and
sorted these cells into NHDF and MeWo populations. The
expression of POSTN mRNA measured by RT-PCR
showed the source of the POSTN to be the NHDFs, not
the MeWo cells (Figure 2D).
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TGF-1 and TGF-$3 mRNA expression in NHDFs after
the coculture with melanoma cells

While the coculture of NHDF and melanoma cells was
effective for the induction of POSTN expression, it was
unclear how POSTN was induced during the coculture. To
investigate the effect of soluble factors secreted by
melanoma cells, we cultured NHDFs in the conditioned
medium from MeWo or G-361 cells, and measured the
expression of POSTN. However, the overexpression of
POSTN was not observed at the protein level during
these experiments (Figure 2E).

Next, to detect the soluble factors inducing POSTN in
NHDFs, we examined the expression of POSTN-inducing
cytokines, such as TGF-$1, 3, IL-4, IL-13, BMP2, and
PDGF-bb, which are known to be soluble inducers of
POSTN. During the RT-PCR analysis, IL-4, I1L-13, BMP2,
and PDGF-bb mRNA were not affected after the
cocultured of melanoma cells and NHDFs (Figure 2F).
However, TGF-f1 and TGF-3 mRNA were both signif-

632

Infradermal nevus

Figure 1. POSTN expression is much
higher in melanoma tumor tissues
compared with normal lesions. POSTN is
predominantly expressed in the stroma of
the melanoma tumors not melanoma cells.
POSTN was slightly expressed in the in situ
melanoma tissues (patient No. 1, No. 2)
and highly expressed in the invasive
melanoma tissues (patient No. 3) in a
Western blot analysis (A). POSTN staining
of invasive melanoma samples (upper three
panels) and metastatic lymph nodes
(middle three panels), but no expression of
POSTN was detected in the pigmented
nevus (lower left panel). Positive cells are
stained red with ALP colorization. Bar
indicates 100 um (B). The confocal
microscopic analysis showed that POSTN
was strongly expressed in the stromal
tissue with a lattice pattern in the 3
melanoma tissues (left 3 panels) not in the
intradermal nevus (right panel). Bar
indicates 20 pum for melanoma and 10 um
for intradermal nevus, respectively (C).

icantly upregulated in the cocultured NHDFs (Figure 2F).
In addition, neutralization of TGF-§ in the coculture
markedly blocked the increase in POSTN expression
(Figure 2G).

These findings indicate that cell-cell contact between
NHDFs and melanoma cells is important for the expres-
sion of TGF-fs and POSTN from NHDFs, but the
secretion of proteins from melanoma cells is not impor-
tant for this effect.

Expression of integrin av$3 and «vf5 in melanoma
cells

Because integrin avf3, avf5, and «684 are well-known
receptors for POSTN, we investigated the expression of
these molecules by a Western blot analysis. We observed
the expression of integrin «vf3 and «vf5 in the MeWo
and G-361 cell lines (Figure 3A). On the other hand,
integrin 264 was not expressed in the melanoma cells
(data not shown).

© 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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Figure 2. NHDFs secret POSTN during the coculture with human melanoma cells. The POSTN protein was upregulated in the supermatant after
the coculture of NHDFs with human melanoma cells as determined by a Western blot analysis (A). POSTN mRNA was upregulated in the cell
lysates after the coculture of NHDFs with human melanoma cells (B). POSTN expression was upregulated in the coculture media in a time-
dependent manner (C). NHDFs, but not MeWo cells, induced POSTN expression under the coculture conditions (D). POSTN was not upregulated
in the treatment with the conditioned media (E). The levels of TGFA1, TGFS3, IL-4, IL-13, BMP2, and PDGF-bb from NHDFs were increased after
the coculture of NHDFs with melanoma cells (F). POSTN expressions were evaluated in cultured cells with or without anti-TGF-g neutralizing
antibody (10 pg/ml, #MAB1835, R&D system, Minneapolis, MN). Neutralization of TGF-# blocked the increase in POSTN periostin in cocultured

NHDF (G). *** indicate P-value <0.001.

Recombinant POSTN protein accelerates the
proliferation of melanoma cells

To investigate the role of POSTN in the proliferation of
human melanoma, we performed the MTT proliferation
assay using recombinant human POSTN. The melanoma
cells proliferated significantly more than control cells
following the treatment with recombinant POSTN
(Figure 3B). The proliferation in response to the treatment
with recombinant POSTN was suppressed by anti-inte-
grin avf3 and «vf5 antibodies, which can neutralize the
stimulation by POSTN (Figure 3C).

The phosphorylation of Akt and p44/42MAPK was
observed in the cells treated with 100 ng/ml of recom-
binant POSTN (Figure 3D). However, the proliferation in
response to the treatment with recombinant POSTN
was abrogated by treatment with a MAPK inhibitor
(PD98095), but not with an Akt inhibitor (LY294002)
(Figure 3E). These results indicate that POSTN promotes
melanoma proliferation via the integrin/p44/42MAPK
pathway.

©® 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

NHDF-derived POSTN gene transfection promotes
the proliferation of melanoma celis

To investigate the role of NHDF-derived POSTN in mela-
noma, we transfected the NHDF-derived POSTN gene into
MeWo cells (POSTN-low: lower POSTN expressing
MeWo cells, POST-high: higher POSTN expressing MeWo
cells, Figure 4A) and performed the MTT proliferation
assay. The proliferation of POSTN-MeWo cells was
significantly upregulated compared with control-MeWo
(CTL-MeWo) cells in a time-dependent manner and much
higher in POSTN-high cells {Figure 4B).

Significant suppression of human melanoma tumor
growth in POSTN gene-deficient mice

We established immunodeficient Rag2 knockout mice
(Rag2 KO mice) and POSTN and Rag2 double knockout
mice (POSTN/Rag2 KO mice). We transplanted the
MeWo human melanoma cell line subcutaneously onto
the back of each of 17 mice and measured the tumor size
for 70 days. The resulting tumors were smaller in the
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Figure 3. Recombinant POSTN protein accelerates melanoma cell proliferation via the integrin/P44/42MAPK pathway. Integrins av, 3, and 5
were expressed in human melanoma cell lines (A). Recombinant POSTN increased the proliferation of human melanoma cells (MeWo, G-361,
VMRC-MELG) (B). Neutralization of integrins avf3 and «vp5 inhibited MeWo proliferation after the treatment with recombinant POSTN (C). The
phosphorylation of Akt and P44/42MAPK in MeWo cells after the indicated treatment (D). Significant inhibition of MeWo cell proliferation after the
treatment with recombinant POSTN by MAPK or Akt inhibitor (E). ¥, **, and *** indicate P-value <0.05, <0.01, <0.001, respectively.

double KO mice on day 56 after transplantation compared
with the single KO mice (Figure BA). The number of Ki-67-
positive cells was significantly lower in the double KO
mice compared with Rag2 KO mice which indicated
decrease in cell proliferation (Figure 5B, C). The levels
of the xSMA protein, known as a marker of myofibro-
blasts and collagen tissue, which is colored red with
E-V (Elastica van Gieson) staining, were decreased
(Figure 5B). The growth of implanted melanoma tumors
was also significantly suppressed in the double KO mice
(Figure 5D).

Discussion

In this study, we reported the expression and function of
POSTN in the ontogeny and progression of human
malignant melanoma. We first noted the upregulation of
POSTN protein expression in melanoma tissues com-
pared with adjacent normal skin using an iTRAQ analysis,
thereafter confirmed that higher expression in invasive
melanoma. These results suggested that the upregulation
of POSTN expression might be associated with the tumor
malignancy. In the confocal microscopic analysis, POSTN
was predominantly found to be distinctively localized in

the stroma of invasive melanoma tissue, but not in
cultured melanoma cells, thus suggesting the possibility
that POSTN is derived from NHDFs to affect the
melanoma microenvironment. The coculture of human
melanoma cells with NHDFs robustly induced POSTN
expression. These results indicate that POSTN expres-
sion is produced by NHDFs, but not by melanoma cells.

Recent studies have revealed that interactions
between tumor cells and the surrounding stroma play
an important role in facilitating tumor growth and inva-
sion. In the present study, the induction of TGF-#in NHDF
was found by melanoma cell-NHDF cell contact, and the
behavior of dermal fibroblasts was altered to promote
tumor growth and invasion by the interaction with
surrounding melanoma cells. As reported previously,
integrin was found to activate autocrine TGF-§ signaling
(Asano Y et al., 2005). In the present study, integrin was
found highly expressed in melanoma cells (Figure 3). It
suggested the similar mechanism of activated autocrine
TGF-g signaling by integrin might be involved in the
interaction of melanoma cell-NHDF.

Recent studies have revealed the importance of the
fibrotic microenvironments surrounding cancer cells and
the interactions between the host tissue and cancer cells

634 © 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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Figure 4. There is a significant increase in the proliferation of POSTN-
transfected MeWo cells. POSTN gene transfection into MeWo cells
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for tumor growth and progression, because tumors are
dependent on the normal host tissue-derived stromal
cells and vasculature for growth and sustenance (Hana-
han and Weinberg, 2000; Nyberg et al., 2008; Polyak and
Kalluri, 2010; Quaranta, 2002; Yang et al., 2003; Zeisberg
et al., 2002). Although there has been no previous report
of a role of POSTN as stromal microenvironment in
malignant melanoma, our data suggest that such a role
exists.

We previously reported that POSTN accelerates dermal
fibroblast proliferation, migration (Ontsuka et al., 2012),
and myofibroblast differentiation, collagen 1 production
(Yang et al., 2012), resulting in dermal fibrosis, and Elliott
et al. also revealed the modulation of myofibroblast
differentiation by POSTN (Elliott et al., 2012). These data
support that NHDF-derived POSTN overexpression in the
stroma of melanoma could affect the stromal microenvi-
ronment by activating dermal fibroblasts followed by
tumor progression. In another report, impaired fibrous
capsule formation of the implanted tumor was found in
periostin-null mice, resulting in accelerating the tumor

© 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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expansion (Guarino, 2010). Although our present data
seem to be opposite of the previous report, MeWo cell
established from human melanoma did not histologically
form the surrounding fibrous capsule and the tumor
immunity was canceled on the basis of Rag2 KO immune-
deficient mice. Periostin expressed on intertumor space
may be affected to accelerate adjacent melanoma cells in
the present study setting.

We also revealed the proliferative effect of POSTN in
human melanoma using recombinant and NHDF-derived
POSTN. In details, we investigated the phosphorylation of
FAK, STAT3, Akt, and p44/42MAPK, which are known to
be the downstream pathways of integrin signals (Guarino,
2010). We did not observe any increase in the phosphor-
ylation of FAK or STAT3 (data not shown), but upregulat-
ed phosphorylation of Akt and p44/42MAPK was
observed after the treatment with recombinant POSTN.
We also revealed that the proliferative effect of POSTN in
melanoma is mediated by the integrins avfi3 and avp5/
p44/42MAPK  signaling pathway, but not by the Akt
pathway which is previously reported pathway (Bao
et al., 2004; Ouyang et al., 2009; Yang et al., 2012).

To investigate the agonistic effect of POSTN on
melanoma tissue growth in vivo, we transplanted MeWo
cells into Rag2 KO mice and POSTN/Rag2 KO mice. The
number of cells that were positive for Ki-67 was signif-
icantly decreased in the tumors of POSTN KO mice. In
addition, the number of «SMA positive cells and the
collagen expression which are known to be induced by
POSTN in our previous study {Yang et al., 2012) were
also decreased in POSTN KO melanomas, thus suggest-
ing that there was suppression of the stromal microen-
vironment in these melanomas.

It has been reported that the POSTN expression in
several cancers plays importantroles in cancer progression
asaresult ofincreased proliferation, migration (Gillan et al.,
2002), EMT (Soltermann et al., 2008a,b), and angiogenesis
{Shao et al., 2004). In this study, our findings showed the
source of POSTN to be restricted to NHDFs in human
melanoma tissues, and that these stromal NHDFs
between tumor cells may activate melanoma cell progres-
sion and invasion through an enhanced deposition of
POSTN in the melanoma microenvironment.

Recent advances in the therapeutic approach for
advanced melanoma have led to many clinical trials for
patients with melanoma. For example, a BRAF inhibitor
was reported to dramatically improve the prognosis of
patients with melanoma. However, it was only effective
in patients with the VEBOOE gene mutation in the tyrosine
kinase site (Atefi et al, 2011, Flaherty et al., 2010).
Treatment with an anti-CTLA4 antibody can augment the
anti-tumor immune response against melanoma tissue by
blocking the immune-attenuating molecule, CTLA4, in
T cells. However, the administration of the CTLA4
antagonist can induce severe autoimmune reactions,
such as colitis and skin rashes (Weber, 2008). Therefore,
it is essential to look for other therapeutic modalities with
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