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Identification of the Critical Site of Calponin 1
for Suppression of Ovarian Cancer Properties
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Abstract. Background: Although several studies have
demonstrated the tumor suppressive function of CNNI
(calponin 1), no studies have performed a site-specific
analysis of CNNI on tumor cell activities. Materials and
Methods: We herein studied the site-specific effects of CNNI
in ovarian cancer cells using full-length CNNI (fCNNI),
three CNNI repeats (3CNRs), or the first CNNI repeat
(CNRI) expression vectors. Ovarian cancer cells stably
expressing each construct were analyzed for in vitro
proliferation, cell motility, invasion, and soft agar assays.
An in vitro model of pleural dissemination was also
established. Results: Cell proliferation,
independent colony formation, cell motility, and cell
invasion were all suppressed in fCNN1, 3CNRs, and CNRI-
stably-expressing cells. CNNI expression in mesothelial

anchorage-

cells suppressed cancer cell invasion into a monolayer of
mesothelial cells. Conclusion: CNRI showed similar
suppressive effects as fCNNI. Results suggest CNRI as a
potential small synthetic peptide candidate for therapeutic
strategies against ovarian cancer.

Calponin 1 (CNN1) is one of the modulators of actomyosin
contraction (1), and earlier studies have demonstrated its
involvement in smooth muscle contraction (2). CNNI is also
known as a cardiac and smooth muscle differentiation
marker (3-6).
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Recent studies have revealed CNN1 functions in cancer
development (7-11). CNNI1-deficient (CNNI1-/-) mice
exhibited morphological fragility in blood vessels and
peritoneum (9). Consistent with these phenotypes,
intravenous injection of B16 melanoma cells in CNN1—/—
mice led to enhanced lung metastasis, and intraperitoneal
injection of B16 cells led to enhanced peritoneal
dissemination compared to wild-type mice (9). This
peritoneal dissemination in CNN1—/— mice was suppressed
by inducing CNNI1 expression in peritoneal epithelium by
adenovirus vector (12). Suppression of CNN1 expression in
tumor vessels has been observed in melanoma, hepatocellular
carcinoma, renal cell carcinoma, and colon cancer (13-16),
and down-regulation of CNNI1 in tumor cells was observed
in leiomyosarcoma. Previous studies have demonstrated
tumor suppressive effects of CNN1 by induction of CNN1
expression in tumor cells (6, 7, 17). We previously reported
tumor suppressive effects of CNN1 on ovarian cancer by
transducing its expression in cancer cells and in peritoneal
mesothelial cells (8).

Several studies pursued identification of sites in CNN1
critical for its function and found that the actin-binding site
(ABS) and the first CNNI1 repeat (CNR1) were crucial for
actin binding (18-21). Among previous studies, Mino et al.
reported that the synthetic peptide of ABS bound F-actin
with a similar affinity to that of CNR1 (19). Binding of
CNNI1 to actin has been shown to be modified by CNN1
phosphorylation (1, 2, 11, 17, 22, 23), and Ser-175 and Thr-
184 are important phosphorylation sites located in the CNR1
(1,17, 22). Although the functional importance of CNR1 on
actin binding has been studied, no studies have performed
site-specific analysis of CNN1 on its tumor suppressive
function.

In the present study, we studied the effects of full-length
CNNI1 (fCNN1) or specific CNN1 domains in ovarian cancer
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cells. We also established an in vitro model to observe
ovarian cancer cell invasion into mesothelial cell monolayers.

Materials and Methods

Cell lines. Two transplantable ovarian cancer cell lines (SHIN-3 and
SKOV3i.p.l), a uterine cervical cancer cell line (HeLa), a
mesothelial cell line from Chinese hamster peritoneum (CCL-14),
and 293A cells were used for this study. A serous adenocarcinoma
cell line, SHIN-3, was purchased from Scienstuff Co. Ltd. (Nara,
Japan). SKOV3.i.p.1 cells were kindly provided by Dr. Isaiah Fidler
(24). CCL-14 and HeLa cells were purchased from the American
Type Culture Collection (ATCC) (Manassas, VA, USA). 293A cells
were purchased from Invitrogen (Carlsbad, CA, USA).

SHIN-3, SKOV3i.p.1, and CCL-14 cells were cultured in
RPMI1640 supplemented with 10% fetal bovine serum, 100 pug/ml
streptomycin, 100 U/ml penicillin, at 37°C in 5% CO, in air. HeLa
and 293A cells were cultured in DMEM. The identities of SHIN-3,
SKOV3i.p.1, and CCL-14 cells were confirmed by the Japanese
Collection of Research Bioresources (JCRB) Cell Bank using DNA
profiling (Short Tandem Repeat, STR) in March 2015.

Plasmids and transfection. The full-length open reading frame of
CNNI, fCNNI1, was kindly provided by Dr. Shun’ichiro Taniguchi,
that were prepared in a pPEGFP-C2 vector (Clontech, Palo Alto, CA,
USA), as described previously (11). The three CNNI1 repeats
(3CNRs) or first CNNI1 repeat (CNRI1) were subcloned by
polymerase chain reaction (PCR) and ligated into the pEGFP-C2
vector. The sequences of the constructs were confirmed using an
ABI PRISM BigDye Terminator v3.1 Cycle Sequencing Kit
(Applied Biosystems, Carlsbad, CA, USA). Four ug of EGFP-
fCNNI1, -3CNRs, -CNRI1 or control expression vector were
transfected into SHIN-3, SKOV3i.p.1, CCL-14, and HeLa cells by
electroporation. Amaxa Cell Line Nucleofector kit V was used for
the electroporation (Lonza, Budapest, Hungary). After 48 h, cells
were treated with 500 pg/ml G418 and at least three clones stably
expressing each construct were established.

Cell sorting by flow cytometry. GFP-positive cells were sorted by
BD FACS Aria SORP, using the FACS Diva Software (BD
Bioscience, Franklin Lakes, NJ, USA). Propidium iodide (PI) was
used to exclude the dead cells. Cell numbers were counted by
hemacytometer or TC20 automated cell counter (Biorad, Hercules,
CA, USA).

Immunofluorescence cell staining. HeLa cells transfected with either
fCNN1, 3CNRs, or CNRI1 expressing vectors were fixed with 4%
paraformaldehyde-PBS solution, permeabilized with 1% Triton-X-
PBS solution, and stained with diluted rhodamine phalloidin to
visualize F-actin (Invitrogen). GFP and phalloidin were observed
under a confocal immunofluorescence microscope Zeiss LSM700
system (Carl Zeiss Microscopy GmbH, Jena, Thuringia, Germany).

In vitro cell invasion and motility assay. Cell motility and invasion
were evaluated by the transwell chamber assay, as described
previously (25). Cell culture inserts with 8-um pores were covered
with matrigel for invasion assay (BD Bioscience). A total of 5.0x104
cells cultured under serum starvation overnight, were plated in upper
wells without serum. Complete growth medium with 10% fetal
bovine serum was placed in the lower wells. After 12 h, the
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membranes were collected for analysis. The membranes were
stained with hematoxylin solution and the penetrated cell numbers
were counted.

Soft agar colony formation assay. Cells expressing high levels of
EGFP-tagged protein were sorted by FACS Aria and counted, and
1.0x10% cells were plated with 0.3% agar upon a 0.5% agar layer.
Twenty one days after plating, colony numbers were counted.

In vitro invasion assay through a mesothelial cell monolayer. CCL-
14 cells expressing high levels of GFP-tagged protein were sorted
by FACS Aria and immobilized by treatment with 10 pg/ml
mitomycin C (Sigma-Aldrich, St. Louis, MO, USA) for 24 h. A total
of 1.0x105 CCL-14 cells were plated on cell culture inserts with 8-
um pores covered with matrigel. After 24 h, a total of 1.0x104 of
cancer cells were plated on the CCL-14 cell monolayer. The
penetrated cell numbers were counted after 24 h of culture.

Western blotting. Cell lysates were separated on 10% SDS-
polyacrylamide gels and transferred onto polyvinylidene difluoride
membranes (Millipore Billerica, MA, USA). The primary antibodies
used were GFP (ab6556, Abcam, Cambridge, UK) and GAPDH
(FL-335, Santa Cruz Biotechnology, Santa Cruz, CA, USA). After
incubation with horseradish peroxidase-linked secondary antibodies
(Promega, Madison, WI, USA), the blots were detected using an
enhanced chemiluminescence (ECL) system.

Statistical analysis. Data are represented as the mean+S.D. Assay
data were analyzed with the Student’s #-test. A value of p<0.05 was
considered significant.

Results

Localization of CNNI proteins on F-actin fibers. To
investigate the site-specific effects of CNNI1 on tumor
properties, we produced EGFP-tagged vectors that expressed
either full-length CNN1 (fCNN1), three CNNI1 repeats
(3CNRs), or the first CNN1 repeat (CNR1) (Figure 1A). The
empty vector with luciferase was used as a control.
Expression of all four constructs was confirmed at estimated
molecular weights using an anti-GFP antibody (Figure 1B).
We first examined the ability of the three CNNI1 constructs to
localize on F-actin fibers. Because of their large cytoplasmic
area, HelLa cells were used for transient transfection and
confocal microscopic analysis. Twenty cells for each
construct were analyzed and the overlapping ratios of the
CNNI1 proteins on total F-actin fiber lengths were quantified.
The control cells transfected with EGFP-luciferase alone
showed 35.7% localization of GFP on the actin fibers (Figure
1C). In contrast, EGFP-fCNN1 transfectants showed
remarkable localization of the protein on the actin fibers
(73.0%). EGFP-3CNRs and -CNR1 also showed a
remarkable localization on the actin fibers compared to the
control (68.1% and 66.0%, respectively; Figure 1C). The
forced expression of these CNN1 constructs resulted in
morphological changes including polymerization of actin
fibers in the flattened cytoplasm (Figure 1C).
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Figure 1. Production of site-specific CNNI constructs and their association with F-actin. A. Schematic presentation of EFGP-tagged fCNNI1, 3CNRs,
CNRI and control luc constructs. B. Western blotting showing that each construct was successfully expressed in 293A cells. C. Confocal microscopic
images of HeLa cells transfected with each construct (green). Rhodamine phalloidin was used to visualize F-actin (red). Right panels shows overlaid
images. Co-localized signals are shown yellow. *p<0.05, compared to mock control transfectants.

Effects of CNNI expression on tumor cell activities of
ovarian cancer cells. Next we examined effects of f{CNNI,
3CNRs, and CNR1 expression on tumor cell properties.
Ovarian cancer cells SHIN-3 and SKOV3ip.l were
transfected with each of the three constructs and stable
transfectants were obtained. Because the cell clones obtained
expressed rather low levels of the gene product, cell sorting

was used to obtain cell populations expressing higher levels
of the gene products (Figure 2A). GFP-positive cells were
sorted by BD FACS Aria and used for the following assays.
In comparison to control cells, cell proliferation, anchorage-
independent colony formation, cell motility, and cell invasion
were suppressed by f{CNN1 expression in both SHIN-3 and
SKOV3i.p.l cells (Figure 2B-E). Similar results were
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Figure 2. Tumor properties of SKOV3i.p.1 and SHIN-3 cells expressing CNN1 domain constructs. A. Establishment of stable transfectants of EGFP-
tagged fCNNI1, 3CNRs, or CNRI-expressing cells in SKOV3i.p.1 and SHIN-3 cells. At least three cell clones for each construct were established and
analyzed. Cell proliferation (B), anchorage-independent clonogenicity (C), cell motility (D), and invasion (E) were examined with each transfectant.
Columns, mean of triplicate experiments; bars, standard deviations; *p<0.05, **p<0.01, compared to mock-control transfectants.
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Figure 3. In vitro invasion assay of SKOV3i.p.1 cell invasion through CCL-14 cell monolayer. SKOV3i.p.1 cells expressing EGFP-tagged fCNNI,
3CNRs, CNRI or control construct were plated on a monolayer of immobilized CCL-14 cells expressing EGFP-tagged luciferase (mock control), -
JCNNI, or -CNRI construct. A. The penetrated cells on the other side of culture insert membranes were stained with hematoxylin solution. B.
Quantified data of Figure 3A. Columns, mean of triplicate experiments; bars, standard deviations; *p<0.05, **p<0.01, compared to mock control

transfectants. CCL, CCL-14; SKOV, SKOV3ip.1.

obtained by 3CNRs and CNR1 expression in both SHIN-3
and SKOV3i.p.1 cells (Figure 2B-E). These data suggested
that CNR1 is sufficient for suppression of tumor cell
properties.

Effects of CNNI expression in mesothelial cells on cell
invasion. CNN1 expression in mesothelial cells has been
suggested to affect cancer cell implantation in the
peritoneum (10). Peritoneal dissemination of cancer cells in
CNNI1-/— mice was suppressed by inducing CNNI
expression in peritoneal mesothelial cells by adenovirus
vector (12). We established an in vitro model to analyze
tumor cell invasion through a mesothelial cell monolayer.
Twenty-four hours of treatment of mesothelial CCL-14 cells
with 10 pg/ml mitomycin C completely immobilized the
cells. These immobilized CCL-14 cells were plated on
matrigel to obtain a confluent monolayer. In comparison to
control cells, f{CNN1-, 3CNRs-, and CNRI1-expressing

SKOV3i.p.1 cells showed suppressed cell invasion through
the mesothelial cell-matrigel layer. On the other hand,
fCNN1 and CNR1 expression, but not 3CNRs, in CCL-14
cells also suppressed cancer cell invasion through the
mesothelial cell-matrigel layer (Figure 3A and 3B).

Discussion

CNNI1 stabilizes actomyosin and suppresses cell motility
(1, 7, 26, 27). On the other hand, CNN1 expression in
tumor cells suppresses their proliferation, anchorage-
independent clonogenicity, and tumorigenicity in nude
mice, as well as their motility and invasion (7, 8, 17). Site-
specific analyses revealed that ABS or the CNR1 was found
to be critical for actin binding (18-21). Functional
importance of CNR1 has been suggested because two well-
known phosphorylation sites, Ser-175 and Thr-184, reside
in CNRI1 (1, 17, 22). Our study demonstrated that CNR1
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exhibited similar functions in actin localization and
suppression of tumor cell properties as full-length CNN1.
CNRI1 not only associated with F-actin, but also suppressed
cell proliferation, motility, invasion, and anchorage-
independent clonogenicity. Further studies are required to
explore the relationship between stabilization of actin fibers
and suppression of tumor properties by CNN1 expression.
However, considering that our smallest peptide fragment,
CNRI1, exerted remarkable effects, our data might suggest
that the stabilization of actin fibers resulting from the
association between CNRI1 and F-actin may be the
mechanistic reason underlying the effects of CNRI1 on
multiple tumor properties of ovarian cancer cells.

CNNI1 expression in mesothelial cells prevented tumor cell
implantation on the peritoneum (8, 9, 12). We established an
in vitro model to study tumor cell invasion through a
monolayer of immobilized mesothelial cells. Our results
showed that forced expression of CNNI1 in mesothelial cells
prevented ovarian cell invasion through a constructed
mesothelial cell monolayer. CNN1 expression in both cancer
cells and mesothelial cells prevented cancer cell invasion to
a high degree. This effect of CNN1 on cell invasion was also
similarly observed with CNR1.

The above results suggested that CNNI1 expression
could suppress ovarian cancer development by controlling
two different targets, tumor cells themselves and
mesothelial cells, as described previously (8, 10). In both
strategies, our in vitro data suggested that CNR1 exerted
similar effects as full-length CNNI. Considering
therapeutic strategies using a small synthetic peptide,
CNR1 is a potential candidate that may help control
ovarian cancer development.
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