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Abstract

Receptor-binding cancer antigen expressed on SiSo cells (RCAS1)
Is a secreted antigen that induces apoptosis in putative receptor-expressing
cells, including peripheral lymphocytes and natural killer (NK) cells.
RCASL1 expression is associated with aggressive characteristics and poor
overall survival for 15 different human malignancies. The putative RCAS1
receptor has not been isolated and the mechanism of RCAS1 apoptosis
induction remains unclear. This study explores how RCASL1 is involved in
apoptosis initiation. The cell lines SiSo and MCF-7, human uterine
carcinoma and breast adenocarcinoma, respectively, both express RCAS1,
but RCASL secretion is undetectable in MCF-7 cells. SiSo and MCF-7
cells were stimulated to induce RCAS1 ectodomain shedding followed by
assessment of RCAS1 expression and secretion. Additionally, the RCAS1
putative receptor-expressing human chronic myelogenous leukemia cell
line K562 was co-cultured with SiSo, MCF-7, or soluble RCAS1 to follow
RCAS1 secretion in apoptosis initiation. RCAS1 secretion was strongly
suppressed by inhibitors of metalloproteases, protein kinase C (PKC)-9,
mitogen-activated protein kinase (MAPK)/extracellular signal-regulated
kinase kinase (MEK), epidermal growth factor (EGF), and
G-protein-coupled receptor (GPCR). K562 apoptosis could be induced only
by co-culturing with SiSo or soluble RCAS1. RCASL1 is thus secreted by
ectodomain shedding, which may represent a pivotal step in
RCAS1-induced apoptosis initiation.
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Introduction

RCAS1 is a prognostic factor for 15 different types of human
cancer and its expression correlates with aggressive characteristics of
cancer, such as clinical stage, histological subtype, differentiation, tumor
size, depth of invasion, lymphovascular space involvement, lymph node
metastasis, and peritoneal cytological results [1]. RCAS1 expression is
increased in both pre-cancerous lesions and cancer of the uterine cervix and
endometrium [2, 3], suggesting that the expression and distribution of
RCAS1 may be involved in malignant transformation and tumor
progression in human cancers.

RCASLI is a type Il membrane protein that acts as a ligand for a
putative receptor present in various human cell lines, and on normal
peripheral lymphocytes and NK cells [4]. Addition of recombinant soluble
RCASL1 inhibits the in vitro growth of these receptor-expressing cells and
induces apoptosis. To date, more than 15 published immunohistochemical
studies, using tissue samples collected from cancer patients, revealed that
tumor RCAS1 expression is associated with an increased number of
apoptotic lymphocytes or a decreased number of tumor-infiltrating
lymphocytes [1]. Therefore, RCASL is believed to aid the escape of tumor
cells from immune surveillance. Additionally, we reported that RCAS1
expression is significantly associated with matrix metalloproteinase-1
(MMP-1) and laminin-5 expression in cervical cancer [5]. We also showed
that the number of cells expressing vimentin significantly decreases in

relation to the RCAS1 expression level in cervical and ovarian cancer [5, 6].



Moreover, enhanced RCAS1 expression in COS-7 cells following
introduction of the RCAS1-encoding gene significantly promotes in vivo
tumor growth via increased expression of vascular endothelial growth
factor (VEGF) [7]. In cervical cancer, RCAS1 expression correlates
significantly with VEGF expression and microvessel density (MVD).
These findings suggest that RCAS1 may play a pivotal role in tumor
progression by modifying the characteristics of connective tissue around
tumor cells.

The human uterine cervical carcinoma cell line SiSo secretes
RCAS1 and the amount of secreted RCASL increases when cells are
cultured with 12-O-tetradecanoylphorbol-13-acetate (TPA) [5]. PKC-5 is
activated by TPA, followed by metalloprotease induction. This means that
RCASL1 is secreted by proteolytic processing. This proteolytic processing,
also referred to as ‘ectodomain shedding’, is observed for growth factors,
growth factor receptors, cell-adhesion molecules, extracellular matrix
proteins and other membrane proteins such as the B-amyloid precursor
protein [8]. Ectodomain shedding affects the biological activity of
membrane proteins by changing their fate, location and mode of action. In
the case of membrane-anchored growth factors, ectodomain shedding can
convert them into diffusible factors and greatly influence their functions [9].
The membrane-anchored form of Spitz, a TGF-a-like molecule that is an
EGFR ligand in Drosophila, is inactive but is activated following
proteolytic cleavage to yield a soluble protein [10]. In contrast,

membrane-anchored c-kit ligand [11] and ephrins [12] are fully functional



whereas their soluble forms exhibit little or no biological activity. Thus,
ectodomain shedding is an important regulatory step for the function of
membrane proteins involved in cell-cell communication in development,
cell differentiation and tissue maintenance.

Although RCAS1 induces apoptosis in its putative
receptor-expressing cells, the mechanisms by which RCAS1 does so
remain unclear because its putative receptor has not been isolated. In order
to understand more clearly how RCASL initiates apoptosis, we examined
the following: (1) the mechanism of RCASL1 ectodomain shedding, and (2)
how induction of secreted and membranous types of RCAS1 is involved in

apoptosis.



Materials and methods
Cell lines

The human uterine cervical adenocarcinoma cell line SiSo [13],
human breast adenocarcinoma cell line MCF-7 [14], and human chronic
myelogenous leukemia cell line K562 [15] were maintained in RPMI 1640
medium supplemented with 100 units/mL penicillin G, 100 pg/mL
streptomycin, and 10% fetal bovine serum (FBS) (ICN Biomedical, Irvine,

CA, USA) in a humidified incubator (37°C, 5% CO,).

Evaluation of RCAS1 expression by flow cytometry

To evaluate RCAS1 expression, flow cytometric analysis was
performed using the 22-1-1 antibody (MBL, Nagoya, Japan), which is an
IgM monoclonal antibody recognizing human RCASL. Briefly, SiSo and
MCF-7 cells were harvested and incubated on ice for 45 minutes with
22-1-1 antibody. After washing, the cells were incubated on ice for 45
minutes with fluorescein isothiocyanate-conjugated goat anti-mouse IgM
antibody (Pierce, Rockford, IL, USA). The cells were again washed, and
flow cytometric analysis performed by means of FACScan (Becton
Dickinson, San Jose, CA, USA). Mouse IgM (Zymed Laboratories, South

San Francisco, CA, USA) was used as a negative control antibody.

Enzyme-linked immunosorbent assay (ELISA)
We measured RCAS1 concentrations in the cell culture supernatant,

in triplicate, by means of an ELISA kit (MBL), according to the



manufacturer’s instructions. The RCAS1 ELISA kit was applied in earlier
investigations of the clinical significance of RCAS1 in uterine and ovarian

cancer [16, 17]. The sensitivity of the RCASL1 assay is 0.008 U/mL.

Shedding stimulation

SiSo and MCF-7 cells (5x10°) were seeded in a 6 well-plate and
incubated at 37 C with 5% CO,. On the next day, the cell culture medium
was discarded, serum-free RPMI-1640 medium was added and the cells
incubated for 12 hours. RCAS1 ectodomain shedding was then stimulated
by exposure to either: 64 nM TPA (Wako, Osaka, Japan); 4 ng/mi
interleukin-1 (IL-1B) (Peprotech, London, UK); 10ug/ml Anisomycin
(Wako); 0.4 M Sorbitol (Wako); 0.5 mM H,0, (Wako); 40 mJ/cm?® ultra
violet (UV) light: 100 nM EGF (Wako); 0.2 uM Endothelin (Wako); 2
U/ml Thrombin (Wako). Following the 60 minute incubation with stimuli,
cells and culture supernatants were collected for further analysis. For trials
that included inhibitors, shedding stimulation followed the inhibitor
treatment. The cells were incubated for 60 minutes with inhibitors, which
included: 5 uM metalloprotease inhibitor GM6001 (Calbiochem, La Jolla,
CA, USA); 25 uM MEK inhibitor PD98059 (Wako); 10 uM p38 MAPK
(p38) inhibitor SB203580 (Wako); 25 uM c-Jun N-terminal kinase (JNK)
inhibitor SP600125 (Wako); 20 uM PKC inhibitor GF109203X (Wako); 20
uM protein kinase B (Akt) inhibitor IV (Calbiochem); 100 nM EGF
receptor (EGFR) inhibitor AG1478 (Wako); 10uM GPCR inhibitor
Cyclopamine V (Calbiochem).



Western blot analysis

SiSo cells were lysed in radioimmunoprecipitation assay buffer [1%
Triton-X, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS),
150 mM NaCl, 50 mM Tris (pH 8.0), 0.2 unit/mL aprotinin, 2 ug/mL
leupeptin, 1 ug/mL pepstain A, 2 mM phenylmethylsulfonyl fluoride, and 1
mM sodium orthovanadate]. Cell extracts were then subjected to
SDS-polyacrylamide gel electrophoresis (PAGE) and immunoblotting
analysis after transfer to Immobilon-P transfer membranes (Millipore
Corporation, Bedford, MA, USA). Membranes were probed with several
antibodies, including rabbit anti-phospho-PKC-6 (Cell Signaling
Technology, Beverly, MA, USA), rabbit anti-PKC-5 (Sigma, St. Louis, MO,
USA), mouse anti-phospho-extracellular signal regulated kinase (ERK)1/2
(Upstate, Lake Placid, NY, USA), rabbit anti-ERK1/2 (Santa Cruz, Santa
Cruz, CA, USA), rabbit anti-phospho-JNK (Upstate), mouse anti-JNK
(Santa Cruz), mouse anti-phospho-Akt (Cell Signaling Technology), or
rabbit anti-Akt (Cell Signaling Technology) antibodies.
Peroxidase-conjugated goat anti-rabbit (Southern Biotech, Birmingham,
AL, USA) or anti-mouse (Chemicon, Temecula, CA, USA) IgG was used

as secondary antibodies.

Evaluation of apoptotic cell death
Induction of apoptosis in K562 cells, which express the RCAS1

putative receptor, was evaluated by co-culturing with SiSo and MCF-7 as



effector cells [1]. Then, 1x10° of each effector and K562 target cell were
co-incubated in a 6 well-plate at 1-20:1 effector/target (E/T) ratio. In order
to enhance tight cell-cell contact, the plates were centrifuged once after
co-culture initiation. The suspended cells were harvested and stained with
Annexin V-PE apoptosis detection kit (MBL) on days 1-4 after beginning
the experiment. Flow cytometric analysis was performed to measure
apoptotic cell number. In order to discriminate K562 cells from effector
cells, K562 cells were stained by the Green fluorescence cell linker PKH
kit (Sigma) before initiating the co-culture. K562 cells were also incubated
with 1-10 U/mL of RCAS1, which was prepared from SiSo cell culture
supernatant by ammonium sulfate precipitation. Flow cytometric analysis
was also performed to assess apoptotic cell number after Annexin V-PE

staining on days 1-4.

Statistical Analysis

The Mann-Whitney test was performed to assess differences in
RCAS1 expression and secretion, and the Annexin-V positive ratio between
different cell groups. P values of <0.05 were considered to be statistically

significant.



Results
The expression and secretion of RCAS1 after shedding stimulation

First, the expression and secretion of RCAS1 was evaluated. Flow
cytometric analysis revealed that both SiSo and MCF-7 cells expressed
RCAS1, although RCAS1 was barely detectable in MCF-7 culture
supernatants (Fig. 1 and Fig. 2 A). RCAS1 expression and secretion was
also undetectable in K562 cells alone (data not shown).

RCAS1 expression and secretion was analyzed in SiSo and MCF-7
cells after ectodomain shedding stimulation. The expression of RCAS1 at
the surface of SiSo cells was drastically diminished after stimulation with
TPA, IL-1B, anisomycin, sorbitol, H,O,, UV, EGF, endothelin, and
thrombin (Fig. 1 A). In contrast, RCAS1 expression levels in MCF-7 cells
were not affected by shedding stimulation (Fig. 1 B).

The concentration of RCAS1 in the culture supernatant was
measured by ELISA (Fig. 2 A). SiSo cells secreted RCAS1, which was
increased in response to shedding stimulation (P<0.05). MCF-7 cells did
not secrete RCAS1 even after stimulation. RCASL secretion was assessed
in SiSo cells cultured with several inhibitors (Fig. 2 B). GM6001 and
GF109203X, metalloproteinase and PKC inhibitors, respectively,
significantly suppressed RCASL1 secretion (P<0.05); however, the MEK
and p38 inhibitors PD98059 and SB203580, as well as the JNK inhibitor
SP600125, and Akt inhibitor 1V had little influence on RCAS1 secretion
induced by TPA (Fig. 2 B (a)). Additionally, RCAS1 levels were assessed
when inhibitors were added before EGF or GPCR ligand treatment (Fig. 2



B (b) and (c)). EGFR, MEK, and JNK inhibitors (AG1478, PD98059,
SP600125, respectively) and Akt inhibitor IV significantly suppressed
RCASLI secretion (P<0.05); however, the p38 inhibitor SB203580 and PKC
inhibitor GF109203X did not affect RCAS1 secretion caused by EGF.
GPCR inhibitor Cyclopamine V significantly diminished RCAS1 secretion
mediated by GPCR ligands (P<0.05).

Phosphorylation of signal transducing molecules in RCAS1 shedding
The phosphorylation of signal transducing molecules was
investigated by Western blot after RCAS1 shedding stimulation. Though
TPA induced phosphorylation of PKC-8, this could be strongly reduced by
the MEK and PKC inhibitors PD98059 and GF1092034X (Fig. 3 A). In
contrast, metalloproteinase, p38, and JNK inhibitors (GM6001, SB203580,
and SP600125, respectively) and Akt inhibitor 1V did not affect PKC-6
phosphorylation induced by TPA. Although ERK1/2 was phosphorylated
by EGF in SiSo cells, this phosphorylation was drastically diminished by
addition of EGFR and MEK inhibitors (AG1478 and PD98059) [Fig. 3 B].
Additionally, elevated phosphorylation levels of JNK and Akt were
suppressed by adding SP600125 and Akt inhibitor IV, respectively.

Analysis of K562 apoptosis induced by RCAS1
The mechanism of apoptosis induced by RCAS1 in K562 cells was
analyzed by using a co-culture system with SiSo and MCF-7 cells, or

administering soluble RCAS1 to the culture medium. When K562 cells



were cultured with SiSo cells, apoptotic death of K562 cells was induced.
Fig. 4A shows that the Annexin-V positive ratio increased in an E/T
ratio-dependent fashion after day 4 of culture; 70.66% of K562 cells were
apoptotic at a 20:1 E/T ratio. Apoptosis rates for K562 cells increased with
SiSo cell number and culture length (Fig. 4 B). However, apoptosis of
K562 cells was not induced by co-culture with MCF-7 cells (Fig. 4 C and
D).

Next, we investigated K562 cell apoptosis induced by soluble
RCAS1. The Annexin-V positive ratio of K562 measured by flow
cytometry showed that apoptosis increased with RCAS1 concentration and
culture time; 89.81% of K562 cells were apoptotic with 10 U/ml of RCAS1
after 4 days (Fig. 5 A and B). These data indicate that secreted but not

membrane-anchored RCAS1 induces apoptosis in K562 cells.



Discussion

This study investigated novel roles for RCAS1 in the induction of
apoptosis. RCASL is secreted by ectodomain shedding induced by phorbol
ester, pro-inflammatory cytokines, various stress-inducing stimuli, growth
factors, and GPCR ligands. Although the physiological relevance of
ectodomain shedding is well recognized, the signaling mechanisms
activating this process are largely unknown. Ectodomain shedding is
observed constitutively under normal culture conditions, but can often be
stimulated by several activators. The phorbol ester TPA is often used to
stimulate ectodomain shedding in vitro, whereby TPA induces
phosphorylation of PKC-3, leading to metalloproteinase activation, which
is thought to mediate ectodomain shedding [18]. Several growth factors,
including EGF, may be involved in receptor tyrosine kinase activation,
which in turn activate the Ras-MAPK signaling pathway that is a common
regulator of the shedding of heparin-binding EGF-like growth factor
(HB-EGF), transforming growth factor TGF-a, tumor necrosis factor
TNF- o, L-selectin, and syndecan, among others [19]. GPCRs contribute to
an additional pathway for RCAS1 shedding transactivation. The activation
of receptor tyrosine kinases and GPCRs induces ectodomain shedding of
growth factors that activate tyrosine kinase receptors, establishing a
positive feedback loop. Although pro-inflammatory cytokines and stress
activate both p38 and JNK, p38, rather than JNK, is the primary contributor
to stimuli-induced ectodomain shedding of a number of membrane proteins

[20, 21]. The basal cleavage level of HB-EGF in the absence of exogenous



growth factor stimulation was due to p38 signaling; the pathway mediated
by p38 activation is distinct from the phorbol ester- and GPCR
ligand-induced shedding cascade. The events occurring downstream of
RCAS1 activation in these pathways and the metalloproteinases
responsible for RCASL1 shedding are now under investigation.

Ectodomain shedding represents an important and efficient strategy
to regulate the activities of a variety of transmembrane proteins involved in
cell adhesion, signal transduction, or certain pathologies such as
Alzheimer’s disease or cancer [22]. RCAS1 suppresses growth and induces
apoptosis in its receptor-expressing cells. Though the importance of the
transmembrane domain for biological activity has been reported in the case
of Fas ligand [23], this study shows that apoptosis is mainly induced by
secreted but not membrane-anchored RCAS1. There are cases in which the
soluble but not membrane-anchored forms of proteins are biologically
active. In Drosophila, the EGFR ligand Spitz influences a subset of
developmental processes that are regulated by EGFR but only the secreted
form of Spitz triggers EGFR signaling cascades [24]. Processing of the
membrane-anchored precursor form is required for biological activity of
the Notch ligand Delta in Drosophila [25]. Regulation of the conversion of
membrane-anchored proteins into a soluble form would be important to
modify the action of such molecules, including RCAS1.

RCASL is found in the vaginal discharge of cervical cancer patients
[26]. RCASL1 values are significantly higher in patients with uterine,

ovarian, pancreatic, and gastrointestinal tract cancers than in healthy blood



donors [1]. The serum RCAS1 level was higher in patients with
gastrointestinal tract cancers than in a control group and was significantly
elevated in patients with lymph node involvement compared to lymph
node-negative patients [27]. In addition, malignant pleural effusions had
significantly higher RCAS1 concentrations than did non-malignant
effusions [28]. Moreover, RCAS1 values were statistically associated with
the response to treatment for patients with uterine and ovarian cancer [16,
17]. Growth of K562 cells cultured in the presence of serum from these
cancer patients was significantly inhibited relative to cells grown with
serum from healthy blood donors. This suppressive effect on cell growth
could be partially reversed after immunodepletion of RCAS1. These data
indicate that RCAS1 may be a suitable biomarker for uterine and ovarian
cancer by virtue of its ability to predict the results of medical treatment and
inhibit the cell growth of its putative receptor-expressing cells.

The activity of RCASL in cancer progression may be enhanced by
ectodomain shedding. First, ectodomain shedding is shown to be an
important step in RCAS1 induction of apoptosis. Theoretically, the mode of
action of secreted molecules could be distinct from those of
membrane-anchored proteins in the following respect: membrane-anchored
ligands can transmit signals only to neighboring cells, while soluble ligands
can diffuse and act at a distance. For example, shedding of the extracellular
domain of the adhesion protein L-selectin disrupts binding of leukocytes to
endothelial cells and may prevent their recruitment to inflammation sites

[29]. The consequent diffusion and systemic release of soluble TNF-a



causes cachexia, which cannot be induced by transmembrane TNF- o [30].
We previously investigated an association between the level of tumor cell
RCASL expression or secretion and the number of lymphocytes in patients
with uterine cancer. The number of apoptotic lymphocytes significantly
increased with RCAS1 expression level in primary lesions and metastatic
lymph nodes [31]. Furthermore, the population of peripheral lymphocytes
was reduced with a reverse correlation to the serum RCAS1 concentration
[16]. Thus, RCAS1 may contribute to tumor progression by affecting
immune surveillance not only locally but also systemically. RCASL1 is also
thought to be involved in the acquisition of malignant phenotypic
characteristics and tumor progression through the remodeling of stromal
tissue [1]. The important role of stromal tissue in supporting tumorigenic
processes has been clarified [32]. During tumor progression, invasion, and
metastasis, active cross-talk occurs between tumor cells and the stroma that
is mediated mainly by direct cell-cell contact or by paracrine cytokine and
growth factor signaling [33]. RCAS1 expression is associated with
increased MMP-1 and laminin-5 levels in tumor cells, but is also correlated
with a loss of vimentin in stromal tissue [5, 6]. Additionally, introduction of
the RCASIl-encoding gene into COS-7 cells increased MAPK
phosphorylation and accelerated in vivo tumor growth by promoting
angiogenesis [7]. We show here that RCAS1 is secreted by ectodomain
shedding through an activation of the MAPK pathway, which promotes cell
growth. Shedding of soluble molecules is often enhanced in tumor cells,

suggesting that signaling pathways that are activated in transformed cells



may induce ectodomain shedding [34]. Such a potentially important role
for shedding in tumor formation is further supported by a transgenic mouse
model showing that mice overexpressing cleavable, but not uncleavable,
TGF-a have an increased incidence of tumor development [35]. This
suggests that ectodomain shedding may be part of a positive feedback
mechanism in the case of TGF-a.. Moreover, TNF-a and Fas L, which are
pivotal regulators of apoptosis, also induce cell proliferation [36, 37].
Therefore, overexpression and ectodomain shedding of RCAS1 may
contribute to tumor progression via not only stromal remodeling but also
tumor cell proliferation.

Taken together, these data indicate that RCAS1 is a unique
molecule that may contribute to tumor progression by its multiple functions.
Further exploration regarding the regulatory mechanisms involved in the
conversion of membrane-anchored RCASL into its soluble form should aid
the development of novel therapeutic strategies against human

malignancies by targeting RCAS1.
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Figure legends
Figure 1

RCAS1 expression after several kinds of stimulation that induce
ectodomain shedding. The flow cytometric analysis showed that both SiSo
and MCF-7 expressed RCAS1. RCAS1 expression was diminished in SiSo
(A) but was not changed in MCF-7 (B) after stimulation. Negative control

staining was done using mouse IgM.

Figure 2
RCAS1 secretion after stimulation that induces ectodomain
shedding. (A) The concentration of RCAS1 in the culture supernatant was
measured by ELISA. SiSo secreted RCAS1, which significantly increased
after shedding stimulation (a). MCF-7 did not secrete RCASL even after
stimulation (b). (B) RCASL1 secretion was decreased in the presence of
inhibitors. Asterisks indicate statistical significance compared with
untreated condition (A) or each stimulation state without inhibitors (B)

(P<0.05).

Figure 3
The phosphorylation of signal transducing molecules in SiSo cells
after TPA (A) and EGF (B) stimulation in the presence or absence of

several inhibitors.



Figure 4
Apoptosis of K562 was induced in cultures with SiSo but not with
MCF-7. (A) The Annexin-V positive cell ratio of PKH-labeled K562 cells
cultured with SiSo cells for 4 days. The percentage of PKH and
Annexin-V double positive cells is shown. (B) The Annexin-V positive
cell ratio of K562 increased with the E/T ratio and culture period with
SiSo. (C) The Annexin-V positive cell ratio of PKH-labeled K562 cells
cultured with MCF-7 cells after 4 days. (D) Annexin-V positive K562
cells were not detected in MCF-7 co-cultures. Asterisks indicate a
statistical significance compared with untreated conditions on the same

day (P<0.05).

Figure 5

Secreted RCAS1 induces apoptosis in K562 cells. (A) The
Annexin-V positive ratio of K562 cells measured by flow cytometry
(numbers represent the percentage of Annexin-V positive cells). (B) The
Annexin-V positive K562 cell population increased with both RCAS1
concentration and culture length. Asterisk shows a statistical significance

compared with 0 U/ml treatment on the same day (P<0.05).
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Fig. 1B
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Fig. 2 A
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Fig. 2 B
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Fig. 3 A

TPA - + + + + o+ +
PD98059 - - + " - & -
TPA - o+ g - SB203580 2 s = 0 = s =
GMG001 - - + + SP600125 - - - - + = =
GF1092034X - - - - - + -
Phospho-PKC T — ——— —— Akt inhibitor IV - - - - - - +
PKC | ca-cm— Phospho-PKC |ttt . e

Relative ratio 1.00 3.96 3.94 3.51 T ——

Relative ratio 1.00 525 3.98 4.23 4.22 0.51 4.96



Fig. 3B
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Fig. 4 A
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Fig. 4 B
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Fig. 4 C
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Fig. 4 D
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Fig. 5B
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