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Abstract The CCN family of proteins consists of six
members with conserved structural features. These proteins
play several roles in the physiology and pathology of cells.
Among the pathological roles of the CCN family, one of the
most important and controversial ones is their role in the
expansion and metastasis of cancer. Up to now a number of
reports have described the possible role of each CCN
family member independently. In this study, we compre-
hensively analyzed the roles of all six CCN family
members in cell growth, migration and invasion of breast
cancer cells in vitro and in vivo. As a result, we found the
CCN2/CCN3 ratio to be a parameter that is associated with
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the metastatic phenotype of breast cancer cells that are
highly metastatic to the bone. The same analysis with cell
lines from oral squamous carcinomas that are not metastatic
to the bone further supported our notion. These results
suggest the functional significance of the interplay between
CCN family members in regulating the phenotype of cancer
cells.
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Introduction

Breast cancer is one of the major life-threatening diseases,
especially for women, as it often involves metastasis to the
bones. Bone metastasis is a frequent complication of
several common human malignancies, including breast,
prostate, and lung cancer (Yoneda 1998; Guise and Mundy
1998) and is associated with a high morbidity rate because
of intractable bone pain, pathological fracture, hypercalce-
mia, and nerve compression (Guise and Mundy 1998).
Recently, it was reported that highly malignant breast
cancer cells express CCN family 2/connective tissue growth
factor gene (CCN2/CTGF), indicating that this particular
molecule is one of the important factors for bone metastasis
of breast cancer cells (Kang et al. 2003; Shimo et al. 2006).

CCN2 is a major member of the CCN family of proteins.
CCN proteins consist of six members: CCN1/CYR61, CCN2/
CTGF, CCN3/NOV, CCN4/Wnt-induced secreted protein
WISP-1, CCN5/WISP-2, and CCN6/WISP-3 (Brigstock
2003; Perbal 2004; Perbal and Takigawa 2005; Leask and
Abraham 2006; Chen and Lau 2009). These proteins are
composed of four distinct modules, i.e., IGF-binding protein-
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like module (IGFBP), von Willebrand factor type C repeat
(VWC), thrombospondin type-1 repeat (TSP1), and C-
terminal module (CT). The only exception is CCN5, which
lacks the CT module. With these modules, CCN2 interacts
with a number of intra- and extracellular molecules, acting as
a signal conductor. Indeed, CCN2 plays physiological roles
in bone formation, angiogenesis, and wound healing (Perbal
and Takigawa 2005; Chen and Lau 2009; Kubota and
Takigawa 2007, 2011). On the other hand, under certain
pathological situations, this factor has been known to be
involved in arthritis, fibrosis, and cancer metastasis (Perbal
and Takigawa 2005; Leask 2011).

Up to now, several reports have described the involvement
of a few CCN family members in breast cancer invasion and
metastasis to bone and in tumor angiogenesis (Babic et al.
1998; Xie et al. 2001; Kang et al. 2003; Jiang et al. 2004).
Especially, the critical importance of CCN1 as a prognostic
indicator and therapeutic target in breast cancer has been
indicated as well as CCN2 (Tsai et al. 2002; Menendez et al.
2005; Espinoza et al. 2011). However, there has been no
study that analyzed the role of all of the CCN family protein
members in the context of breast cancer invasion and
metastasis. Therefore, in the present study, we comprehen-
sively analyzed the expression and role of all six CCN
family members among breast and oral cancer cells and
thereby found a new regulatory parameter that may be
related to bone metastatic breast cancer phenotype.

Materials and methods
Cell culture

The human breast cancer cell lines MDA-(MB)-231 and MCF-
7 were cultured at 37°C in 5% CO, in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS). The human oral squamous cell
carcinoma cell lines HSC-2 and SAS were cultured in a
equal mixture of DMEM and Ham F-12 containing 10% FBS
under the same air condition. Normal human umbilical vein
endothelial cells (HUVEC) were cultured in endothelial cell
growth medium-2 (Cambrex BioScience, Verviers, Belgium).

Antibodies

For the specific detection of CCN2 and CCN3 proteins, we
prepared five different antibodies. All of them were evaluated
for specificity by Western blotting of the recombinant human
CCN proteins described below. Eventually we selected two
antibodies that showed highest specificity: 8—-86 for CCN2
(Kawaki et al. 2003; Kubota et al. 2004) and SC-18678 (lot.
L15) for CCN3 (Santa Cruz Biotechnology, Santa Cruz, CA,
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USA). For the detection of glutathione S-transferase (GST)
and GST-CCN2, an anti-GST antibody was obtained from
GE Healthcare (Waukesha, WI, USA).

Recombinant CCN proteins

The recombinant human CCN2 (rCCN2) was prepared as
described previously (Nakanishi et al. 2000). All of the
other CCN ones were purchased from Pepro Tech EC
(London, UK). These proteins were diluted with 0.1%
BSA-PBS to a concentration of 50 pg/ml as stock
solutions. A recombinant CCN3 tagged with GST and
GST alone were produced in E. coli BL21 (DE3) strain and
were purified through a glutathione Sepharose 4B column
(GE Healthcare), according to an established methodology.

RNA extraction and reverse transcription

The total RNAs of the cells were isolated by using an
RNeasy Mini Kit (QIAGEN) or Trizol reagent (Invitrogen,
Carlsbad, CA, USA) as instructed by the manufacturer.
Then, 500 ng of total RNA of each sample was reverse-
transcribed with avian myeloblastosis virus (AMV) reverse
transcriptase (Takara Bio, Otsu, Japan) at 42°C for 30 min.

Quantitative real-time PCR

Quantitative real-time PCR was performed as described
previously (Yanagita et al. 2007; Kawaki et al. 2008a).
Sequences of the primer sets used were as follow: CCNI
(forward, 5'-AAC AAC TTC ATG GTC CCA GT-3';
reverse, 5'-CTC AAA CAT CCA GCG TAA GT-3');
CCN2 (forward, 5'-GCA GGC TAG AGA AGC AGA
GC-3'; reverse, 5'-ATG TCT TCA TGC TGG TGC AG-3);
CCN3 (forward, 5'-GCC CAG ATG AGG AGG ATT-3';
reverse, 5'-GCA TCT CAC ATT GAC GGT TC-3'); CCN4
(forward, 5'-CCA CTC GGA TCT CCA ATG TT-3';
reverse, 5'-ACT TGG GTT GAT AGG AGC GT-3');
CCNS5 (forward, 5-TGA GAG GCA CAC CGA AGA
CC-3’; reverse, 5'-AGC AGC CAC AGC CAT CCA-3");
CCNG6 (forward, 5'-TTA CAT TCA GCC TTG CGA C-3%
reverse, 5'-CAG CAT CTC TTA TCC AAG CAT-3"); (-
actin (forward, 5'-GAT CAT TGC TCC TCC TGA GC-3';
reverse, 5-ACT CCT GCT TGC TGA TCC AC-3');
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (for-
ward, 5'-GCC AAA AGG GTC ATC ATC TC-3'; reverse,
5'-GTC TTC TGG GTG GCA GTG AT-3').

Migration assay

The rhCCNs at the final concentration of 100 ng/ml in
700 pl of EBM-2 containing 10% FBS were placed in the



Association of the metastatic phenotype with CCN family members

293

lower chamber. Next, a Boyden chamber was set on the
plate; then HUVEC in the logarithmic growth phase
were seeded at a density of 1x10° cells/200 pl onto
polycarbonate membranes of the Boyden chambers (pore
size: 8.0 mm; Becton Dickinson, Franklin Lakes, NIJ,
USA). The migration assay was carried out essentially as
described earlier (Shimo et al. 1999).

[*H] Thymidine incorporation assay

The proliferation of HUVEC was assessed by measuring the
incorporation of [*H]-thymidine into the cells. HUVEC cells
(2x10% were seeded in each well of a 48-well plate
containing EBM-2 medium supplemented with 10% FBS.
One day after cell seeding, a given thCCN at 100 ng/ml was
applied to each of several wells. Eighteen hour later, these
cultures were pulse-labeled for the last 4 h before harvest with
20 pCi/well of [*H] thymidine. The radioactivity incorporated
into acid-precipitated materials was counted by a scintillation
counter (Micro Beta Plus; Wallac, Gaithersburg, MD, USA).

Fig. 1 Expression profile of
CCN family members in breast

In vitro pull-down assay

For the evaluation of direct binding of CCN3 to heparin, 2.5
fmol of GST or GST-CCN3 was mixed with 20 ul of
heparin-agarose suspension (Sigma) in a co-IP buffer
(20 mM Tris, 2.5 mM NaCl, 1.5 mM MgCl,, 1 mM EGTA,
1% Triton X-100, I mM DTT, 1 mM PMSF, 10% glycerol;
pH 8.0), which was swirled for 1 h. Thereafter, the precipitate
was washed with co-IP buffer 5 times, and bound proteins
were extracted in a sodium dodecylsulfate (SDS) sample
buffer. Detection of GST or GST-CCN3 was performed by
Western blotting analysis against the anti-GST antibody
after SDS-polyacrylamide gel electrophoresis, as described
previously (Yanagita et al. 2007; Kawaki et al. 2008b).

Mouse model of bone metastasis and bone
immunohistochemistry

A mouse model of bone metastasis was prepared as
described previously (Sasaki et al. 1995). The lower limb

and oral cancer cells. a Com- 10
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Fig. 2 Effect of each CCN pro-
tein on the migration of HUVEC
as evaluated by the Boyden
chamber method. a Typical
microscopic views of migrated
HUVECS in the presence of
exogenous CCN2 and CCN3. b
Comprehensive analysis of
HUVEC migration in response to
recombinant CCN proteins
(t-test, *p<0.01). Asterisks
without brackets indicate signifi-

cant differences against the con- b

trol (none). The values represent
250

none
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rhCCN3

the mean values with standard
deviations (SDs)
200
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with a bone joint obtained from a model mouse was prepared
at 28 days after the injection of MDA231 cells. Immunostain-
ing for CCN family proteins was performed on 5-um frozen
serial sections that had been placed on glass slides and fixed
with 4% paraformaldehyde. To reduce nonspecific binding,
we submerged the slides in Histofine Blocking Reagent
(Nichirei Bioscience, Tokyo, Japan) for 60 min. The samples
were incubated with the primary antibodies described above
in blocking reagent at the suppliers recommended concentra-
tion at 4°C overnight. Positive signals were visualized by
using a Histofine Simple Stain Mouse MAX-PO(R) (for
rabbit primary antibodies), or Histofine Simple Stain
Mouse MAX-PO(G) (for goat primary antibodies), all of
which were purchased from the same vendor (Nichirei
Bioscience). Positive signals were visualized by using 3,
3-diaminobenzidine tetrachloride (DAB: Sigma). Finally,
the sections were counterstained with methyl green
solution (Wako Pure Chemical Industries, Osaka, Japan).
After staining, all sections were examined with a
motorized microscope Bx61 and a DP71 digital camera
(Olympus, Tokyo, Japan). All animal experiments in this
study were conducted according to the Guidelines for
Animal Research, and approved by the Animal Commit-
tee, of Okayama University.

Statistical analysis

Statistical analysis was performed, where required, by using
Student’s paired #-test.
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Results

Comparative analysis of the gene expression levels of all
CCN family members between highly metastatic MDA-231
and nonmetastatic MCF-7 breast cancer cells

To evaluate the multiple involvement of CCN family
members in the phenotype of breast cancer cells, we
initially analyzed the CCN gene expression in highly
malignant MDA-231 cells comprehensively by quantita-
tive RT-PCR. As a result, CCN1, CCN2 and CCN3 were
found to be expressed in MDA-231 cells, whereas the
other CCN members were not (Fig. 1a). Comparatively,
we next analyzed MCF-7 cells, whose phenotype is known
to be less malignant. Interestingly, CCN5 gene was
specifically expressed in MCF-7; and CCN1, CCN2 and
CCN3 genes were also expressed. Subsequently, to further
find out a parameter that would determine the metastatic
phenotype of breast cancer, we evaluated the mRNA
expression ratio among the three CCN family proteins that
were commonly expressed in both cells (Fig. 1b). Conse-
quently, we found that the CCN2/CCN3 and CCN1/CCN3
ratios were strikingly higher in MDA-231 cells than in
MCF-7 cells. Indeed, the difference in CCN2/CCN3
between the two cell lines was more than 1,500-fold,
whereas that in the CCN1/CCN3 ratio was approximately
70-fold. Therefore, high CCN2/CCN3 and CCN1/CCN3
ratios can be a parameter representing the highly metastatic
phenotype of breast cancer.
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Fig. 3 Effect of each CCN pro-
tein on the proliferation of
HUVEC and interaction of CCN3
with haparin. a Effects of recom-
binant CCN family proteins on
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(none). The values represent the
mean values with SDs. b Bind-
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GST-CCN3 precipitated by
heparin-agarose beads was
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Low CCN2/CCN3 ratio observed in human oral squamous
cell carcinoma cell lines

As represented by the phenotype of MDA231 cells, breast
cancer is one of the major types of solid tumors that
frequently form bone metastatic lesions (Yoneda 1998). In
contrast, although being invasive to bones, oral squamous
carcinomas generally do not metastasize to bones (Yoneda
1998). Therefore, we performed analyses similar to the
described above with a few oral squamous cell carcinoma
cell lines. Evaluation of gene expression levels of CCN
family members and subsequent computation of data
revealed quite low CCN2/CCN3 ratio, despite both cell
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lines have been known to be highly invasive (Fig. 1c).
Interestingly, CCN1/CCN3 ratio was quite high in both cell
lines, suggesting the association of this parameter with
invasiveness. These findings further support the relation-
ship between CCN2/CCN3 ratio and bone metastatic
phenotype of carcinomas.

Different angiogenic functions between CCN2 and CCN3
as evaluated by the migration and proliferation assays

with HUVEC

Angiogenesis is the one of the important events involved in
tumor expansion and metastasis, as a number of reports
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Fig. 4 Expression of CCN4, 5 and 6 in HUVEC. Quantitative
evaluation of mRNAs was performed under the same methods as
employed for Fig. 1. Representative data of two sets of experiments
with comparable results are shown

have reported in the past (Babic et al. 1998; Shimo et al.
2006). Therefore, we evaluated the biological functions of
CCN proteins in terms of the migration and proliferation
of vascular endothelial cells, HUVEC. In the migration
assay, we found that the CCN2 protein promoted the
migration most strongly. In contrast, CCN3 had a rather
repressive effect on the migration of the HUVEC (Fig. 2a
and b). Moreover, similar effects of CCN2 and CCN3 on
the cell proliferation were confirmed with the same
HUVEC. Namely, CCN2 up-regulated the proliferation
of HUVEC, whereas CCN3 down-regulated it (Fig. 3a).
In addition, CCN4 or CCNG6 significantly repressed
or enhanced the proliferation of HUVEC, respectively
(Fig. 3a). Collectively, these findings indicate that
enhanced CCN2 production with repressed CCN3 produc-
tion may provide an ideal microenvironment for tumor
angiogenesis (Figs. 2b and 3a), supporting the significance
of CCN2/CCN3 ratio in tumor biology. It is also suggested
that, in terms of cell proliferation, contribution of CCN4
and CCN6 may not be ruled out. The major functions of
CCN2 are known to be exerted via the interaction with
heparan sulfate proteoglycans (HSPGs), which is repre-
sented by haparin binding ability. Therefore, in order to
gain insights into the molecular mechanism for the
counteracting functions of CCN2 and CCN3, heparin
binding ability of CCN3 was evaluated in vitro. As a
result, GST-tagged recombinant CCN3 was found to bind
to heparin, whereas GST alone did not (Fig. 3b). These
results together suggest the involvement of competitive
binding to HSPG in the observed counteracting effects of
CCN2 and CCN3.
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Expression of CCN4, 5 and 6 by HUVEC

Since CCN family members are matricellular proteins that
can be supplied and shared by any cell in the microenvi-
ronment, we next examined possible supply of CCN family
members that were not provided by MDA-231 cells, but
were produced by HUVEC itself. Quantitative mRNA
analysis of HUVEC revealed significant expression of all
of the members tested (Fig. 4). The obtained data suggest
the presence of CCN4, 5 and 6 supplied by vascular
endothelial cells in metastatic environment as well as other
CCN family members from tumor cells.

Differential production of CCN2 and CCN3 in bone
metastasis in vivo

Finally, to confirm the in vitro data shown above, we
analyzed CCN2 and CCN3 protein accumulation in the
region of metastasis in a bone metastasis model in vivo.
First, to confirm the osteolytic bone metastasis of breast
cancer cells, MDA-231, we performed radiographs and H
& E staining (Fig. 5a and b). Since we recognized
successful bone metastasis, we subsequently evaluated the
production of CCN2 and CCN3 by immunohistochemical
analysis. As expected, the signal for CCN2 was observed in
the area that had been invaded by the tumor cells (Fig. 5c).
In contrast, the signal for CCN3 was not significant.
Therefore, the significance of CCN2/CCN3 gene expres-
sion ratio as a parameter representing the bone metastatic
phenotype was indicated in vitro and here confirmed in
vivo.

Discussion

It is well known that various factors are related to cancer
metastasis, invasion, and tumor angiogenesis. In a recent
report, it was proven that highly metastatic cancer cells
already have metastatic ability when the tumor occurs
(Kang et al. 2003); and thus comprehensive analysis of the
gene expression profile has been actively undertaken. In
this research, we initially aimed at analyzing at the
molecular level the expression of all of the CCN family
members in breast cancer cells having different phenotype.
At the same time, we analyzed the angiogenic ability of
individual CCN family members. Based on the data
obtained in vitro, we have defined a parameter representing
the metastatic phenotype of breast cancer cells, which has
been also supported by the data in vivo and also by those
with oral squamous cell carcinoma cell lines in vitro.
CCN1, CCN2, and CCN3 are the major members of the
CCN family, and several reports have suggested the
involvement of these molecules in the invasion and
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Fig. 5 Accumulation of CCN2
and absence of CCN3 in bone
metastatic region of breast can-
cer cells in vivo. a Representa-
tive radiograph of a hind limb
from a mouse 28 days after
tumor inoculation. The arrow-
head indicates the osteolytic
lesion. b Bone histology of the
midtibial metaphyses. Tumor
cells have filled the marrow
cavity. The right panel is a high-
power magnification of the
rectangular area in the left panel.
Scale bar: 1 mm (leff), and

200 pum (right). ¢ Immunostain-
ing for CCN2 and CCN3 in the
bone metastatic lesions. Scale
bar: 100 mm

a

metastasis of cancers. Since the angiogenic ability is closely
related to the invasive and metastatic phenotype, we
performed migration and proliferation assays using recom-
binant CCN proteins and HUVEC. According to our
results, CCN2 was the strongest promoter of HUVEC
migration, whereas CCN3 was a repressor of it, which is
consistent with all other data presented here. However,
CCN3 was reported to be a pro-angiogenic molecule in a
past report (Lin et al. 2003). The apparent discrepancy
between our data and the previous report may be ascribed
to the difference in the method used to prepare the
recombinant CCN3 protein and in the final concentration
of CCN3 applied in these experiments. It is known that
growth factors often display opposite functions under
different doses. Additionally, Lin et al. employed bovine

adrenal capillary endothelial cells, which yielded different
results from ours. In either case, it is important to recognize
that particular type of endothelial cells, including HUVEC,
may not necessarily represent the endothelial cells associ-
ated with tumor angiogenesis. Finally, since the structure of
CCN family proteins is so similar that the molecular
behavior of CCN2 and CCN3 can be highly complicated,
depending upon the conditions, when they co-exist. In fact,
we evaluated the endogenous expression of CCN family
genes in HUVEC cells and found that CCN2 was also
abundantly produced by HUVEC itself (data not shown),
whereas CCN3 was not. This finding indicates two
biological issues. One is that CCN2 can be supplied not
only by tumor cells, but also by vascular endothelial cells in
an autocrine manner. The other is that the repressive
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activity of recombinant CCN3 may be exerted in the
co-presence of CCN2. As indicated by the data in Fig. 3b,
not only CCN2, but also CCN3 interacted with heparin. In
analogous to CCN2, CCN3 might display angiogenic
effects at a weaker level than CCN2 under the interaction
with HSPG. If so, CCN3 could repress the effect of
comparative amount of CCN2. However, when CCN3
was provided in excess, the net angiogenic effect given by
CCN3 itself might overwhelm the repressive effect caused
by the displacement of limited amount of CCN2. As such,
it is possible that the conditional repressive action of CCN3
on angiogenesis is exerted by the molecular interaction via
HSPG to inhibit the CCN2 action.

Apart from CCN2 and CCN3, it should be noted that
CCNS5 was found to be expressed only in non-metastatic
MCF-7 cells; however, no repressive effect of CCN5 on
angiogenic behavior of HUVEC was observed. Of note, a
previous report also showed that CCNS5 represses the
malignant phenotype of breast cancer cells (Fritah et al.
2008). Therefore, it is hypothesized that the anti-invasive
effect of CCNS is conferred through a mechanism indepen-
dent from angiogenesis. In contrast, although gene expres-
sion was not detected in the breast cancer cell lines, CCN4
and CCNG6 exerted repressive and enhancing effects on the
proliferation of HUVEC, respectively. Even if these mem-
bers are not produced by breast cancer cells by themselves
(Fig. 1), they may be supplied from other cells in the
microenvironment, such as endothelial cells (Fig. 4). Thus,
roles of CCN4 and 6 in breast cancer progression may not be
overlooked. Also, the higher CCN1/CCN3 ratio in highly
invasive MDA-231 may be noted, since it is consistent with
a previous finding representing the role of CCN1 as a tumor
promoter (Tsai et al. 2002). Indeed, CCN1/CCN3 ratio was
strikingly high in aggressive oral squamous cell carcinoma
cell lines, although significant angiogenic effects by CCNI1
were not confirmed in our hands. Obviously, further
investigation is necessary to clarify these points.

The CCN2/CCN3 mRNA ratio is a parameter that can be
determined relatively easily with clinical samples. There-
fore, this value may be considered for one of the parameters
to predict the risk of bone metastasis of breast cancers and
other related malignancies. Nevertheless, contribution of
local microenvironments to metastaic events may not be
overlooked, as typically represented by the fact that CCN2
and other growth factors can be supplied by the cells and
ECM surrounding the tumor (Fig. 4; Shimo et al. 2006).
Further investigation with clinical samples is underway for
the examination of the diagnostic utility of this parameter in
breast cancer cases.
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