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Olivier De Wever,2 Nicolas Nazaret,3 Joël Lachuer,3 Sylvie Dumont,4 and Gérard Redeuilh1
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CCN5 is a member of the CCN (connective tissue growth factor/cysteine-rich 61/nephroblastoma overex-
pressed) family and was identified as an estrogen-inducible gene in estrogen receptor-positive cell lines.
However, the role of CCN5 in breast carcinogenesis remains unclear. We report here that the CCN5 protein
is localized mostly in the cytoplasm and in part in the nucleus of human tumor breast tissue. Using a
heterologous transcription assay, we demonstrate that CCN5 can act as a transcriptional repressor presum-
ably through association with histone deacetylase 1 (HDAC1). Microarray gene expression analysis showed
that CCN5 represses expression of genes associated with epithelial-mesenchymal transition (EMT) as well as
expression of key components of the transforming growth factor � (TGF-�) signaling pathway, prominent
among them TGF-�RII receptor. We show that CCN5 is recruited to the TGF-�RII promoter, thereby
providing a mechanism by which CCN5 restricts transcription of the TGF-�RII gene. Consistent with this
finding, CCN5, we found, functions to suppress TGF-�-induced transcriptional responses and invasion that is
concomitant with EMT. Thus, our data uncovered CCN5 as a novel transcriptional repressor that plays an
important role in regulating tumor progression functioning, at least in part, by inhibiting the expression of
genes involved in the TGF-� signaling cascade that is known to promote EMT.

CCN5 (previously known as WISP-2) is a 29-kDa protein
member of the connective tissue growth factor/cysteine-rich
61/nephroblastoma overexpressed (CCN) family (2, 5, 23). The
CCN family is composed of six members grouped on the basis
of similar structural analogies (7). CCN proteins appear to play
important roles in several biological processes, including cell
growth, adhesion, and migration as well as numerous endo-
crine-regulated functions (9, 39, 41). CCN proteins encompass
four structural domains: an insulin-like growth factor-binding
protein (IGF-BP) domain, a von Willebrand factor type C
(VWC) domain, a thrombospondin (TSP-1) domain, and a
cysteine knot (CT) domain reported to act as a potential pro-
liferation module (29). Although the physiological function of
CCN5 is not well defined, its domain structure suggests that its
function may be different from that of other members of the
CCN family. CCN5 contains only three structural domains and
lacks the CT domain (7, 8, 35). It has been shown that CCN5
suppresses proliferation and its expression is reduced in can-
cers (14, 31, 35). Previously, we showed that upon hormone
binding, the estrogen receptor (ER) directly regulates the ccn5
gene in all ER-positive breast cancer cell lines tested (17).
Moreover, we found that CCN5 knockdown not only induced
estradiol-independent growth of these cells, owing to a loss
of estrogen receptor � (ER�) expression, but also promoted
epithelial-mesenchymal transition (EMT) (18), a process in-
volved in tumor invasiveness and metastasis (13, 43, 46, 51).

Consistent with its role in tumor progression, our recent
studies have shown that CCN5 is strongly expressed in less-
aggressive breast cancer cell lines, such as MCF-7, while it is
undetectable in highly aggressive breast cancer cell lines, such
as MDA-MB-231 (18). Untransformed cells express low levels
of CCN5 (18). Furthermore, in vivo studies have shown that
CCN5 expression is detected mainly in preneoplastic disorders,
such as noninvasive ductal carcinoma in situ (DCIS) and atyp-
ical ductal hyperplasia, whereas expression levels were either
very low or undetectable in invasive breast tumors (4).

There is strong evidence that a number of secreted factors
and cell surface receptors can be internalized by endocytosis
and translocated to the cytoplasm and sometimes to the nu-
cleus (26, 34, 37). Their nuclear localization is often transient,
appearing only during certain phases of the cell cycle. It has
been reported that CCN2/CTGF and the amino-truncated
CCN3/Nov protein are addressed to the nucleus (38, 48). Fur-
thermore, it has also been reported that CCN6/WISP-3 can
localize to the nuclei of breast cancer cells (22). Finally, it has
been reported that CCN2 and CCN5 are detected in the cyto-
plasmic compartment as well as the nuclear compartment in
many rodent embryonic and adult tissues as well as in fetal
human tissues (20, 27, 50). Collectively, these data are sugges-
tive of diverse functions for the CCN family, including nuclear
function for several of its members.

Here we show that CCN5 is localized both in the cytoplasm
and in the nucleus of a human breast cancer cell line and
noninvasive breast tumors. We demonstrate that CCN5 inter-
acts with histone deacetylases (HDACs) and exhibits strong
transcriptional repressor activity. We also show that the loss of
CCN5 expression leads to increased expression of important
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components of the transforming growth factor � (TGF-�) sig-
naling system, in turn favoring EMT and associated cellular
invasion. Our data reveal a new role for CCN5 in transcrip-
tional repression.

MATERIALS AND METHODS

Tissue samples, histological analyses, and immunohistochemistry. Clinical
data and primary breast carcinoma samples were collected at Ghent University
Hospital and Saint-Antoine Hospital (Paris). Written informed consent was
obtained from each patient according to the recommendations of the local ethics
committee. Immunochemical staining was performed on paraformaldehyde-
fixed, paraffin-embedded ductal carcinoma in situ and invasive ductal carcinoma
specimens (n � 20). Sections were deparaffinized in xylene and hydrated with a
graded series of ethanol. Subsequently, slides were loaded in the Ventana
autostainer (NexES; Ventana Medical Systems, Inc., Tucson, AZ) and stained
with the iView DAB detection system (Ventana Medical Systems, Inc., Tucson,
AZ) according to the manufacturer’s instructions. Antigen retrieval was per-
formed using protease pretreatment (Ventana). Sections were then incubated
with anti-WISP2 rabbit polyclonal IgG1 antibody (Abcam Laboratories, Inc.,
Cambridge, United Kingdom) for 30 min at 37°C (1:100 dilution).

Plasmids. The expression vector for full-length human CCN5 (hCCN5) was
previously described (18). S. Khochbin provided the L8G5E1b-Luc, LexA-VP16,
hemagglutinin (HA)-histone deacetylase 5 (HDAC5), and HA-HDAC6 expres-
sion vectors. A. Atfi and A. Sharrocks provided the pG5-E1B-Luc and GAL4-
tk-Luc reporter plasmids, respectively. To generate GAL4-DNA binding domain
(DBD) and CCN5 fusion protein constructs, fragments encoding various por-
tions of human CCN5 were generated by PCR and subcloned into the XbaI/
EcoRI sites of the pM vector (Clontech) to fuse CCN5 in frame to the C
terminus of GAL4-DBD. Flag-HDAC1 and Flag-HDAC3 expression vectors
were a gift of E. Seto. The T�RII promoter luciferase reporter plasmids were
provided by J. W. Freeman; ARE3-Lux, FAST1, and CAGA9-Lux are described
in references 36 and 40.

Cell culture and transfection. Human embryonic kidney 293T cells and HeLa
cells were maintained in Dulbecco modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS). MCF-7, MCF-7-sh-scrambled, and
MCF-7-sh-CCN5 were cultured as described previously (18). For luciferase re-
porter gene assays, cells were seeded in 6-well plates and transfected with
plasmids by using the Lipofectamine reagent (Invitrogen). After 36 h, cells were
treated with or without TGF-�1 (2 ng/ml) for 16 h. Luciferase activity was
measured (Promega) and was normalized for transfection efficiency using a
�-galactosidase-expressing vector and the Galacto-Star system (PerkinElmer).

Confocal microscopy. MCF-7 cells were seeded in 2-well Lab-Teck glass cham-
ber slides for 24 h. The cells were fixed with 4% paraformaldehyde in phosphate-
buffered saline and then treated briefly with 0.1% Triton X-100 in phosphate-
buffered saline (PBS). After three rinses with PBS, cells were incubated for 1 h
at room temperature with primary antibodies to CCN5 (Santa Cruz Biotechnol-
ogy), rinsed, and incubated for 1 h at room temperature with fluorescein iso-
thiocyanate (FITC)-conjugated secondary antibody (goat anti-rabbit; Invitro-
gen). Nuclei were stained with 4�,6�-diamino-2-phenylindole (DAPI) at a
concentration of 1 �g/ml. Confocal microscopy was conducted with Leica SP2
biphoton laser scanning.

Biochemical cell fractionation. Cells were harvested at 80% confluence
through trypsination. Isolation of nuclei and cytosol was carried out using NE-
PER nuclear and cytoplasmic extraction reagents (Pierce) according to the
manufacturer’s instructions.

GST pulldown. BL21(DE3) Escherichia coli (Invitrogen) bacteria were used
for expression of glutathione S-transferase (GST) and GST-CCN5. The CCN5
open reading frame (ORF) was subcloned into the pGEX4T-1 (GE Healthcare
Life Sciences). After adding IPTG (isopropyl-�-D-thiogalactopyranoside) (final
concentration of 1 mM), the bacteria were cultured for 4 h at 30°C. The fusion
proteins were purified as inclusion bodies and were denatured and renatured
using the Rapid GST inclusion body solubilization and renaturation kit (Cell
Biolabs, Inc.) according to the manufacturer’s instructions. Purified GST or
GST-CCN5 was incubated with glutathione-Sepharose 4B transferase (GE
Healthcare Life Sciences) for 2 h at 4°C with gentle agitation. The suspensions
were then centrifuged, and pellets were washed four times with ice-cold NTEN
buffer (20 mM Tris-HCl [pH 8.0], 150 mM NaCl, 1 mM EDTA, 0.5% NP-40, 0.1
mM dithiothreitol [DTT], supplemented with complete protease inhibitor cock-
tail [Sigma]). Epitope-tagged proteins were expressed in 293T cells and extracted
in NTEN supplemented with protease inhibitors. Sepharose-bound GST fusion
proteins were incubated with cell lysates for 2 h at 4°C, washed five times with

extraction buffer, fractionated on 10% SDS-PAGE, and detected by Western
blotting using horseradish peroxidase-conjugated anti-Flag antibody (Sigma-Al-
drich). Membranes were washed extensively and developed with an enhanced
chemiluminescence kit (ECL; GE Healthcare).

Immunoblotting. Cell lysates were made in TNMG lysis buffer (0.5% NP-40,
20 mM Tris-HCl [pH 8], 25 mM MgCl2, 10% glycerol, and 150 mM NaCl)
containing 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 1 �M leupeptin, and
1 �M aprotinin and cleared by centrifugation. Fifty micrograms of protein was
separated by SDS-PAGE and transferred to nitrocellulose membranes. The
membranes were blocked with saturating buffer for 1 h at room temperature. The
membranes were probed with specific antibodies: anti-GAL4 (DBD), anti-TGF-
�RII, anti-plasminogen activator inhibitor 1 (PAI1), anti-HA, anti-CCN5, anti-
actin (Santa Cruz Biotechnology), anti-glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH), anti-lamin A plus C (Millipore), and anti-Flag (Sigma-Aldrich)
overnight at 4°C. Membranes were then washed and incubated with horseradish
peroxidase-conjugated secondary antibodies for 2 h. Membranes were washed
extensively and developed with an enhanced chemiluminescence kit (ECL; GE
Healthcare).

Microrrays. Microarray analysis has been performed in the genomic and
microgenomic core facility profileXpert (Bron, France). Total RNA was ex-
tracted from frozen cells with the RNeasy minikit (Qiagen, Hilden, Germany)
and quantified with NanoDrop. The quality of total RNA was verified by micro-
chips on an Agilent 2100 bioanalyzer (Agilent Technologies, Palo Alto, CA).
Total RNA (100 ng) was amplified and biotin labeled by in vitro transcription
(IVT) with a Message Amp antisense RNA (aRNA) kit (Ambion, Austin,
Texas). Before amplification, spikes of synthetic mRNA at different concentra-
tions were added to all samples; these positive controls were used to ascertain the
quality of the process. The aRNA yield was measured with a UV spectropho-
tometer, and the quality on nanochips with the Agilent 2100 bioanalyzer (Agi-
lent).

Ten micrograms of biotin-labeled aRNA was fragmented using 5 �l of frag-
mentation buffer in a final volume of 20 �l, mixed with 240 �l of Amersham
hybridization solution (GE Healthcare Europe GmbH, Freiburg, Germany), and
injected onto CodeLink human whole-genome bioarrays containing human oli-
gonucleotide gene probes targeting 57,000 transcripts and expressed sequence
tags (EST) (both from GE Healthcare Europe GmbH, Freiburg, Germany).
Arrays were hybridized overnight at 37°C at 300 rpm in an incubator. The slides
were washed in stringent TNT buffer (0.01 M Tris-HCl [pH 8], 0.15 N NaCl,
0.05% Tween 20) at 46°C for 1 h, and then a streptavidin-cy5 (GE Healthcare)
detection step was performed. Each slide was incubated for 30 min in 3.4 ml of
streptavidin-cy5 solution as described previously (16), washed 4 times in 240 ml
of TNT buffer, rinsed twice in 240 ml of water containing 0.2% Triton X-100, and
dried by centrifugation at 600 rpm. The slides were scanned using a Genepix
4000B scanner (Axon, Union City) and Genepix software, with the laser set at
635 mm, the laser power at 100%, and the photomultiplier tube voltage at 60%.
The scanned image files were analyzed using CodeLink expression software,
version 4.2 (GE Healthcare), which produces both a raw and normalized hybrid-
ization signal for each spot on the array.

Microarray data analysis. The relative intensity of the raw hybridization signal
on arrays varies in different experiments. CodeLink software was therefore used
to normalize the raw hybridization signal on each array to the median of the
array (median intensity is 1 after normalization) for better cross-array compar-
ison. The threshold of detection was calculated using the normalized signal
intensity of the 100 negative-control samples in the array; spots with signal
intensities below this threshold are referred to as “absent.” The quality of
processing was evaluated by generating scatter plots of positive-signal distribu-
tion. Signal intensities were then converted to log base 2 values.

SYBR green real-time RT-PCR. Reverse transcription-PCR (RT-PCR) anal-
ysis was carried out as described previously (19). Primers for the amplification of
the TGF-�RII gene were as follows: upper, 5�-GGGGAAACAATACTGGCT
GA-3�; and lower, 5�-GAGCTCTTGAGGTCCCTGTG-3�.

ChIP assay. Chromatin immunoprecipitation (ChIP) assays were performed
largely as previously described (18). Briefly, a small portion (1%) of the cross-
linked, sheared chromatin solution was saved as input DNA, and the remainder
was used for immunoprecipitation by specific antibodies against CCN5 (Santa
Cruz), acetylated H3, acetylated H4, HDAC1, or Sp1 (Millipore). Immunopre-
cipitated DNA was deproteinized, precipitated by ethanol, and resuspended in
30 �l of water. Two microliters of DNA were then subjected to PCR (30 cycles)
using the following primer pairs for hTGF-�RII gene promoter amplification:
upper, 5�-GGAGCAATCTGAAGAAAGCTGA-3�; and lower, 5�-GGGGAAA
CAGGAAACTCCTC-3�.

Collagen invasion assay. Acid-extracted type I collagen was commercially
available (BD Biosciences). Collagen gels were prepared in 6-well plates with
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1.25 ml of type I collagen used at a final concentration of 1 mg/ml (12). After
gelling (45 min at 37°C), 1 � 105 to 2 � 105 MCF-7-sh-scrambled and MCF-7-
sh-CCN5 cells in media supplemented with 10% heat-inactivated fetal calf serum
(FCS) were added with vehicle only (0.1% dimethyl sulfoxide [DMSO]) or
SB431542 (10 �M, dissolved in DMSO). After a 14-day culture period (with
medium refreshments every 2 days), samples were formalin fixed, cross-sec-
tioned, and hematoxylin and eosin (H&E) stained, and the number of deeply
invasive cells was measured in 6 randomly selected fields. The experiments were
performed 3 times.

Data analysis. Data are shown as the average � the standard deviation (SD)
of results of at least three independent experiments. Differences between test
and control conditions were assessed by Student’s t test analysis or the �2 test
(collagen type I invasion assay).

Microarray data accession number. Microarray data sets are available at
http://www.ncbi.nlm.nih.gov/geo/ under accession code GSE25431.

RESULTS

Subcellular localization of CCN5. To gain insight into the
mechanisms by which CCN5 regulates tumor progression, we
analyzed whether CCN5 could display intracellular localization
in human breast cancer cells. We examined the subcellular
distribution of CCN5 in the MCF-7 cells by confocal immuno-
fluorescence microscopy using anti-CCN5 antibodies. The re-
sults revealed the presence of CCN5 in discrete nuclear struc-
tures in MCF-7 cells, in addition to a cytoplasmic staining (Fig.
1A). We then used biochemical methods of cell fractionation
followed by Western blot analysis with anti-CCN5 antibodies.
As shown in Fig. 1B, CCN5 is present in both the cytosolic and
nuclear fractions. Control antibodies against the cytoplasmic

protein GAPDH and the nuclear proteins lamin A and C
confirmed the absence of cross-contamination between the
cytoplasmic and nuclear fractions. Moreover, we examined
CCN5 subcellular distribution in samples of human breast tu-
mor tissue. We found that noninvasive lesions, such as ductal
carcinoma in situ (DCIS), had a marked expression of CCN5.
These tumors were estrogen receptor and progesterone recep-
tor positive and ErB-2/Neu negative, features characteristic of
well-differentiated tumors. CCN5 is observed with the cyto-
plasm and also with many nuclei of these cells (Fig. 1C). In
contrast, CCN5 expression is weak or undetectable in poorly
differentiated invasive ductal carcinoma with lymph node me-
tastasis (Fig. 1C).

Mapping of the transcriptional repression domain in CCN5.
Since CCN5 localizes in the nucleus, we decided to test
whether CCN5 might regulate transcription. To address this
possibility, we analyzed the effect of GAL4-DBD full-length
CCN5 fusion protein (GAL4-CCN5) on the activity of a
GAL4-dependent reporter in a transient transfection assay in
HeLa cells. GAL4-CCN5 strongly inhibited the transcription
of a GAL4-driven E1B-luciferase reporter construct in a dose-
dependent manner (Fig. 2A). Repression by GAL4-CCN5 re-
quires binding to the heterologous promoter, as the transcrip-
tional activity of a reporter lacking the GAL4-binding sites was
practically insensitive to the expression of GAL4-CCN5 (Fig.
2B). To map the CCN5 domain responsible for the transcrip-
tional repression activity, we tested the ability of a series of

FIG. 1. Subcellular localization of CCN5. (A) Immunochemical detection. MCF-7 cells were fixed, permeabilized, and then immunostained
with anti-CCN5 antibodies as described in Materials and Methods. Nuclear DNA was stained with DAPI. Images were obtained by confocal
microscopy (magnification, �63). The results were confirmed by three independent experiments. Arrows indicate nuclear structure stained with
anti-CCN5 antibodies. (B) Biochemical evidence. MCF-7 cells were fractionated into cytosolic and nuclear fractions, and equal amounts of protein
were analyzed by Western blotting. GAPDH was used as a cytoplasmic marker, and lamin A and C were used as nuclear markers to exclude
cross-contamination. (C) Immunohistochemistry analysis of human DCIS and invasive carcinoma sections using anti-CCN5 antibodies. Arrows
indicate marked nuclei. Scale bars, 100 �m.
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truncated GAL4-CCN5 fusion proteins to regulate the activity
of two GAL4-driven luciferase reporter genes in two different
cell lines, 293T and HeLa cells (Fig. 2C). In both cell lines,
GAL4-CCN5(24-250), deleted of the peptide signal, and

GAL4-CCN5(24-150), deleted of the peptide signal and of the
C-terminal part of the protein, displayed the most efficient
transcriptional repressor activity. However, deletions of any of
the three structural domains resulted in a significant decrease

FIG. 2. CCN5 contains multiple transcriptional repression domains. (A) CCN5 represses basal transcription. Increasing amounts of GAL4-CCN5
(0.25, 0.5, and 1 �g) were transfected into HeLa cells along with 0.5 �g of pG5-E1B-Luc and 0.1 �g of an RSV–�-galactosidase construct as an internal
control. Cells were harvested 48 h later. Extracts were assayed for luciferase and �-galactosidase activities. Fold repression was determined relative to
the activity of GAL4-DBD and represents an average of triplicate assays. (B) Requirement of GAL4 binding sites for transcriptional repression by
GAL4-CCN5. HeLa cells were transfected with 1 �g of GAL4-CCN5 or GAL4-DBD along with 0.5 �g of GAL4-tk-Luc and tk-Luc reporters and 0.1
�g of RSV–�-galactosidase construct as an internal control. Cells were harvested 48 h later. Extracts were assayed for luciferase and �-galactosidase
activities. Fold repression was determined relative to the activity of GAL4-DBD and represents an average of triplicate assays. (C) Mapping of the CCN5
sequences required for repression. Schematic representation of GAL4-CCN5 deletion mutants is shown, and their effects on promoter activity in 293T
and HeLa cells are summarized. 293T cells and HeLa cells were cotransfected with 1 �g of constructs encoding the indicated CCN5 fragments fused to
GAL4 and 0.5 �g of GAL4-driven luciferase reporter plasmids containing the minimal E1B or TK promoter and 0.1 �g of RSV–�-galactosidase construct
as an internal control. Cells were harvested 48 h later. Extracts were assayed for luciferase and �-galactosidase activities. The graph shows the fold
repression of the basal GAL4-E1B promoter activity in the presence of GAL4-CCN5 fusion proteins relative to GAL4-DBD alone in 293T cells. The
results shown represent the average of three independent experiments assayed in duplicate. Significant differences: *, P 	 0,05; **, P 	 0.01, versus
controls. (D) Expression of GAL4-CCN5 mutants (fragments indicated) in 293T transfected cells. The transfected lysates were analyzed by SDS-PAGE
and immunoblotting by using mouse anti-GAL4-DBD monoclonal antibody.
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in repression, suggesting that multiple domains of CCN5 are
important for basal transcriptional repression (Fig. 2C). At the
same time, we noted that none of the three domains by them-
selves produced notable transcriptional repression (compare
fragments from positions 1 to 94, 98 to 164, and 194 to 238),
and the VWC domain alone (positions 98 to 164) actually
stimulated GAL4-dependent transcription. As judged by West-
ern blot analysis with whole-cell extracts of 293T transfected
cells, all of the fusion proteins were expressed at comparable
levels, with the exception of GAL4-CCN5(194-238), which dis-
played low abundance (Fig. 2D).

The minimal E1B promoter-driven reporter construct dis-
plays a low basal transcriptional activity promoter, indicating
that CCN5 can repress basal transcription. To establish
whether the ability of CCN5 to repress transcription could
occur in an inducible setting, we analyzed the effect of express-
ing CCN5 on an E1B promoter preceded by LexA and GAL4
binding sites (Fig. 3A). In the presence of the highly active
LexA-VP16 fusion protein, this reporter is strongly activated
(Fig. 3B) (30). A series of GAL4-CCN5 fusion proteins were
then added in trans to investigate their potential to repress
LexA-VP16-dependent transcription. As shown in Fig. 3B,
GAL4-CCN5(1-250) as well as GAL4-CCN5(24-150) re-
pressed the LexA-VP16-induced transcription from the LexA-
GAL4-E1B-Luc reporter (Fig. 3B). We therefore conclude
that GAL4-CCN5(1-250) acts as a repressor of both basal and
induced transcription and that multiple regions located essen-

tially between amino acids 24 to 150 are important for tran-
scriptional repression.

It is important to note that GAL4-CCN5(98-164) corre-
sponding to the VWC module, although expressed at a low
level relative to that of wild-type CCN5, behaved as a tran-
scriptional activator not only in the case of basal (Fig. 2C) but
also VP16-stimulated transcription (Fig. 3B). In fact, in the
presence of LexA-VP16, GAL4-CCN5(98-164) increased the
transcription mediated by LexA-VP16 from the LexA-GAL4-
E1B-Luc reporter approximately 2-fold (Fig. 3B). In associa-
tion with the IGFBP (positions 1 to 164) and/or TSP motifs
(positions 124 to 250), the transcription-activating character of
VWC is too weak or absent, possibly due to the overall con-
formation of the resulting protein (compare fragments from
positions 98 to 164, 1 to 164, and 124 to 250). Interestingly, a
similar transcriptional activator effect has been reported when
the VWC module of CCN3 was fused to GAL4-DBD (37).

CCN5 interacts with HDAC. Histone deacetylases (HDACs)
catalyze the removal of the acetyl groups of lysine residues on
histone tails, causing chromatin compaction and transcrip-
tional repression (25). Numerous studies have shown that
many transcriptional repressors exert their action through re-
cruitment of histone deacetylases (28, 33). In order to test
whether the transcriptional repression activity of GAL4-CCN5
is mediated by HDACs, we assayed the effect of trichostatine
A (TSA), a specific inhibitor of HDAC activity, on transcrip-
tional repression mediated by GAL4-CCN5 in a transfection
assay. Addition of TSA significantly reduces the ability of
CCN5 to repress transcription, while it has no effect on Gal4-
DBD alone, suggesting that the full transcriptional repression
effect of CCN5 requires histone deacetylase activity (Fig. 4A).
Other authors also observed that histone deacetylase inhibitors
are not able to relieve all of the silencing activity of corepres-
sors (49, 52).

To approach the question of how HDACs contribute to the
ability of CCN5 to repress transcription, we looked for their
possible association. FLAG-HDAC1, FLAG-HDAC3, HA-
HDAC5, and HA-HDAC6, members of two distinct HDAC
families, were transfected into 293T cells. Whole-cell extracts
prepared from transfected cells were then incubated with GST-
CCN5 fusion protein immobilized on glutathione agarose
beads. After several washes and elution, specific complexes
were analyzed by SDS-PAGE and quantified by immunoblot-
ting analysis with specific antibodies. As seen in Fig. 4B, only
HDACs of class I, HDAC1 and to a lesser extent HDAC3,
were captured by CCN5. There was no HDAC retained with
GST alone. This result indicates that CCN5 interacts with
HDACs, which provides a potential mechanism by which
CCN5 exerts its repressive function.

Gene expression profiling identifies global changes result-
ing from CCN5 loss. To investigate in more details the role of
CCN5 in transcriptional repression, we performed microarray
gene expression profiling of MCF-7-sh-CCN5 and MCF-7-sh-
scrambled cells (control cells). Among the genes that are sig-
nificantly induced in MCF-7-sh-CCN5 cells relative to the con-
trol were a number of mesenchymal markers known to be
associated with passage through an EMT, including fibronectin
and vimentin. Conversely, a number of epithelial markers were
downregulated relative to the controls (Table 1), which is con-
sistent with our previous results indicating that depletion of

FIG. 3. CCN5 represses activated transcription. (A) Scheme of
LexA-GAL4-driven E1B promoter-reporter construct. LexA-VP16 is
an activator and GAL4-CCN5 a repressor. (B) Activities of the indi-
cated GAL4-CCN5 fusion proteins relative to the reporter alone in
293T cells. Cells were cotransfected with 0.1 �g of LexA-VP16 alone
or in combination with 1 �g of constructs encoding the indicated
GAL4-CCN5 fragments and 0.5 �g of GAL4-driven luciferase re-
porter and 0.1 �g of RSV–�-galactosidase construct as an internal
control. Cells were harvested 48 h later. Extracts were assayed for
luciferase and �-galactosidase activities. The presence of LexA-VP16
is indicated. The results shown represent the average of three inde-
pendent experiments assayed in duplicate. Significant differences: *,
P 	 0.05 versus control.

VOL. 31, 2011 CCN5, A NOVEL TRANSCRIPTIONAL REPRESSOR 1463



CCN5 in MCF-7 cells can culminate in EMT. Consistent with
their dedifferentiated phenotype, MCF-7-sh-CCN5 cells show
a reduction of cell surface marker CD24 (20.4-fold) and ele-
vation of CD44 (14.7-fold) (Table 1).

We show that suppression of CCN5 in MCF-7-sh-CCN5
cells was accompanied by, in addition to EMT markers, dereg-
ulated expression of several components of the TGF-� signal-
ing pathway. Notably, we identified 13 genes that were differ-
entially expressed (Table 1), with the TGF-� type II receptor,
TGF-�RII, being the most markedly affected. Analysis of
TGF-�RII mRNA levels by real-time RT-PCR and protein
expression by immunoblotting validated the expression array
data, indicating that TGF-�RII was specifically upregulated in
MCF-7-sh-CCN5 cells versus control cells (Fig. 5A and B).
Taken together, these results provide conclusive evidence that

CCN5 functions as a transcriptional repressor and further
suggest that CCN5 might play an important role in TGF-�
signaling.

Silencing of CCN5 increases TGF-� signaling in MCF-7
cells. Our results suggest that CCN5 could antagonize TGF-�

TABLE 1. Microarray gene expression profiling of MCF-7-sh-
CCN5 and MCF-7-sh-scrambled cells

Gene symbol Gene descriptiona

Fold change in
MCF-sh-CCN5

expression
relative to
MCF7-sh-
scrambled

Mesenchymal
markers

CD44 CD44 molecule 
14.7
IGFBP7 Insulin-like growth factor

binding protein 7

8.5

ITGA5 Integrin �5 
5.1
LAMB3 Laminin beta 3 
37
LAMC2 Laminin gamma 2 
19.6
PROCR Protein C receptor, endothelial 
8.2
SNAI2/SLUG Snail homolog 2 
72.2
VIM Vimentin 
188.3
ZEB1 Zinc finger E-box binding

homeobox 1

6.6

Epithelial
markers

CD24 CD24 molecule �20.4
CDH1 E-cadherin �110.2
CLDN1 Claudin 1 �2
DSP Desmoplakin �3
ERBB2 v-erb-b2 erythroblastic leukemia

viral oncogene homolog 2
�4

ESR1 Estrogen receptor 1 �148
FOXA1 Forkhead box A1 �65
GATA3 GATA binding protein 3 �32
JUP Junction plakoglobin �25
KRT8 Keratin 8 �11
KRT18 Keratin 18 �6
MUC1 Mucin 1, cell surface associated �5
TFF1 Trefoil factor 1 �427
TFF3 Trefoil factor 3 �2
XBP1 X-box binding protein 1 �12

TGF-� pathway
markers

CTGF Connective tissue growth factor 
12.1
FN1 Fibronectin 1 
8.9
JUN v-jun sarcoma virus 17

oncogene homolog

2.6

SERPINE1 Serpin peptidase inhibitor
member 1


116.3

SMAD1 SMAD, mothers against DPP
homolog 1

�5.7

SMAD3 SMAD, mothers against DPP
homolog 3


2.1

SMAD6 SMAD, mothers against DPP
homolog 6

�27.9

SPARC Secreted protein acidic cysteine
rich


2

TGFBR1 TGF-� receptor 1 
3.2
TGFBR2 TGF-� receptor 2 
416.5
TGFBR3 TGF-� receptor 3 
44.6
TGFB1 TGF-� 1 
2.6
TGFB3 TGF-� 3 �37.6

a DPP, decapentaplegic homologs.

FIG. 4. Interaction of CCN5 with HDAC. (A) TSA partially reverses
transcriptional repression by GAL4-CCN5. 293T cells were transfected
with 1 �g of GAL4-DBD or GAL4-CCN5 expression vector together with
0.5 �g of GAL4-E1B luciferase reporter. Transfected cells were treated
with 200 nM TSA for 16 h before harvesting. The repression by GAL4-
CCN5 was determined relative to GAL4-DBD alone. The results shown
represent the average of three independent experiments assayed in du-
plicate. Significant differences: *, P 	 0.05 versus control. (B) HDAC and
CCN5 form a complex. 293T cells were transfected with pCEP4-HDAC1-
Flag, pCEP4-HDAC3-Flag, pcDNA3-HA-HDAC5, or pcDNA3-HA-
HDAC6. Equal amounts of cellular extracts were incubated with bacte-
rially expressed GST or GST-CCN5 fusion proteins immobilized on
glutathione-Sepharose beads. Following incubation at 4°C for 2 h, com-
plexes were washed five times with binding buffer, resolved by SDS-
PAGE, and detected by immunoblotting using anti-Flag antibody to de-
tect HDAC1 or HDAC3 or anti-HA antibody to detect HDAC5 or
HDAC6. The expression levels of each protein in total lysates were mon-
itored by immunoblotting with anti-Flag antibody or anti-HA antibody
(Input).
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signaling. To examine the effects of CCN5 on TGF-� signal
transduction, we performed a transcription reporter assay. Re-
porter plasmids containing either a TGF-�/Smad3 response
element, (9XCAGA)-Lux (11), or TGF-�/Smad2 response el-
ement, (ARE)-Lux (10), were transfected into either MCF-7-
sh-scrambled or MCF-7-sh-CCN5 cell lines. As shown in Fig.
5C, TGF-� treatment enhanced transcription from the report-
ers (9XCAGA)-Lux (27-fold) and (ARE)-Lux (14-fold) trans-
fected into MCF-7-sh-CCN5 cells compared to MCF-7-sh-
scrambled cells. Furthermore, the loss of CCN5 induces the
TGF-�-dependent expression of endogenous PAI1, which is a
target of the Smad signaling pathway (Fig. 5D). These findings
suggest that CCN5 inhibits the Smad signal transducers of
TGF-� signaling.

CCN5 is recruited to the TGF-�RII promoter. Having
shown that depletion of CCN5 in MCF-7 cells can lead to
increased expression of TGF-�RII, we then sought out to
determine the mechanism by which CCN5 exerts its suppres-
sive function. For this, we used the cloned region of the TGF-
�RII gene (nucleotides �1800 to 
50) known to confer max-
imal transcriptional activity in the context of a gene reporter
(54). When TGF-�RII (�1800 to 
 50)-Luc was cotransfected
in the 293T cell line with increasing amounts of the expression
plasmid coding for CCN5, the promoter activity decreased in a

dose-dependent manner (Fig. 6A). Truncation of the promoter
to leave only the �291 to 
50 segment led to significant loss of
the basal promoter activity, although this construct was also
repressed by CCN5 and the factor of repression was the same
as that for the full-length construct (Fig. 6A). These results
show that CCN5 represses transcription from the proximal
promoter, which includes sites for potential transcription fac-
tors, such as Sp1, CCAAT-binding protein and AP1, or CRE/
ATF.

Next, we wished to determine whether endogenous CCN5 is
recruited to the TGF-�RII gene promoter in vivo, using a
chromatin immunoprecipitation assay. Antibodies specific for
acetylated histones H3 and H4 and for CCN5 were used to
immunoprecipitate chromatin from MCF-7-sh-scrambled cells
as well as from MCF-7-sh-CCN5 stably depleted of CCN5. As
a control, we used MDA-MB-231 cells that do not express
endogenous CCN5. The resulting partitioned genomic DNA
was then analyzed by PCR, using primers spanning the bp
�294 to 
27-bp region of the TGF-�RII promoter for changes
in the relative level of DNA associated with acetylated histones
and CCN5. As shown in Fig. 6B, CCN5 was recruited to the
TGF-�RII promoter in MCF-7-sh-scrambled cells. Of note, we
did not detect any significant increase in CCN5 at the distal
region of the TGF-�RII promoter (Fig. 6B). During the same

FIG. 5. Silencing of CCN5 increases TGF-� signaling in MCF-7 cells. (A) mRNA was isolated from MCF-7-sh-scrambled and MCF-7-sh-CCN5
cells, and TGF-�RII expression was analyzed by real-time RT-PCR. The results, after normalization, represent the relative hTGF-�RII mRNA
transcript levels among these different cell lines and are the means � SD of triplicate experiments. (B) Protein extracts were prepared and tested
by Western blotting for TGF-�RII expression. The levels of �-actin in cell lysates were measured by Western blotting and included as a loading
control. (C) MCF-7-sh-scrambled and MCF-7-sh-CCN5 cells were transfected with 0.5 �g of CAGA9-Lux or ARE3-Lux and FAST1 and 0.1 �g
of RSV–�-galactosidase construct as an internal control. Cells were treated with TGF-� for 16 h and analyzed for luciferase and �-galactosidase
activities. Luciferase was expressed as mean � SD of triplicates from a representative experiment performed at least three times. Significant
differences: *, P 	 0.05 versus control; **, P 	 0.01 versus control. (D) MCF-7-sh-scrambled and MCF-7-sh-CCN5 cells were treated with TGF-�
for 16 h. The expression of PAI1 was analyzed by immunoblotting using specific antibodies.
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time, ChIP analysis with antibodies to acetylated H4 and acety-
lated H3 revealed no acetylated H3 and a weak acetylated H4
signal at the TGF-�RII promoter. As expected, in MDA-MB-
231 and MCF-7-sh-CCN5 cells antibodies against CCN5 did
not precipitate the promoter. However, there was a clear as-
sociation of the TGF-�RII promoter with acetylated histones
H3 and H4 in these cells, suggesting that CCN5 might recruit
HDACs to the TGF-�RII promoter, leading to its deacetyla-
tion and, consequently, silencing.

As HDAC1 and Sp1 have been shown to interact with and
mediate the repression of the TGF-�RII promoter (54), we
investigated the requirement of CCN5 in this process using
MCF-7 cells. As shown in Fig. 6B, we observed an increase in
the association of HDAC1 and Sp1 in MCF-7-sh-scrambled
cells, a pattern that is similar to that seen for CCN5. Crucially,
we detected very little or no association of HDAC1 and Sp1
with the TGF-�RII promoter in MCF-7-sh-CCN5 cells. We
also used the CCN5-deficient MDA-MB-231 cell line and
found no association of HDAC1 with the TGF-�RII promoter.
These results suggest that CCN5 may be recruited to the TGF-
�RII gene promoter through interaction with HDAC1, result-
ing in transcriptional repression.

Inhibition of TGF-� signaling reduced the invasiveness and
restored E-cadherin expression of CCN5-downregulated cells.
We previously demonstrated that knockdown of CCN5 in-
duces an invasive phenotype in MCF-7 cells (18). TGF-�
signaling can increase the invasive potential of cancer cells

and promote EMT that are implicated in cancer dissemina-
tion (53). We therefore tested whether activation of TGF-�
signaling in MCF-7-sh-CCN5 cells was associated with the
invasive phenotype. Control MCF-7-sh-scrambled cells form
a monolayer on collagen type I gels and were unable to
invade the underlying collagen matrix. In contrast, MCF-7-
sh-CCN5 cells cultured for 14 days on type I collagen gels
massively infiltrate the matrix structure. A superficial inva-
sion front and several deeply penetrating single cells are
observed. Quantification of deep single-cell infiltration re-
vealed that persistent SB431542 treatment, which inhibits
the TGF-� type 1 receptor Alk5, significantly reduces the
deep cell infiltration of MCF-7-sh-CCN5 cells (Fig. 7A and
B) but had no effect on viability (trypan blue exclusion) or
the Ki67 proliferation index (data not shown). We previ-
ously demonstrated that knockdown of CCN5 decreases the
epithelial marker E-cadherin. This cell-cell adhesion mole-
cule was recognized as an invasion suppressor molecule
through in vitro genetic manipulation of human cell lines
(47). Having demonstrated an anti-invasive effect of the
TGF-� inhibitor SB431542, we sought to determine whether
inhibition of TGF-� signaling would reinduce expression of
E-cadherin in MCF-7-sh-CCN5 cells. We observed that
TGF-� inhibitor treatment restored E-cadherin expression
in MCF-7-sh-CCN5 cells, and this may, at least in part, be
responsible for decreased deep cell infiltration (Fig. 7C).

FIG. 6. CCN5 binds and inhibits the TGF-�RII promoter. (A) 5�-flanking region deletion mutants of the TGF-�RII promoter-luciferase
constructs were transiently transfected into 293T cells with 0, 0.5, and 1 �g of plasmid expressing hCCN5 and 0.1 �g of RSV–�-galactosidase
construct as an internal control. At 48 h posttransfection, cells were harvested and analyzed for luciferase and �-galactosidase activities. Luciferase
was expressed as mean � SD of triplicates from a representative experiment performed at least three times. Significant differences: *, P 	 0.05
versus control. (B) Cross-linked sheared chromatin from the MCF-7-sh-scrambled cells or from the MCF-7-sh-CCN5 and MDA-MB-231 cells were
immunoprecipitated with the indicated specific antibodies. DNA was analyzed by PCR using primers to amplify the hTGF-�RII promoter region.
Results shown are representative of three independent experiments.
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DISCUSSION

Although CCN5 expression has been shown to have a pro-
tective effect on breast cancer progression, the role of CCN5 in
mammalian carcinogenesis has not been well defined. In this
work, we show that in MCF-7 cells the loss of CCN5 leads to
an increased abundance of key components of the TGF-�
signaling pathway.

We find that endogenous CCN5 localizes to the nucleus and
cytoplasm of MCF-7 breast cancer cells and in noninvasive
breast tumors. In considering potential functions of CCN5 in
this newly identified nuclear localization, we observed that the
distribution of nuclear CCN5 was reminiscent of the speckled
pattern characteristic of components of the transcriptional ma-
chinery (44). Consistent with the detection of CCN5 in the
nucleus, a repressor function of CCN5 is observed upon di-
recting it to a reporter gene via a heterologous DNA-binding
domain, as well as to a reporter containing a natural TGF-�RII
promoter element. We have shown that CCN5 interacts with
HDAC1 and the histone deacetylase inhibitor TSA can par-
tially block the action of CCN5, suggesting that the CCN5
repression activity is mediated, in part, by histone deacetyla-
tion-dependent mechanisms and, in part, by other mechanisms
in addition to HDAC recruitment. CCN5 might recruit one of
the multiprotein repressor complexes that contain HDACs
(25) and acts as a linker between specific factors and general
repression complexes. It can be hypothesized that localization
of CCN5 concomitant to that of the interacting factor could be
a way to activate and render CCN5 available for its targets.

Together these data establish a novel role for CCN5 as a
transcriptional repressor. The mechanisms of transcriptional
repression are important for maintaining the epithelial cell
phenotype and during cell differentiation.

One of the pathways that we found specifically activated in
CCN5-negative breast cancer cells is the TGF-� signaling path-
way, known to play an important role in human embryonic
stem cells as well as tumorigenesis (24, 42). TGF-� plays a dual
role in tumor progression: it is one of the most potent inhibi-
tors of cell proliferation, but it promotes invasion, angiogene-
sis, EMT, and metastasis (6, 42). Our pathway analysis and
TGF-�RI inhibitor treatment experiment implied that the
TGF-� pathway is activated in MCF-7-sh-CCN5 cells and that
it regulates, at least in part, their more mesenchymal and
invasive phenotype.

We have shown that CCN5 inhibits the Smad signal trans-
ducers of TGF-� signaling. Smad3 has also been shown to
cross-communicate with ER�, as TGF-�-induced activation of
Smad3 responsive genes is significantly suppressed in the pres-
ence of activated ER� (32). There exists evidence that a direct
physical interaction between Smad3 and estrogen receptor �
occurs (32). Previously, we found that CCN5 knockdown in
MCF-7 cells induced estrogen-independent growth of these
cells linked to a loss of ER� expression and promoted EMT.
Although the exact mechanisms leading to the loss of ER�
expression are currently uncertain, recent works suggest that
activation of growth factor receptor pathways, such as epider-
mal growth factor (EGF), IGF-1, TGF-�, and heregulin, may

FIG. 7. Pharmacological inhibition of TGF-� signaling reduced the invasiveness and restored E-cadherin expression of CCN5-downregulated
cells. (A) MCF-7-sh-scrambled and MCF-7-sh-CCN5 cells were seeded on collagen type I gel in the presence or absence of SB431542 (10 �M).
Representative H&E cross-sections of the collagen gel after a 14-day culture period. White double arrow shows superficial invasion front. Black
double arrow shows region of deeply infiltrated cancer cells. Individual deeply penetrated cancer cells are indicated by arrows. Scale bar � 50 �m.
(B) Data indicate mean percentage of deep invasive cells counted from 6 cross-sections, with error bars indicating the standard error of mean of
three experiments. Significant differences: **, P 	 0.01 versus control; ***, P 	 0.001 versus control. (C) Paraffin sections of 14-day collagen
invasion experiments with MCF-7-sh-scrambled or MCF-7sh-CCN5 with or without SB431542 were probed with anti-E-cadherin monoclonal
antibody. Scale bar � 50 �m.
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contribute to ER� loss (15). It has been suggested that ER�-
positive breast cancer cells lose responsiveness to the TGF-�
signaling cascade due to the loss or decreasing expression of
TGF-�RII (45). In addition, TGF-�RII is repressed in ER�-
positive breast cancer cells due to the Sp1/Sp3 family of tran-
scription factors (1). Therefore, understanding the transcrip-
tion-regulating mechanisms that control TGF-�RII expression
is of great importance. However, surprisingly little is known
about the transcriptional regulation of the TGF-�RII gene.
The TGF-�RII promoter lacks the TATA box and, similar to
other promoters that lack the TATA box, Sp1 is required for
the transcription of the TGF-�RII gene (3). In this report, we
show that CCN5 negatively regulates the transcription of the
TGF-�RII gene. ChIP assays revealed that CCN5 is recruited
to the TGF-�RII promoter region that contains several Sp1
binding sites. We found that CCN5 is bound together with
HDAC1 and Sp1 at the promoter. As HDAC1 and Sp1 have
been shown to interact with and mediate the repression of the
TGF-�RII promoter in ductal adenocarcinoma cells (54) and
p21 WAF1/CIP1 transcription in breast cancer cells (21), it is
possible that CCN5, HDAC1, and Sp1 may cooperatively reg-
ulate TGF-�RII transcription.

Estrogens are decisive actors responsible for the prolifera-
tion and differentiation of normal mammary epithelial cells as
well as the development and progression of breast cancer. On
the other hand, TGF-� acts like a cell growth inhibitor. Al-
though a number of studies of the cross talk between estrogen
and TGF-� signaling have been made, molecular mechanisms
remain to be determined. We have previously shown that
CCN5 is an estrogen-regulated gene and its loss induces loss of
ER� expression and estrogen-dependent growth in MCF-7
breast cancer cells. Here we demonstrate a novel CCN5 func-
tion, by which TGF-� signaling is inhibited. In summary, our
molecular analysis reveals that the CCN5-negative cells are
CD44
, TGF-�1
, TGF-�RII
, and ER�, suggesting that
these cells exhibited a breast cancer stem cell-like profile.
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