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The cysteine-rich protein CCN6 [or Wnt-1-induced sig-
naling protein 3 (WISP3)] exerts tumor-suppressive
effects in aggressive inflammatory breast cancer. Loss
of CCN6 is associated with poorly differentiated phe-
notypes and increased invasion. Here, we show that
reduction of CCN6 expression occurs in 60% of inva-
sive breast carcinomas and is associated with axillary
lymph node metastases. Furthermore, low CCN6 ex-
pression in invasive carcinoma tissue samples corre-
lates with reduced expression of E-cadherin. In vitro ,
RNA interference knockdown of CCN6 in two benign hu-
man mammary epithelial cell lines (HME and MCF10A)
decreased expression of E-cadherin protein and
mRNA and reduced activity of the E-cadherin pro-
moter; this reduction was dependent on intact E-box
elements. CCN6 knockdown in HME cells resulted in
up-regulation of the E-cadherin transcriptional re-
pressors Snail and ZEB1 and enhanced their recruit-
ment and binding to the E-cadherin promoter as an-
alyzed by chromatin immunoprecipitation assays.
Small interfering RNA-mediated knockdown of ZEB1
or Snail blocked the down-regulation of E-cadherin
caused by CCN6 inhibition. These data show, for the
first time, that CCN6 expression is reduced or lost in
a substantial number of invasive breast carcinomas
and that CCN6 modulates transcriptional repressors
of E-cadherin. Together, our results lead to a new
hypothesis that Snail and ZEB1 are downstream of
CCN6 and play a critical role in CCN6-mediated regu-
lation of E-cadherin in breast cancer. (Am J Pathol

2008, 172:893–904; DOI: 10.2353/ajpath.2008.070899)

Afflicting one of eight women, breast cancer is the second
leading cause of cancer-related deaths in women in the
United States.1 Despite advances in the early detection and
treatment of breast cancer, mortality for those 20% of pa-
tients with recurrences and/or metastases is nearly 100%.2

Discovering and characterizing key genes and path-
ways that define breast cancers with metastatic ability
will help identify molecular markers that predict prognosis
before metastasis develops and that may represent appropri-
ate therapeutic and/or preventative targets.

Once cancer develops, the acquisition of invasive capa-
bilities is important for the progression of disease. Tumor
cell migration and metastasis is a highly coordinated pro-
cess. It requires not only alteration of cell adhesion to ex-
tracellular matrix proteins, but also the disruption of cell-cell
junctions and changes in cell morphology, which is termed
epithelial-mesenchymal transition (EMT).3–5 During this
complex and dynamic process, epithelial cells acquire
fibroblast-like properties and show reduced intercellular
adhesion and increased motility. The initiation of EMT in
epithelial-derived cancer types is marked by E-cadherin re-
pression.6,7 The key events that lead to the down-regulation of
E-cadherin and initiation of EMT in breast cancer remain
elusive.

CCN6 [Wnt-1 induced signaling protein (WISP3)] is a
cysteine-rich protein down-regulated in the most lethal form
of locally advanced breast cancer, inflammatory breast
cancer, and in a group of advanced-stage noninflammatory
breast cancer tumors.8 CCN6 re-expression restores differ-
entiated epithelial phenotypes in the breast. Consistently,
accumulated evidence shows that CCN6 inhibits tumor
cell motility and invasion in vitro and inhibits tumor growth
in vivo.9–12 CCN6 is also shown to inhibit tumor-induced
angiogenesis.10,11 Recently, we demonstrated that
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CCN6 inhibition causes EMT of breast epithelial cells.12

This function of CCN6 correlates with its effect on cell
motility and invasion. The current study describes the first
mechanistic evidence that CCN6 regulates E-cadherin
levels and that the transcriptional repressors Snail and
ZEB1 are required for this function, and demonstrates
that CCN6 expression in human breast tissues correlates
with lymph node metastasis and E-cadherin levels.

Materials and Methods

Human Breast Tissue Samples and
Immunohistochemistry

For tissue microarray (TMA) construction, 116 invasive
breast carcinoma tissues obtained with Institutional Re-
view Board approval were used. The TMA was con-
structed using triplicate tissue samples as previously
described.13 Clinical and pathological variables were de-
termined following well established criteria. All invasive
carcinomas were graded according to the method de-
scribed by Elston and Ellis.14 Standard biotin-avidin com-
plex immunohistochemistry was performed on 4-�m-
thick paraffin-embedded tissue sections of the TMA,
using a primary anti-CCN6 antibody (dilution 1:150;
Santa Cruz Biotechnology, Inc., Santa Cruz, CA) and a
monoclonal anti-E-cadherin antibody (1:400; Zymed,
Carlsbad, CA).9,13,15 CCN6 protein expression was
scored using a standard, pathologist-based four-tiered
scoring system as 1, negative; 2, weak; 3, moderate; and
4, strong.13,16 Negative and weak staining were consid-
ered low CCN6, and moderate and strong were consid-
ered high CCN6 based on our studies on the biology of
CCN6.9–11 To analyze the expression of E-cadherin on
tissue samples, we used a quantitative image analysis
system (ACIS; ChromaVision Medical Systems, Inc., San
Juan Capistrano, CA), which allows for a continuous
rather than categorical scoring, and it is well suited to
analyzed small changes in protein expression.17,18 Using
this system, E-cadherin staining intensity was evaluated
on a scale of 73 to 139 (mean, 100.5). A Wilcoxon exact
test was used to compare the distributions of E-cadherin
intensity according to CCN6 protein levels, and a P value
�0.05 was considered statistically significant.

Xenografts

Paraffin embedded tissue sections of six xenografts de-
rived from SUM149 breast cancer (CCN6-deficient) cells
overexpressing CCN6 (four tumors) or vector controls
(two tumors) were studied. We have previously found that
xenografts derived from SUM149/CCN6 cells developed
more slowly, were significantly smaller, and were better
differentiated than SUM149/vector (CCN6-deficient) tu-
mors.11 We analyzed CCN6 and E-cadherin expression
on these xenografts using anti-CCN6 and anti-E-cadherin
antibodies as described above.

Cell Culture

HME cells were cultured in Ham’s F-12 medium (Invitro-
gen, Carlsbad, CA) supplemented with 5% fetal bovine
serum (Cambrex, Walkersville, MD), 1 �g/ml hydrocorti-
sone, 5 �g/ml insulin, 10 ng/ml epidermal growth factor,
and 100 ng/ml cholera toxin at 37°C under 10% CO2.
MDA-MB-231 and HEK293 cells (American Type Culture
Collection, Manassas, VA) were maintained in Dulbec-
co’s modified Eagle’s medium (Invitrogen) supplemented
with 10% fetal bovine serum. MCF10A (American Type
Culture Collection) cells were cultured in Dulbecco’s
modified Eagle’s medium/Ham’s F-12 (Invitrogen) sup-
plemented with 10% fetal bovine serum, 1 �g/ml hydro-
cortisone, 5 �g/ml insulin, and 10 �g/ml epidermal
growth factor.12

Generation of Stable HME Cell Lines with CCN6
Knockdown

HME CCN6 knockdown stable cell lines were generated
by small interfering RNA (siRNA-CCN6) and short hairpin
RNA (shRNA-CCN6), respectively. The empty vectors
were used as controls. The construction of HME siRNA-
CCN6 has been described previously.12 shRNA-CCN6
plasmid was purchased from Sigma (St. Louis, MO),
based on a lentiviral vector (pLKO.1-puro). The shRNA-
CCN6 was packaged at University of Michigan Vector
Core, and the virus-containing supernatant was diluted
1:1 with fresh medium and used to infect HME cells.
Selection was initiated in 10 �g/ml puromycin (Sigma) 48
hours after infection of HME cells. Stable transfectants
were established after 3 weeks. The shRNA-CCN6 target
sequence was as follows: 5�-CCGGCCATTAGATAC-
AACACCTGAACTCGAGTTCAGGTGTTGTA-3�.

Small Interfering RNA-Mediated RNA
Interference

Snail and ZEB1 mRNA were blocked by using siRNA
SMARTpool (Dharmacon, Lafayette, CO) following the
manufacturer’s instructions. Briefly, HME shRNA-CCN6
or siRNA-CCN6 stable cells were grown to 70 to 80%
confluence for 24 hours and were then treated with 100
nmol/L siRNA-Snail and 100 nmol/L siRNA-Zeb1, respec-
tively. siCONTROL nontargeting siRNA pool (100 nmol/L;
Dharmacon) was used as negative control. DharmaFECT
Transfection reagent (Dharmacon) was used following
the protocol described by the manufacturer. The medium
was changed 24 hours after transfection, and the cells
were incubated in fresh medium for an additional 48 to 72
hours. The following pairs (sense/antisense) of SMART-
pool siRNA were used: siRNA-Snail, 5�-ACUCAGAU-
GUCAAGAAUAUU-3�/5�-PUACUUCUUGACAUCUGAG-
UUU-3�, 5�-GCAAAUACUGCAACAAGGAUU-3�/5�-PUC-
CUUGUUGCAGUAUUUGCUU-3�, 5�-GCUCGGACCUU-
CUCCCGAAUU-3�/5�-PUUCGGGAGAAGGUCCGAGC-
CUU-3�, and 5�-GCUUGGGCCAAGUGCCCAAUU-3�/5�-
PUUGGGCACUUGGCCCAAGCUU-3�; and siRNA-Zeb1,
5�-GAACCACCCUUGAAAGUGAUU-3�/5�-PUCACUUU-
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CAAGGGUGGUUCUU-3�, 5�-GAAGCAGGAUGUACAG-
UAAUU-3�/5�-PUUACUGUACAUCCUGCUUCUU-3�, 5�-
AAACUGAACCUGUGGAUUAUU-3�/5�-PUAAUCCACA-
GGUUCAGUUUUU-3�, and 5�-GAUAGCACUUGUCUU-
CUGUUU-3�/5�-PACAGAAGACAAGUGCUAUCUU-3�.

Western Blot Analysis

Samples for analysis by immunoblot were prepared as
described previously.9–11 In brief, cell lysates were pre-
pared in lysis buffer containing 50 mmol/L Tris-HCl (pH
7.4), 1% Nonidet P-40, and a mixture of protease inhibi-
tors (Roche, Indianapolis, IN). The proteins were resolved
by SDS-polyacrylamide gel electrophoresis and trans-
ferred to nitrocellulose. After blocking with 5% nonfat milk
in Tris-buffered saline/Tween 20 at room temperature for
1 hour, the membranes were incubated with the following
antibodies: anti-CCN6 (Santa Cruz Biotechnology) at
1:1000 dilution, anti-Snail (rabbit polyclonal; Santa Cruz
Biotechnology) at 1:1000 dilution, anti-Zeb1 (Santa Cruz
Biotechnology) at 1:500 dilution, anti-E-cadherin (BD
Transduction Laboratories, San Jose, CA) at 1:2500, and
anti-�-actin (Sigma) at1:10.000. After washing in Tris-
buffered saline/Tween 20, the blot was incubated with
horseradish peroxidase-conjugated secondary antibod-
ies at 1:2000 (Amersham Bioscience, Piscataway, NJ),
and the antigen-antibody complexes were visualized by
ECL system (Amersham Bioscience).

Total RNA Preparation, cDNA Synthesis, and
Real-Time PCR Analysis

Total RNA was isolated from cells with a TriZol kit (Life
Technologies, Inc., Gaithersburg, MD). cDNA was syn-
thesized using a reverse transcription system (Promega,
Madison, WI) and 1 �g of total RNA as template. For
real-time PCR, relative gene expression was determined
using SYB Green PCR Master Mix kit (Applied Biosystems,
Foster City, CA) in an Applied Biosystems 7300 Real Time
PCR system following the manufacturer’s protocol. Amplifi-
cation was performed for 40 cycles of 3 minutes at 95°C, 60
seconds at 60°C, and 3 minutes at 72°C. The following
pairs of primers (forward/reverse, 250 nmol/L of each)
were used: SNAIL, 5�-GCGAGCTGCAGGACTCTAAT-3�/
5�-CCRCTGTCCTCATCTGACA-3�; SLUG, 5�-TTCGGAC-
CCACACATTACCT-3/5�-TTGGAGCAGTTTTTGCACTG-
3�; TWIST1, 5�-GGAGTCCGCAGTCTTACGAG-3�/5�-TG-
GAGGACCTGGTAGAGGAA-3�; TWIST2, 5�-AGCAAGA-
AGTCGAGCTAAGA-3�/5�-CAGCTTGAGCGTCTGGATC-
T-3�; smad-interacting protein-1, 5�-AATGGCAACAGCA-
ACAAGTG-3�/5�-CCCCGTCAGCACATAACTTT-3�; ZEB1,
5�-GCACAACCAAGTGCAGAAGA-3�/5�-CATTTGCAGA-
TTGAGGCTGA-3�; E-CADHERIN, 5�-CGACCAACCCAA-
GAATCTA-3�/5�-AGGCTGTGCCTTCCTACAGA-3�; and
�-ACTIN, 5�-TCCCTGGAGAAGAGCTACGA-3�/5�-AGC-
ACTGTGTTGGCGTACAG-3�. The quantity of DNA in
each sample was calculated by interpolating its threshold
cycle value versus a standard curve of threshold cycle
values obtained from serially diluted cDNA from a mixture
of all of the samples. The calculated quantity of the target

gene for each sample was then divided by the average
calculated quantity of �-actin corresponding to each
sample to give a relative expression of the target gene for
each sample.

Luciferase Reporter Assays

HME, MCF10A, and HEK293 cell transfections were per-
formed in six-well plates using FuGENE6 Transfection
Reagent (Roche) following the protocol described by the
manufacturer. HEK293 and MCF10A cells were cotrans-
fected with 1 g of reporter gene Ecad(�108)-Luc (kind
gift of Dr. Eric Fearon) and 0.5 g of pSilencer2.1-U6-
CCN6-siRNA5 or pSilencer2.1-U6 vector. HME siRNA-
vector and HME siRNA-CCN6 stable clones were trans-
fected 1.0 g of reporter gene Ecad(�108)-Luc only.
Luciferase assays were performed 24 hours after trans-
fection using a Dual Luciferase Assay System (Promega)
and normalized by measuring Renilla activities (cotrans-
fected with 4 ng of pSV-40). E-cadherin promoter activi-
ties were presented as relative light units to that obtained
from pGL3-transfected cells. Triplicate samples were run
in all of the experiments, which were repeated at least
three times.

To examine the transcriptional regulation of E-cadherin
in CCN6 knockdown clones, we used the wild-type
[Ecad(�108)-Luc] and E-box-mutated E-cadherin re-
porter gene constructs [Ecad(�108)-AMut, Ecad(�108)-
CMut, and Ecad(�108)-ABCMut; kind gift of Dr. Eric
Fearon].6,19 HME siRNA-vector and HME siRNA-CCN6
stable clones were transiently transfected with either
Ecad(�108)-Luc or Ecad(�108)-Ebox mutants as above
along with the pRL-null vector. Cells were lysed 48 hours
later, and luciferase assays were performed using the
dual luciferase assay system (Promega). Each experi-
ment was performed in triplicate.

Immunofluorescence and Confocal
Microsocopy

Cells were grown on chamber slides (Nalgen Nunc Inter-
national, Naperville, IL) and fixed with 3.7% formalde-
hyde in PBS (pH 7.4) for 10 minutes at room temperature
and then permeabilized with PBS containing 0.5% Triton
X-100 for 10 minutes at room temperature. The cells were
blocked with 5% bovine serum albumin in PBS for 1 hour
at room temperature. After washing the slides with PBS, a
mixture of mouse monoclonal anti-E-cadherin antibody at
1:500 dilution (BD Transduction Laboratories) and rabbit
polyclonal anti-Snail antibody at 1:200 dilution (Abcam,
Cambridge, UK) was added and incubated overnight at
4°C. After washing the slides, a mixture of secondary
donkey anti-rabbit Alexa 488 and donkey anti-mouse
Alexa 555 (Molecular Probes, Eugene, OR) was applied
at 1:1500 dilution and incubated in the dark for 1 hour.
Washing the slides with PBS, anti-fade with 4�6-dia-
midino-2-phenylindole was applied to stain nuclei and
covered by a glass coverslip. Confocal images were
taken with a Zeiss LSM510 META imaging system using
UV Argon and Helium Neon 1 light source.
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Chromatin Immunoprecipitation Assay

Chromatin immunoprecipitation analysis was performed
using the ChIP-IT Enzymatic kit (Active Motif, Carlsbad,
CA) following the manufacturer’s protocol. Briefly, HME
shRNA-CCN6 stable clones and control HME shRNA-
vector were grown to 70 to 80% confluence on 150-mm
plates. The cells were fixed with 1.0% formaldehyde, and
the nuclei were released using lysis buffer. The chromatin
was enzymatically sheared into small uniform fragments
by incubation at 37°C for 10 minutes, and the protein/
DNA complexes were then immunoprecipitated overnight
at 4°C using anti-Snail (rabbit polyclonal; Abcam), anti-
Zeb1 (Santa Cruz Biotechnology), and control IgG (nor-
mal Rabbit IgG) antibodies, respectively, with protein G
magnetic beads. The beads were then collected by mag-
netic pull-down. The cross-linked protein/DNA com-
plexes were eluted from G beads at 94°C for 15 minutes
and then treated with proteinase K at 37°C for 1 hour to
reverse protein/DNA complex. Stop buffer was subse-
quently added to inhibit proteinase K function. The result-
ing DNA was subjected directly to PCR analysis for 36
cycles using the following conditions: 5 minutes at 94°C,
30 seconds at 94°C, 30 seconds at 55°C, 20 seconds at
72°C, and 7 minutes at 72°C. The primers (400 nmol/L)
for E-cadherin promoter were synthesized as follows: for-
ward, 5�-TAGAGGGTCACCGCGTCTAT-3� (�170��151);
reverse, 5�-TCACAGGTGCTTTGCAGTTC-3� (�10��39).
The PCR product covers the A, B, and C E-box elements
in the proximal E-cadherin: E-box A, 5�-CAGGTG-3�
(�79��74); E-box B, 5�-CACCTG-3� (�59��54); and
E-box C, 5�-CACCTG-3� (�21��26).

Results

CCN6 Protein Expression Is Associated with
Axillary Lymph Node Metastasis and E-Cadherin
Expression in Human Invasive Breast
Carcinoma Tissue Sections

Using high-density TMAs, we evaluated the expression of
CCN6 and E-cadherin proteins on 116 unselected inva-
sive carcinoma tissue samples to characterize its expres-
sion in situ by immunohistochemistry. Clinical and patho-
logical characteristics of the patients can be found in
Table 1. CCN6 protein expression was observed primar-
ily in the cytoplasm of breast cancer cells and less fre-
quently in the nucleus (Figure 1). Occasional stromal
cells also expressed CCN6 protein. Invasive carcinomas
expressing high levels of CCN6 (scores 3 to 4, CCN6�)
and those that expressed low levels (scores 1 to 2,
CCN6�) were readily apparent (Figure 1). We noted that
of the 102 invasive carcinomas with available tumor for
immunohistochemistry, CCN6 expression was lost or re-
duced (scores 1 to 2) in 62 (60.7%) tumors. Furthermore,
invasive carcinomas with low CCN6 had increased inci-
dence of lymph node metastasis when compared with
tumors with high CCN6 (�2 test, P � 0.04). CCN6 expres-
sion was not associated with other tumor characteristics,

including histological type, grade, size, hormonal recep-
tor status, or HER-2/neu overexpression (Table 2).

As expected, E-cadherin expression had a crisp mem-
branous staining pattern. The intensity of the staining was
measured using an image analysis system in a continu-
ous scale, allowing for high reproducibility and precise
scoring of protein expression.17 There was a strong as-
sociation between CCN6 and E-cadherin proteins. Inva-
sive carcinomas with low CCN6 expression also had
reduced or absent E-cadherin protein at the cell mem-
brane. Invasive carcinomas with low CCN6 had a mean
E-cadherin expression of 98, whereas the invasive carci-
nomas with high CCN6 had a mean E-cadherin expres-
sion of 105.3 (t-test, P � 0.02; Figure 1). Collectively,
these data show that CCN6 down-regulation is a frequent
event in invasive breast carcinomas and that it is asso-
ciated with lymph node metastasis, and they highlight the
strength of the association between CCN6 and E-cad-
herin proteins in human breast cancer.

CCN6 Regulates E-Cadherin mRNA and Protein
Expression in Benign and Malignant Breast
Cells in Vivo and in Vitro

Immunoblot analysis of a panel of benign breast cells and
breast cancer cells showed that CCN6 expression is
highest in benign mammary epithelial cells (HME and
MCF10A). Supporting our findings in breast tissue sam-
ples, CCN6 protein is decreased in breast cancer cell
lines. When compared with benign breast cells, the well
differentiated, noninvasive MCF-7 breast cancer cells

Table 1. Clinical and Pathological Characteristics of the
Patients Included in This Study

Parameter Value

No. of patients 116
Median age �years (range)� 52 (30–80)
Histopathological grade �n (%)�

1 24 (24.49)
2 58 (59.18)
3 16 (16.33)

Histopathological type �n (%)�
Ductal 85 (73.28)
Lobular 19 (16.38)
Mixed ductal and lobular 11 (9.48)
Tubular 1 (0.86)

Median tumor size �cm (range)� 1.7 (0.3–8.0)
Lymph nodes �n (%)�

Negative 34 (30.91)
Positive 76 (69.09)

ER status �n (%)�
Negative 14 (14.00)
Positive 86 (86.00)

PR status �n (%)�
Negative 22 (22.00)
Positive 78 (78.00)

Her-2/neu status �n (%)�
Not overexpressed 57 (66.28)
Overexpressed 29 (33.72)

CCN6 �n (%)�
Normal 40 (39.2)
Reduced 62 (60.8)
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have slightly decreased levels of CCN6 protein, whereas
CCN6 is greatly decreased in the invasive and metasta-
sizing MDA-MB-231 cell line and is almost absent in the
poorly differentiated SUM149 inflammatory breast cancer
cell line (Figure 2).

We have stably knocked down CCN6 in HME cells
using siRNA and shRNA (Figure 2B). Stable CCN6

knockdown in HME cells resulted in phenotypic features
of EMT and in marked down-regulation of E-cadherin
protein and mRNA (Figure 2, B–D). Furthermore, CCN6
inhibition in HME and MCF10A benign breast cells
caused greater than twofold reduction in E-cadherin pro-
moter activity (Figure 2E). The effect of CCN6 inhibition
on E-cadherin promoter activity is not exclusive to mam-
mary cells and can be extended to other epithelial cells,
as demonstrated by the significantly reduced activity of
the E-cadherin promoter in HEK293 cells with transient
inhibition of CCN6 (Figure 2E, right panel).

We postulated that the observed down-regulation of
E-cadherin is a specific event triggered by CCN6 inhi-
bition. To test this hypothesis, we investigated whether
restoration of CCN6 in SUM149 cells was able to up-
regulate E-cadherin expression in vivo. SUM149 cells
derive from a primary inflammatory breast cancer and
have very low CCN6 protein expression in the wild type
(Figure 2A). We have previously shown that restoration
of CCN6 expression in SUM149 cells decreases their
invasiveness and tumorigenic ability in vivo and in
vitro.11 When injected in the mammary fat pads of
athymic nude mice, SUM149/vector cells formed large
tumors when compared with significantly smaller tu-
mors formed by the SUM149/CCN6� cells.11 In addi-
tion to their smaller size, SUM149/CCN6� mammary
xenografts were better differentiated than the SUM149/
vector xenografts. In the former, the cancer cells were
arranged in glandular structures and had less atypia
than in the latter, which was characterized mainly by
sheets of highly pleomorphic cancer cells (Figure 3).
Immunohistochemical staining on six mammary xeno-

Figure 1. CCN6 expression is associated with E-cadherin protein in human invasive carcinomas of the breast. TMA sections stained with CCN6 and E-cadherin
antibodies showing a representative invasive ductal carcinoma with high cytoplasmic CCN6 and positive E-cadherin at the cytoplasmic membranes (top) and
another invasive ductal carcinoma with low CCN6 and reduced/neg E-cadherin (bottom). Immunohistochemistry was analyzed using pathology-based
interpretation and an automated image analysis system (ChromaVision Medical Systems), consisting of an automated robotic bright-field microscope linked to a
computer through a Microsoft Windows NT-based software interface. This system allows more reproducible and objective scoring than manual interpretation and
provides a continuous rather than categorical score. Magnification, 	400.

Table 2. Analysis of CCN6 Expression According to Clinical
and Pathological Characteristics of the Patient
Cohort

Parameter

CCN6

P value*

Low High

n % n %

Histopathological grade 0.18
1 15 29.4 6 16.7
2 29 56.9 23 63.9
3 7 13.7 7 19.4

Tumor size 0.37
�2 cm 35 59.3 24 68.6
�2 cm 24 40.7 11 21.4

Lymph nodes 0.04
Negative 27 46.6 8 24.2
Positive 31 53.4 25 75.8

ER status 0.21
Negative 5 9.4 7 19.4
Positive 48 90.6 29 80.6

PR status 0.08
Negative 8 15.1 11 30.6
Positive 45 84.9 25 69.4

HER-2/neu status 0.37
Not overexpressed 30 68.2 18 58.1
Overexpressed 14 31.8 13 41.9

*P value computed using �2 test.
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grafts of SUM149/CCN6� or SUM149/vector control
cells showed that restoration of CCN6 expression in
SUM149 cells induced the up-regulation of E-cadherin
protein in the cell membranes (Figure 3).

CCN6-Mediated Regulation of E-Cadherin
Requires Intact E-Box Elements in the
E-Cadherin Promoter

The E-cadherin promoter contains multiple characterized
elements, including three E-boxes, a CCAAT box, and a

GC-rich element. The specific sequences contained in
these E-boxes have been shown to be critical in tran-
scriptional repression of the E-cadherin gene.5,19 The
observed reduction of E-cadherin promoter activity on
CCN6 knockdown led us to hypothesize that CCN6 may
function directly or indirectly through the E-boxes in the
E-cadherin promoter. To test this hypothesis, we investi-
gated the E-cadherin promoter activity using an intact
promoter [Ecad(�108)-Luc] or a promoter with specific
mutations in the E-box elements Ecad(�108)/EboxA,
Ecad(�108)/EboxC, and Ecad(�108)/Ebox 3	 Mut.6,19

Figure 2. siRNA- and shRNA-mediated disruption of CCN6 down-regulates E-cadherin in benign breast and nonbreast epithelial cells. A: CCN6 protein levels of
HME cells, MCF10A benign breast cells, and a panel of breast cancer cell lines. B: Stable down-regulation of CCN6 in HME cells by siRNA and shRNA. Using these
two strategies, CCN6 protein levels were reduced in HME cells. C: CCN6 inhibition induces EMT of HME cells. Phase contrast microscopy showing that whereas
HME controls are oval, CCN6-deficient HME cells (either by si- or shRNA) have cytoplasmic extensions and mesenchymal cell shape. D: CCN6-deficient clones
have significantly reduced levels of E-cadherin protein (top) and E-cadherin mRNA (bottom) when compared with the empty vector-transfected HME cells. E:
Inhibition of CCN6 markedly reduces the activity of the E-cadherin gene promoter. The effect of CCN6 inhibition on the activity of the E-cadherin promoter was
assessed on HME, MCF10A, and HEK293 cells with the reporter construct, Ecad(�108)-Luc, which contains the wild-type promoter sequence from nucleotides
�108 to �125 of the endogenous E-cadherin promoter.
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As shown in Figure 4A, mutation of the E-boxes abro-
gated the effect of CCN6 on the activity of the E-cadherin
promoter. Taken together, these data demonstrate that

CCN6 inhibition decreases E-cadherin gene transcription
and that this effect requires intact proximal E-box ele-
ments in the promoter of the E-cadherin gene.

Figure 3. Restoration of CCN6 protein in inflammatory breast cancer cells SUM149 results in up-regulation of E-cadherin protein in vivo. Mammary gland
xenografts derived from SUM149/CCN6� cells or SUM149/empty vector controls (CCN6 negative) were analyzed histologically and assayed by immunohisto-
chemistry to investigate the expression levels of CCN6 and E-cadherin proteins. Top panels show a SUM149/vector tumor with negative CCN6 and E-cadherin
proteins. Middle and bottom panels show two representative xenografts derived from SUM149/CCN6� cells showing expression of CCN6 and a concomitant
up-regulation of E-cadherin protein localized to the cell membrane. Note the gland formation in the CCN6� xenografts best seen on the bottom panel.
Magnification, 	400 and 	600.

CCN6 (WISP3) Regulates E-Cadherin 899
AJP April 2008, Vol. 172, No. 4



Figure 4. CCN6-mediated E-cadherin repression is dependent on Snail and ZEB1. A: E-cadherin promoter activity of wild-type (left) and E-box mutant (right)
constructs was determined in HME cells transfected with the empty vector and HME cells with stable CCN6 knockdown. CCN6-mediated reduction in the activity
of the E-cadherin promoter was abrogated by the introduction of mutations in the E-boxes. B: Quantitative SYBR green real-time RT-PCR of the E-cadherin
transcriptional repressors SNAIL, SLUG, TWIST1, TWIST2, smad-interacting protein-1, and ZEB1 was performed on HME cells transfected with the empty vector
and HME cells with stable CCN6 knockdown. Each sample was tested in duplicate, and a ratio was calculated relative to the housekeeping gene GAPDH. C:
Western immunoblot showing that CCN6 knockdown results in a marked up-regulation of Snail and ZEB1 proteins. Snail–E-cadherin localization was determined
by confocal laser microscopy. CCN6 siRNA inhibition caused marked nuclear accumulation of Snail protein (red) and loss of E-cadherin (green) protein at the cell
membranes compared with the HME vector control cells. D: Snail and ZEB1 are required for CCN6-mediated down-regulation of E-cadherin. siRNA-mediated
knockdown of Snail expression decreased Snail protein and increased E-cadherin. In control siRNA-treated cells (si-Co), Snail is increased and E-cadherin is
reduced. siRNA-mediated knockdown of Snail expression interrupted the effect of CCN6 down-regulation of E-cadherin expression. Similarly, knockdown with
ZEB1 siRNA decreased ZEB1protein and increased E-cadherin levels. siRNA-mediated knockdown of ZEB1 expression interrupted the effect of CCN6
down-regulation of E-cadherin expression.
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CCN6 Knockdown Leads to Up-Regulation of
E-Cadherin Transcriptional Repressors ZEB1
and Snail

Based on the above findings, we next wished to investi-
gate whether CCN6 knockdown had an effect on the
levels of the E-cadherin transcriptional repressors, which
have been demonstrated to bind to the E-cadherin prox-
imal promoter E-boxes.5,19 As determined by quantitative
real-time PCR, CCN6 knockdown up-regulated SNAIL
and ZEB1, whereas it had no effect on the mRNA levels of
SLUG, TWIST1, TWIST2, and smad-interacting protein-1
(Figure 4B). Western immunoblot analysis showed that
CCN6 knockdown in HME cells, by either si- or shRNA,
caused a marked increase in Snail and ZEB1 protein
levels (Figure 4C).

In situ analysis of the expression of E-cadherin and
Snail proteins was performed using immunofluorescence.
HME cells transfected with the empty vector had low
levels of Snail protein in the nucleus and prominent E-
cadherin expression in the cell membranes. In stark con-
trast, HME cells with CCN6 knockdown exhibited in-
creased Snail protein in the nucleus coupled with almost
complete down-regulation of membranous E-cadherin.
Furthermore, although Snail was faintly and evenly dis-
tributed in the nucleus of the parental HME/vector cells, it
accumulated forming large nuclear clumps in HME cells
that had undergone CCN6 knockdown (Figure 4C).

To provide evidence that Snail and ZEB1 are required
for CCN6-mediated E-cadherin down-regulation, we
used siRNA to knockdown Snail and ZEB1 expression in
HME cells (Figure 4D). Snail siRNA resulted in a marked
reduction of Snail protein compared with cells trans-
fected with the empty vector. Concomitantly, siRNA-me-
diated knockdown of Snail led to a marked increase in
E-cadherin protein. Transfection with ZEB1 siRNA resulted
in a significant decrease in ZEB1 protein compared with
vector-transfected cells. Concomitantly, siRNA-mediated
knockdown of ZEB1 led to increased E-cadherin levels.
These results implicate CCN6 as a modulator of ZEB1 and
Snail and define a pathway by which CCN6 knockdown
decreases E-cadherin expression in breast cancer.

CCN6 Knockdown Enhances Snail and ZEB1
Binding to the E-Cadherin Promoter

To investigate whether the up-regulation of Snail and
ZEB1 by CCN6 knockdown is associated with an in-
crease in binding to the E-cadherin promoter, we exam-
ined the binding of these transcriptional repressors to
E-boxes by chromatin immunoprecipitation assays. As
expected, the Snail antibody pulled down Snail protein
complexes. Similarly, anti-ZEB1 antibody (directed
against the N-terminal domain), efficiently pulled down
ZEB1 protein complexes. Of note, an enhanced expres-
sion of Snail and ZEB1 in CCN6 knockdown cells led to
an increase in chromatin binding (Figure 5).

Discussion

CCN6, also termed WISP3, is one of six members of the
highly conserved CCN family of growth factors, which
also include Cyr61 (CCN1), connective tissue growth
factor (CCN2), Nov (CCN3), WISP1 (CCN4), and WISP2
(CCN5). CCN proteins have intracellular and extracellular
functions20,21 and have been shown to mediate epithelial
and stromal cross talk.22–27 Our laboratory and other
investigators have demonstrated that deregulation of this
protein family can lead to cancer.11,28,29

Our laboratory reported that CCN6 has tumor inhibitory
functions in an aggressive form of breast cancer, inflam-
matory breast cancer, in vivo and in vitro.11 CCN6 inhibi-
tion by stable siRNA in benign mammary epithelial cells
causes an EMT and triggers anchorage-independent
growth, invasion, and motility of HME cells.12 Collectively,
these results provide evidence that CCN6 has tumor
suppressor functions in the breast and regulates the
epithelial phenotype in mammary epithelial cells and that
further studies on the role of CCN6 in breast cancer are
warranted.

Figure 5. CCN6 knockdown enhances Snail and ZEB1 recruitment and
binding to the E-cadherin promoter. Chromatin immunoprecipitation assay
shows that ZEB1 and Snail associated with the E-cadherin promoter at the
chromatin level. HME cells were subjected to chromatin immunoprecipita-
tion analyses using antibodies to Snail, ZEB1, and control IgG.
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In this study, using high-density TMAs and immunohis-
tochemistry on unselected human breast cancer tissue
samples, we show CCN6 protein is predominantly de-
tected in the cytoplasm of the cancer cells and in some
cancer cell nuclei. Reduction or loss of CCN6 protein
levels are frequent events in invasive carcinomas of the
breast irrespective of the histological type. Sixty percent
of all invasive carcinomas in our cohort showed low or
absent CCN6 protein expression. CCN6 was not associ-
ated with histological type or grade or hormonal receptor
status. Importantly, we found a significant association
between CCN6 expression and the presence of axillary
lymph metastasis. Invasive carcinomas with low CCN6
had increased incidence of positive lymph nodes when
compared with tumors with high CCN6 expression. We
also noted a strong association between CCN6 and E-
cadherin proteins. Invasive carcinomas with low CCN6
had reduced E-cadherin protein in the cellular mem-
brane. These data led us to hypothesize that CCN6 loss
induces an invasive breast cancer phenotype by regu-
lating E-cadherin expression, and we set out to elucidate
the underlying mechanism.

In our initial experiment, analysis of CCN6 expression
in breast cell lines revealed that benign cells, HME and
MCF10A, have strong CCN6 expression, whereas inva-
sive carcinoma cells have decreased CCN6 levels ac-
cording to their degree of differentiation and invasive
potential. In addition, CCN6-deficient HME cells have
features of a typical EMT.12 We found that this morpho-
logical and immunophenotypical change is associated
with a strong suppression of E-cadherin mRNA and pro-
tein. The effect of CCN6 on E-cadherin expression was
further investigated in vivo using xenografts derived from
the SUM149 cell line. These cells derive from inflamma-
tory breast cancer and have minimal to absent expres-
sion of CCN6.8,9 Mammary xenografts derived from
SUM149 cells overexpressing CCN6 showed an up-reg-
ulation of membranous E-cadherin by immunohistochem-
istry, whereas the control xenografts lacking CCN6 showed
absent E-cadherin protein expression. Taken together,
these data strongly support the hypothesis that CCN6
regulates E-cadherin expression in normal breast and in
breast cancer.

The suppression of E-cadherin mRNA induced by
CCN6 knockdown suggested to us that CCN6 may influ-
ence the transcription of the E-cadherin gene. Although
inactivating mutations or promoter hypermethylation have
been observed to account for loss of E-cadherin function
in invasive lobular and invasive ductal carcinomas of the
breast, transcriptional repression has emerged as one of
the important mechanisms for the down-regulation of E-
cadherin during breast cancer development and pro-
gression.5 To investigate whether CCN6 knockdown
modulates the activity of the E-cadherin promoter, we
performed luciferase reporter assays on two benign
breast cell lines, HME and MCF10A, and a benign non-
mammary kidney-liver epithelial cell, HEK293 cells.
These experiments showed that CCN6 knockdown was
followed by a significant decrease in the activity of the
E-cadherin promoter.

The complexities of the intracellular pathways that reg-
ulate E-cadherin expression are not yet fully understood.
The proximal E-cadherin promoter-containing sequences
extending to �108 of the E-cadherin gene are critical for
E-cadherin transcription.6,19 Recently, several E-cad-
herin transcriptional repressors have been characterized
and shown to interact with proximal E-boxes of the E-
cadherin promoter, including Snail, Slug, ZEB1(�EF1),
smad-interacting protein-1, Twist1, and Twist2.3,5,30,31 To
specifically address whether CCN6-mediated E-cad-
herin repression is exerted through the E-box elements
in the proximal E-cadherin gene promoter, we used
several well characterized E-box mutants and lucif-
erase reporter assays. Our results show that CCN6-
mediated effect on the E-cadherin promoter activity
requires intact E-box elements.

It has been postulated that the relevance of the E-
cadherin transcriptional regulators is dependent on the
cell and tissue context. In breast cancer, the Snail family
of transcription factors plays a crucial role in the regula-
tion of E-cadherin. Snail up-regulation is associated with
the EMT and correlates with disappearance of adherens
junctions, profound morphological changes, and en-
hanced migratory and invasive capabilities of breast
cells.30 Furthermore, Snail is an important predictor of
breast cancer metastatic potential and recurrence.32 Al-
though the role of ZEB1 during cancer progression is less
clear, and little is known about the importance of ZEB1 in
breast cancer, recent studies support the notion that
ZEB1 is an important regulator of cell polarity and differ-
entiation in invasive ductal and lobular carcinomas of the
breast.33 Our data show that knockdown of CCN6 in HME
cells results in increased Snail and ZEB1 mRNA and
protein levels. To determine the importance of Snail and
ZEB1 in the CCN6-mediated regulation of E-cadherin, we
used siRNA to knockdown Snail and ZEB1 in HME cells
with stable CCN6 knockdown and controls. Snail knock-
down prevented the down-regulation of E-cadherin
caused by CCN6 knockdown. Similarly, ZEB1 knock-
down prevented the effect of CCN6 down-regulation on
E-cadherin. Collectively, these results reveal that Snail
and ZEB1 are downstream of CCN6 and are necessary
for CCN6-mediated inhibition of E-cadherin.

Snail and ZEB1 bind to the E-boxes in the E-cadherin
promoter and thus repress E-cadherin transcription.34

We directly investigated whether CCN6 knockdown re-
sults in increased recruitment of Snail and ZEB1 to the
E-cadherin promoter using chromatin immunoprecipita-
tion assays. Our results show that the increased levels of
Snail and ZEB1 that result from CCN6 knockdown are
associated with enhanced chromatin binding of these
proteins to the E-cadherin promoter. This is the first report
implicating CCN6 in the regulation of E-cadherin through
transcriptional mechanisms in cancer.

The molecular details of how Snail and ZEB1 are reg-
ulated in benign and cancer cells are being actively
investigated but still remain elusive.7,35 Several transcrip-
tional mechanisms have been implicated in the regulation
and function of Snail and ZEB1.34 Recent studies have
also shown that posttranscriptional mechanisms may
play an important role in the regulation of both factors.34
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The subcellular localization of Snail can be modulated by
phosphorylation involving the p21-activated kinase 1.36

Glycogen synthase kinase 3� phosphorylation of the
Snail nuclear export signal and destruction box provokes
its cytoplasmic export and ubiquitin-mediated protea-
some degradation.7,37 In addition to phosphorylation,
other interactions also appear to influence the stability of
Snail, such as cooperation with lysyl-oxidase like-2 and -3
to repress E-cadherin and to induce EMT.34 Our immu-
nofluorescence studies in situ show that CCN6 knock-
down in HME cells resulted in a marked accumulation of
Snail in the nuclei and almost no Snail protein in the
cytoplasm. The marked accumulation of this protein in
the nuclei was accompanied by almost complete loss of
E-cadherin at the cell membranes. These data lead us to
propose the novel hypothesis that CCN6 may affect the
nuclear-cytoplasmic export of Snail and facilitate their
degradation in the cytoplasm, which warrants further
investigation.

CCN6 is a secreted protein with high sequence homol-
ogy to CCN4 (WISP1), which was initially found to be
up-regulated in Wnt-1-expressing C57MG mouse mam-
mary epithelial cells when compared with parental
C57MG cells.38 Recently, Yook et al6,37 provided the first
link between Wnt-1 signaling with Snail regulation. The
investigators showed that Wnt-1-conditioned cell extracts
inhibit Snail phosphorylation and consequently increase
Snail protein levels and activity and drive an EMT on
HEK293 cells and breast cancer cells MCF7.6 Based on
these novel data, further experiments will aim to deter-
mine whether CCN6 affects the Wnt signaling pathway.

Our finding that CCN6 loss is associated with a reduc-
tion of E-cadherin protein in tumors with ductal and lob-
ular histology is intriguing. The majority of invasive lobular
carcinomas have genetic and/or epigenetic alterations of
the E-cadherin gene. More than 50% of invasive lobular
carcinomas are reported to possess an E-cadherin muta-
tion, and in accordance with the two-hit hypothesis, the
majority of mutations are found in combination with loss of
heterozygosity of the wild-type E-cad locus. Interestingly,
invasive lobular carcinomas also have a high rate of
epigenetic inactivation of E-cadherin, which occurs in the
absence of mutations. It has been proposed that the
frequency with which methylation targets the E-cadherin
promoter increases when the promoter activity is down-
regulated by other mechanisms, such as transcriptional
repression via Snail.39 Furthermore, Aigner et al33 re-
ported that the E-cadherin transcriptional repressor ZEB1
is markedly up-regulated in invasive lobular carcinomas
of the breast. These data strongly suggest that transcrip-
tional repression is involved in E-cadherin regulation in
invasive lobular carcinomas, in addition to its well estab-
lished role in the pathogenesis of invasive ductal carci-
nomas. Collectively, these data strongly support our hy-
pothesis that CCN6 loss plays a role in the repression of
E-cadherin in invasive ductal and lobular carcinomas of
the breast.

In summary, we have found that CCN6 is lost in 60% of
invasive carcinomas of the breast and that low CCN6 is
associated with the presence of axillary lymph node me-
tastasis and decreased expression of E-cadherin. We

provide mechanistic evidence that CCN6 loss results in
up-regulation of two important E-cadherin transcriptional
repressors, Snail and ZEB1, and recruits them to the
E-cadherin promoter thereby regulating E-cadherin ex-
pression in benign breast cells and in breast cancer. The
discovery of CCN6 as a novel regulator of E-cadherin,
Snail, and ZEB1 may have profound implications in
breast tumorigenesis. Specifically, modulation of CCN6
levels may in the future lead to prevention of breast
cancer invasion and metastases.
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