THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 38, pp. 26194-26206, September 18, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

Silencing cAMP-response Element-binding Protein (CREB)
Identifies CYR61 as a Tumor Suppressor Gene in Melanoma”™

Received for publication, May 12, 2009, and in revised form, July 23,2009 Published, JBC Papers in Press, July 24, 2009, DOI 10.1074/jbc.M109.019836

Andrey S. Dobroff, Hua Wang, Vladislava O. Melnikova, Gabriel J. Villares, Maya Zigler, Li Huang,

and Menashe Bar-Eli’

From the Department of Cancer Biology, The University of Texas M. D. Anderson Cancer Center, Houston, Texas 77030

Metastatic progression of melanoma is associated with over-
expression and activity of cAMP-response element-binding
protein (CREB). However, the mechanism by which CREB con-
tributes to tumor progression and metastasis remains unclear.
Here, we demonstrate that stably silencing CREB expression in
two human metastatic melanoma cell lines, A375SM and
C8161-c9, suppresses tumor growth and experimental metasta-
sis. Analysis of cDNA microarrays revealed that CREB silencing
leads to increased expression of cysteine-rich protein 61 (CCN1/
CYR61) known to mediate adhesion, chemostasis, survival, and
angiogenesis. Promoter analysis and chromatin immunopre-
cipitation assays demonstrated that CREB acts as a negative reg-
ulator of CCN1/CYR61 transcription by directly binding to its
promoter. Re-expression of CREB in CREB-silenced cells res-
cued the low CCNI1/CYR61 expression phenotype. CCN1/
CYR61 overexpression resulted in reduced tumor growth and
metastasis and inhibited the activity of matrix metalloprotein-
ase-2. Furthermore, its overexpression decreased melanoma
cell motility and invasion through Matrigel, which was abro-
gated by silencing CCN1/CYR61 in low metastatic melanoma
cells. Moreover, a significant decrease in angiogenesis as well as
an increase in apoptosis was seen in tumors overexpressing
CCN1/CYR61. Our results demonstrate that CREB promotes
melanoma growth and metastasis by down-regulating CCN1/
CYRG61 expression, which acts as a suppressor of melanoma cell
motility, invasion and angiogenesis.

Cutaneous melanoma is the most aggressive type of skin can-
cer, and it can metastasize very rapidly (1). An estimated 62,480
new cases of melanoma were diagnosed in the United States
during 2008, 8,420 of which resulted in death (2). The transition
of melanoma from the radial growth phase to the vertical
growth phase to metastasis is accompanied by multiple molec-
ular changes (3—8). We and others have shown that two tran-
scription factors, activating transcription factor-1 (ATF-1)?
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and cAMP-response element-binding protein (CREB), are acti-
vated and overexpressed in melanoma during its progression
toward the malignant phenotype (9-13).

CREB and ATF-1 belong to the leucine zipper class of tran-
scription factors. Stimuli such as growth factors, neurotrans-
mitters, inflammatory biolipids, stress signals, or other factors
that elevate intracellular cAMP or Ca”>* levels can activate
CREB/ATF-1 through phosphorylation at Ser'®® by protein
kinase A or mitogen-activated protein kinases (MAPK) (14—
17). Following activation, CREB/ATEF-1 regulates the expres-
sion of genes that suppress apoptosis, induce cell proliferation,
and mediate inflammation and tumor metastasis by binding to
cAMP-response elements (CREs) within the promoter and
enhancer regions of these genes (15, 18 -20).

A number of reports have suggested that CREB is involved in
melanoma progression We have demonstrated previously that
quenching CREB activity in metastatic melanoma cells by
means of a dominant-negative form of CREB (KCREB) leads to
a decrease in their tumorigenicity and metastatic potential in
nude mice (21). In that study, we identified two mechanisms by
which overexpression of CREB/ATEF-1 contributes to the met-
astatic phenotype: first, CREB/ATE-1 plays an essential role in
cell invasion by regulating the CRE-dependent expression of
matrix metalloproteinase-2 (MMP-2) and the adhesion mole-
cule genes MCAM/MUCI8 (21); second, CREB and ATF-1 act
as survival factors for human melanoma cells. Indeed, expres-
sion of a dominant-negative form of CREB (KCREB) in meta-
static melanoma cells sensitizes them to thapsigargin-induced
apoptosis (12). In an analogous manner, intracellular expres-
sion of an inhibitory anti-ATF-1 single chain variable fragment
(ScFv) antibody in MeWo melanoma cells suppresses their
tumorigenicity and metastatic potential in nude mice (21, 22).
Expression of ScFv anti-ATF-1 renders the melanoma cells sus-
ceptible to thapsigargin-induced apoptosis iz vitro and causes
massive apoptosis in tumors transplanted subcutaneously into
nude mice (23). Recently, we have demonstrated that phospho-
rylation of CREB and ATF-1 can be stimulated by a bioactive
lipid platelet-activating factor (PAF) in metastatic melanoma
cells (17). PAF-induced CREB phosphorylation leads to the
overexpression and activation of MMP-2 and membrane type
1-MMP (17). In line with our observations, another study dem-
onstrated that down-regulation of CREB expression with small
interfering RNA in non-small cell lung carcinoma (NSCLC)

becco’s modified Eagle’s medium; FBS, fetal bovine serum; ORF, open
reading frame; PBS, phosphate-buffered saline; TUNEL, terminal
deoxynucleotidyl transferase-mediated dUTP end labeling.

VOLUME 284 -NUMBER 38+SEPTEMBER 18, 2009



cells suppresses their growth by inducing apoptotic cell death
(24).

To better understand the mechanisms of CREB-induced
tumor growth and metastasis and identify other proteins/fac-
tors involved in CREB-induced tumor growth and metastasis,
we silenced CREB expression by stably transfecting the highly
metastatic human melanoma cell lines A375SM and C8161-c9
with a lentivirus-based short hairpin RNA (shRNA). We found
that CREB silencing resulted in the up-regulation of cysteine-
rich protein 61 (CCN1/CYR61) expression. CCN1/CYR61 is a
member of the growth factor-inducible immediate-early gene
family consisting of CYR61/CCNI, connective tissue growth
factor/CCN2, and nephroblastoma overexpressed/CCN3.
CCN proteins have been shown to mediate functions as diverse
as cell proliferation, migration, adhesion, survival, differentia-
tion, and extracellular matrix formation (25). They also regulate
more complex processes, such as angiogenesis and tumorigen-
esis (26). CCN1/CYR61 was the first cloned member of the
CCN family. It is a 40-kDa cysteine-rich heparin-binding pro-
tein that either localizes intracellularly or is secreted into the
extracellular milieu where it associates with the extracellular
matrix and cell surfaces (27, 28).

Here, we demonstrate that CCNI1/CYR61 inhibits tumor
growth and metastasis, decreases angiogenesis, and induces
apoptosis of melanoma cells in vivo. This is the first report to
identify CCN1/CYR61 as a tumor suppressor in human
melanoma.

EXPERIMENTAL PROCEDURES

Cell Lines and Culture Conditions—The A375SM human
melanoma cell line was established from pooled lung metasta-
ses produced by A375-P cells injected intravenously into nude
mice (29) and maintained in Eagle’s minimum essential
medium (MEM) supplemented with 10% fetal bovine serum
(FBS) as described previously (30). The aggressive amelanotic
human melanoma cell line C8161-c9 was maintained in Dul-
becco’s modified Eagle’s medium-F12 (DMEM-F12) supple-
mented with 5% FBS as described previously (31). The SB-2
melanoma cell line was isolated from a primary cutaneous
lesion as described previously (32) and maintained in MEM
supplemented with 10% FBS. The 293FT cells (Invitrogen) used
to produce the lentiviral shRNA were maintained in DMEM
supplemented with 10% FBS according to the manufacturer’s
instructions.

Lentiviral shRNA—CREB-targeting shRNA (CREB-shRNA)
(target sequence: 5'-GAGAGAGGTCCGTCTAATG-3'),
CCN1/CYR61 shRNA (target sequence: 5'-CGCATCCTATA-
CAACCCTTTA-3'), and a nontargeting shRNA (NT-shRNA)
(target sequence: 5'-UUCUCCGAACGUGUCACGU-3’) were
designed with a hairpin and sticky ends (Clal and Mlul) for use
with the lentiviral system developed and kindly provided by
Didier Trono (Ecole Polytechnique Fédérale de Lausanne, Lau-
sanne, Switzerland) (33). The oligonucleotides were annealed
into the lentiviral gene transfer vector, pLVTHM, using the
Clal and Mlul restriction enzyme sites. Competent Escherichia
coli were transformed with the annealed lentiviral vector and
grown overnight. Several bacterial colonies were then isolated
and grown in Luria broth overnight. DNA was isolated from the
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bacterial culture using a Maxi Plasmid DNA purification kit
(Qiagen). The DNA was sequenced to test for proper insertion
and length of the inserts. The lentivirus was then produced by
transfecting human embryonic kidney cells (293FT; Invitrogen)
with the sequence-verified PLVITHM vector containing either
the CREB-shRNA or the CCN1/CYR61 shRNA sequences, the
packaging plasmid (MD2G@), and the envelope plasmid (PAX2),
which are required for viral production. Three days later, the
viral supernatant was collected and filtered to remove cellular
debris. To silence CREB, highly metastatic A375SM and
C8161-c9 cell lines plated at 70% confluency in 6-well plates
were transduced with the virus. To silence CCN1/CYR61, SB-2
cells were plated at 60% confluency in 6-well plates and trans-
duced with the virus. After 16 h, the virus-containing medium
was removed and replaced with normal growth medium.
Transduced cells were sorted by green fluorescent protein.

Quantitative Real-time PCR—RNA (20 ng/ul) from A375SM
and C8161-c9 cell lines transduced with CREB-shRNA or
nontargeting (NT) shRNA were harvested using the
RNAqueous kit (Ambion) according to the manufacturer’s
instructions. The RNA was then made into cDNA using Taq-
Man reverse transcriptase reagents (Applied Biosystems).
The primers and fluorescence probes were obtained from
Applied Biosystems (CCNI/CYR61: Assay ID Hs00155479_
m1). Reaction components for reverse transcription-PCR and
amplifications were described previously (34). Amplifications
were run in triplicates, and averages were obtained after nor-
malization with 18s rRNA (Applied Biosystems). Data were
expressed in -fold increase.

CCN1/CYR61 Expression Vector Construct—The total RNA
was extracted from A375SM and reverse-transcribed using a
commercial kit (Clontech). The ORF of CCN1/CYR61 was
PCR-amplified from the reverse transcription product with
the following two primers: C61C-Xba-F, 5'-GCTCTAGAAT-
GAGCTCCCGCATCGCCAGGG-3" and C61C-Cla-H3-R: 5'-
CCCAAGCTTATCGATTTAGTCCCTAAATTTGTGAAT-
GTC-3'. The PCR product was digested with Xbal and HindIII
and cloned into pcDNA3.1(—) through the same two restric-
tion enzyme sites. The inserted CCN1/CYR61 ORF was con-
firmed by sequencing. For making the lentiviral construct the
DNA fragment containing cytomegalovirus promoter and
CCNI1/CYR61 ORF was cut out from the above pcDNA3.1-
CYR61 vector with Mlul and Clal and cloned into lentiviral
vector. The recombinant lentivirus was produced with 293T
according to the standard protocol. To make CCN1/CYR61 sta-
bly expressing lines, A375SM and C8161-c9 were plated in
6-well plate and transduced with the virus containing the
expression vector. After 48 h, the cells were replated in growth
medium containing 500 ug/ml puromycin. Two weeks later,
colonies were isolated and plated into 6-well plates. The over-
expression of CCN1/CYR61 was confirmed by Western blot. As
control, cells were transduced with empty vector (EV).

Nontargetable CREB Expression Vector—The lentiviral
CREB expression vector was developed as described above.
Briefly, total RNA was extracted from the A375SM cells, and
the ORF of CREB was amplified by PCR from the reverse tran-
scription product with the following two primers: CreB-XbaF,
5'-GCTCTAGAATGACCATGGAATCTGGAGCCGAG-3’
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and CreB-Cla-H3R:5'-CCCAAGCTTatcgaTTAATCTGATT-
TGTGGCAGTAAAG-3'. To create a nontargetable CREB
expression vector we utilized the following oligonucleotides:
CreB1B-ReF, 5'-GAAGCAGCACGAAAGAGAGAAGTGCG-
ACTGATGAAGAACAGGGAAGCAG-3'; and CreB1B-ReR,
5'-CTGCTTCCCTGTTCTTCATCAGTCGCACTTCTCTC-
TTTCGTGCTGCTTC-3'. To rescue CREB expression in sta-
bly CREB-silenced cells, A375SM and C8161-c9 CREB-shRNA
or NT-shRNA were plated in 6-well plates and transduced with
the virus containing either the nontargetable CREB expression
vector or empty vector. After 48 h, the cells were replated and
selected as described previously. The CREB expression was
confirmed by Western blot.

Western Blot Analysis—CREB, pCREB, CCN1/CYR61, and
MMP-2 were detected in total cell extracts (20 ug) by 10% SDS-
PAGE and transferred to an Immobilon-P transfer membrane
(Millipore). The membranes were washed in Tris-buffered
saline with Tween 20 (10 mm Tris-HCI, pH 8, 150 mm NaCl, and
0.05% Tween 20) and blocked with 5% nonfat milk in Tris-
buffered saline with Tween 20 overnight at 4 °C. The blots were
then probed overnight at 4 °C with primary antibodies at dilu-
tions of 1:2000 (anti-CREB or pCREB, Cell Signaling Technol-
ogy), 1:1000 (anti-CYR61, Santa Cruz Biotechnology), and
1:1000 (anti-MMP-2, Cell Signaling Technology). After 2 h of
incubation with horseradish peroxide-conjugated secondary
antibody, immunoreactive proteins were detected by enhanced
chemiluminescence using the ECL detection system per the
manufacturer’s instructions (GE Healthcare). For detecting
CCN1/CYR61 in the nuclear extract, A375SM and C8161-c9
nuclear extracts were prepared using a nuclear extraction kit
(Panomics) according to the manufacturer’s instructions. Con-
ditioned media were collected after culturing cells in serum-
free media for 48 h. The methanol precipitation method was
performed with 10 ml of each sample. Briefly, 3 volumes of
methanol, 1 volume of chloroform, and 4 volumes of H,O were
added, mixed well, and centrifuged at maximum speed for 1
min. The upper aqueous phase was removed without disturbing
the protein at the interface. Subsequently, 8 volumes of meth-
anol were added, and the sample was vortexed to mix. Follow-
ing methanol precipitation at —20 °C for 30 min, samples were
centrifuged at maximum speed for 15 min to form protein pel-
lets. The pellets were then air-dried and resuspended in phos-
phate-buffered saline (PBS). Protein concentrations were
determined by using the Bradford protein assay (Bio-Rad).

¢DNA Microarray—Microarray analysis was performed
using a human genome U133 Plus 2.0 array (Affymetrix). The
microarrays were produced in the microarray core facility of
Codon Bioscience (Houston, TX). Total RNA was isolated from
NT-shRNA- and CREB-shRNA-transduced A375SM cells
using the Clontech Advantage RT-for-PCR kit according to the
manufacturer’s instructions. The data were analyzed using the
Affymetrix software program as described previously (35).

Reporter Constructs and Luciferase Activity Assays—The
CNN1/CYR61 promoter region (nucleotides —960 to +65 from
the transcription initiation site) was amplified from A375SM
genomic DNA using the following primers: forward, 5'-GAA-
GATCTGGAGAAGGCGCGGAGGGCGC-3'; reverse, 5'-
gggetacCTCCCCGCGTTCGTTTCCTCTCG-3'. The frag-
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ment was digested with Kpnl and BgllI and ligated into the
pGL3-basic vector (Promega). Analysis of transcription factor
binding sites was performed using GENOMATIX software.
Site-directed mutagenesis of the CRE sites, replacing CG of the
GACGTCA CRE site with AT, was performed using the
QuikChange II XL site-directed mutagenesis kit (Stratagene)
according to manufacturer’s instructions. Transient transfec-
tions were performed using Lipofectin or Lipofectamin 2000
(Invitrogen) according to the manufacturer’s instructions. In a
24-well plate, a total of 2.5 X 10* cells/well were transfected
with 0.5 ug of the empty pGL3 expression vector or with 0.5 ug
of the pGL3-CYR61 or pGL3-CYR61-promoter-mutant-con-
taining firefly luciferase expression constructs. For each trans-
fection, 2.5 ng of cytomegalovirus-driven Renilla luciferase
reporter construct (pRL-CMV, Promega) was included. After
4 h, the transfection medium was replaced with serum-contain-
ing growth medium. After 48 h, the cells were harvested and
lysed, and the luciferase activity was assayed utilizing a Dual-
Luciferase reporter assay system (Promega) according to the
manufacturer’s instructions. The luciferase luminescence (rel-
ative light intensity X 10°) was measured with a LUMIstar
microplate reader (BMG Labtech). The ratio of firefly luciferase
activity to cytomegalovirus-driven Renilla luciferase activity
was used to normalize any differences in transfection efficiency
among samples. All constructs were fully sequenced in both
directions before use.

Chromatin Immunoprecipitation Assay—Chromatin immu-
noprecipitation assays were performed using the ChIP-IT
Express kit from Active Motif according to the manufacturer’s
protocol. Briefly, cells were fixed with 1% formaldehyde, and
the cross-linking reaction was stopped with 0.125 M glycine.
The cells were pelleted and resuspended in a hypotonic buffer,
and cell nuclei were isolated using a Dounce homogenizer. The
chromatin was then sheared into 200-1000-bp fragments by
adding an enzymatic solution for 10 min at 37 °C. Fractions of
the chromatin solutions were incubated overnight at 4 °C with
either 3 ug of anti-CREB or IgG control antibodies cross-linked
to magnetic beads. The immune complexes were then eluted
from the magnetic beads, and proteins were reverse cross-
linked at 65 °C for 2.5 h. Proteins were digested with 2 ul of
proteinase K at 37 °C for 1 h, extracted in elution buffer, and
analyzed by PCR. A 250-bp fragment spanning the —515 to
—265 region of the CCN1/CYR61 promoter was amplified by
PCR using the following primer sequences: forward, 5'-CAG-
ATAACTTGCCTCTCACC-3’; and reverse, 5'-TACGACT-
TATGTTGGGAAGG-3'.

Invasion Assay through Matrigel—The invasion assay was
performed using BioCoat Matrigel invasion chambers (BD Bio-
sciences) primed according to the manufacturer’s directions. A
solution of 20% FBS in DMEM-F12 or MEM was placed in the
lower well to act as a chemoattractant. For experiments using
A375SM or C8161-c9 cell lines, 2.5 X 10? cells in 500 ul of
serum-free medium were placed in the upper chamber of the
Matrigel plate and incubated at 37 °C for 24 h. Experiments
using SB-2 cells were carried out as described previously (36).
Cells on the lower surface of the filter were stained with Proto-
col Hema3 stain set (Fisher Scientific). Each sample was ana-
lyzed under a Nikon Microphot-FXA microscope at X10 mag-
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nification. Pictures were taken using a Leica DFC 320 R2, and
images were evaluated by Photoshop. The data were expressed
as the average number = S.D. of cells from four fields that
migrated to the lower surface of the filter.

Monolayer Wound Healing Assay—A375SM and C8161-c9
cells were seeded in 6-well plates and allowed to reach complete
confluence. To make the wound, the growth medium was aspi-
rated and replaced by calcium-free PBS to prevent the killing of
cells at the edge of the wound caused by exposure to high cal-
cium concentrations. Subsequently, a blue plastic P1000
pipette tip (Fisher) was used to scratch the cell monolayer to
create a cleared area. The wounded cell layer was washed once
with fresh medium to remove loose cells and then refed with
fresh growth medium. The wounds were observed using phase
contrast microscopy on an inverted microscope. Images were
taking at regular intervals over the course of 12 to 48 h. Images
were analyzed by digitally drawing lines (using Adobe Photo-
shop) and averaging the positions of the migrating cells at the
wound edges. We determined the cell migration distance by
measuring the width of the wound, dividing by 2, and subtract-
ing this value from the initial half-width of the wound.

Immunohistochemistry—Formalin-fixed, paraffin-embed-
ded sections were deparaffinized by sequential washing with
xylene, graded ethanol, and PBS. Antigen retrieval was done by
heating in a steam cooker in 1X Target Retrieval Solution
(Dako) for 30 min. After cooling and washing with PBS, endog-
enous peroxide was blocked with 3% hydrogen peroxidase
inhibitor in PBS for 12 min. Nonspecific proteins were blocked
in 5% horse serum and 1% goat serum for 20 min. Slides were
incubated with anti-MMP-2 (1:400; Chemicon) or anti-human
CCN1/CYR61 (polyclonal, 1:100; Novus Biologicals) antibodies
overnight at 4 °C and then with a peroxidase-labeled anti-rabbit
antibody (1:500; Jackson ImmunoResearch) for 1 h at room
temperature. Signal was detected by staining with 3,3'-diami-
nobenzidine (DAB; Phoenix Biotechnologies) substrate for 6
min and then counterstaining with Gill's hematoxylin No. 3
(Sigma) for 20 s. For CD31 staining, frozen tissue sections were
fixed by incubation with cold acetone for 5 min followed by a
1:1 mixture of acetone/chloroform and again by cold acetone
for 5 min each. Nonspecific proteins were blocked in 4% fish
gelatin in PBS for 20 min. Overnight incubation at 4 °C with rat
anti-mouse CD31 antibody (1:800; Pharmingen) was per-
formed followed by a 1-h incubation with goat anti-rat Alexa
594 (1:500; Invitrogen) at room temperature. After washes in
PBS, the samples were counterstained with Hoechst dye
(Molecular Probes) for 10 min at room temperature.

In Situ TUNEL Assay—The terminal deoxynucleotidyl trans-
ferase-mediated dUTP end labeling (TUNEL) assay was done
using a commercial kit (Promega) according to the manufac-
turer’s protocol after CD31 staining. Briefly, tumor sections
were rinsed with PBS and incubated in 4% paraformaldehyde in
PBS for 10 min at room temperature. After two washes in PBS,
the slides were incubated in 0.2% Triton X-100 in PBS for 15
min at room temperature followed by two washes in PBS. Slides
were incubated with equilibration buffer for 10 min at room
temperature. Tumor sections were then covered with TUNEL
incubation buffer (50 ul/slide) and incubated in a humidified
chamber at 4 °C overnight. The reaction was terminated by
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washing the slides with SSC for 15 min at room temperature
followed by three washes in PBS to remove unincorporated
fluorescein-dUTP. Slides were observed using a fluorescent
microscope.

Zymography—MMP-2 activity was determined on substrate-
impregnated gels as described previously (17). Approximately
5 X 10® melanoma cells were plated in 6-well dishes and
allowed to attach for 24 h. Then the medium (normal growth
medium with 10% FBS) was removed and replaced with serum-
free medium overnight. The supernatants were collected and
their volumes adjusted to the cell number, and a total of 60 ul of
supernatant was loaded onto a gelatin-impregnated (1 mg/ml;
Sigma) 8% SDS-polyacrylamide gel and separated under nonre-
ducing conditions. As a positive control, 1% FBS in normal
growth medium was used. For the negative control, serum-free
medium was used. Plates were shaken for 1 h in 2.5% Triton
X-100 (Fisher Scientific) to remove all of the SDS from the gels.
Plates were then removed, and the gels were incubated for 16 h
at 37 °C in 50 mmol/liter Tris, 0.2 M NaCl, 5 mmol/liter CaCl,,
and 0.002% Brij 35 (w/v) at pH 7.6. At the end of the incubation,
the gels were stained with 0.5% Coomassie G-250 (Bio-Rad) in
methanol/acetic acid/H,O (30:10:60). The intensities of the
various bands were determined by quantitation of a scanned
image.

Animals, Tumor Growth, and Metastasis—Female athymic
BALB/c nude mice (National Institutes of Health, NCI, Fred-
erick Cancer Research Institute) were housed in laminar flow
cabinets under specific pathogen-free conditions and used at 8
weeks of age. Animals were maintained in facilities approved by
the American Association for Accreditation of Laboratory Ani-
mal Care and in accordance with the current regulations and
standards of the U. S. Department of Agriculture, Department
of Health and Human Services, National Institutes of Health,
and institutional regulations. In accordance with the Institu-
tional Animal Care and Use Committee, when the largest
dimension of a subcutaneously injected tumor reached 1.5 cm,
the mice were considered moribund and were sacrificed in a
CO, chamber. Subcutaneous tumors were produced by inject-
ing 2.5 X 10° C8161-c9 cells or 5 X 10° A375SM cells (single-
cell suspensions, >95% viability by a trypan blue exclusion test)
in 0.2 ml of Hanks’ buffered salt solution into the right flank of
each mouse. Tumor growth was recorded three times weekly
with a caliper and calculated as a X b%/2 cm? (a, long diameter;
b, short diameter). Mice were sacrificed 26 or 36 days after
injection or when the tumor reached 1.5 cm® in volume, and
tumors were processed for hematoxylin and eosin or immuno-
histochemical staining. Ten mice were used in each group. To
determine metastatic potential, 5 X 10° or 1 X 10° tumor cells,
processed as described above, were injected into the tail veins of
mice (0.1 ml/mouse). Thirty-five days later, the mice were sac-
rificed, their lungs harvested, and the number of macroscopic
surface tumor nodules counted. Six or seven mice were used in
each group.

Statistical Analysis—Student’s ¢ test was used to evaluate the
statistical significance of the in vitro data. Statistical analysis of
the results of the animal studies was performed using the
Mann-Whitney U test. Values for tumor growth are given as a
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FIGURE 1. Effects of CREB silencing on melanoma growth and metastasis. A, Western blot analysis shows
silencing of CREB in the A375SM and C8161-c9 cell lines stably transduced with CREB-shRNA as compared with
those transduced with nontargeting control shRNA (NT shRNA). a-Actin was used as a loading control. A 90%
reduction in CREB was observed in the CREB-shRNA-transduced cells as compared with the NT-shRNA-trans-
duced cells as measured by densitometry (0.1 and 1, respectively). B, silencing of CREB resulted in a significant
inhibition of tumor growth in both the A375SM (CREB-shRNA, 278.1 mm?; NT-shRNA, 1140.0 mm?) and
C8161-c9 (CREB-shRNA, 348.4 mm?; NT-shRNA, 873.0 mm?) melanoma cell lines. *, p < 0.05 for both A3755M
and C8161-c9 cells. C,immunohistochemical staining for CREB was performed on tumor samples from mice 26
days after injection with CREB-shRNA- or NT-shRNA-transduced A375SM or C8161-c9 cells, demonstrating
down-regulation of CREB expression in CREB-shRNA tumors. Images are shown at X 20 magnification. D, effect
of CREB silencing on the metastatic potential of cells. There is a significant decrease in the number of lung
metastases in CREB-shRNA-transduced A375SM and C8161-c9 cells as compared with the NT-shRNA-trans-
duced cells. Each square represents one mouse (n = 6/group). **, p < 0.01; ***, p < 0.001.

mean volume * S.D., and p values < 0.05 were considered
statistically significant.

RESULTS

Silencing CREB Inhibits Tumor Growth and Metastasis of
Melanoma—We have shown previously that silencing CREB,
using a dominant-negative form of CREB (KCREB) in MeWo
metastatic melanoma cells, decreases their tumorigenic and
metastatic potentials in nude mice by down-regulating expres-
sion of MMP-2 and MCAM/MUCI8 and decreasing mela-
noma cell invasion through the basement membrane (21). To
further understand how CREB silencing leads to an increase in
melanoma cell tumorigenicity and metastatic potential, here
we used a lentiviral construct carrying CREB-shRNA to silence
CREB expression in two highly metastatic and aggressive mel-
anoma cell lines, A375SM and C8161-c9. As a control, cells
were transduced with a lentiviral construct carrying NT-
shRNA with no sequence homology to any known human gene.
Cells were transduced with the lentiviral constructs and sorted
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(mean tumor volumes, 348.4 and
873.0 mm?, respectively; p < 0.05).
Immunohistochemical analysis of
CREB expression in tumor samples
obtained from mice 26 days after
they were injected with either the
CREB-shRNA or NT-shRNA mela-
noma cells revealed very low CREB
expression levels in the CREB-
shRNA tumors as compared with
the NT-shRNA tumors (Fig. 1C).

Next, we sought to determine whether CREB silencing in
melanoma cells would affect their ability to metastasize in vivo.
To that end, nude mice were injected intravenously with
A375SM or C8161-c9 cells transduced with either CREB-
shRNA or NT-shRNA. As demonstrated in Fig. 1D, CREB
silencing resulted in a significant reduction in the median num-
ber of lung metastases in mice injected with either A375SM
cells (NT-shRNA, 49; CREB-shRNA, 8; p < 0.01) or C8161-c9
cells (NT-shRNA, 80; CREB-shRNA, 23; p < 0.001). Overall,
these results confirm that CREB promotes melanoma tumori-
genicity and metastasis.

CREB Acts as a Negative Regulator of CCN1/CYR61 Expres-
sion in Melanoma—To understand the mechanism by which
CREB promotes the tumorigenic and metastatic potentials of
melanoma cells, we sought to identify downstream target genes
regulated by CREB. To that end, we used cDNA microarrays to
measure differences in gene expression between A375SM
CREB-silenced and NT-shRNA cells. Among the genes found
to be differentially expressed by the cDNA microarray analysis,

VOLUME 284 -NUMBER 38+SEPTEMBER 18, 2009



CYR61 Is a Tumor Suppressor of Human Melanoma

A B To understand the mechanism
% * f CCNI/CYR61 regulati
— — ) egulation, we
gs % A3755M C8161-c9 analyzed the promoter sequence
g3 < < of the human CCN1/CYR6I gene
55 S S (GenBank™ accession number
g3 2 e 2 - 2 AC092807) and found that it con-
= o W o tains three CRE sites. To confirm
'*_gﬂé 1 o v UV that CREB regulates CCN1/CYR61
2 5 CYR61 [ expression at the transcriptional
0 , : 2| Actin [w——] [ level, we cloned the promoter
< < < < - — .

pd pd Z pd CYR61/ region (—960 to +65) of CCN1/

& = x [+ : 126 129 . ;
< < r < Actin CYR61 in front of a luciferase
s «& s © T reporter gene (Fig. 3A4). The lucifer-
5 5 ] EYR6_1 Ll T ase activity driven by the CCN1/
A3755M C8161-c9 z| Lamin I N CYR61 promoter increased 2-fold
EYR61/ 122 128 (p < 0.001) after CREB silencing in
C iR both of the melanoma cell lines
tested (Fig. 3B). This result suggests
CYR61 E E| that CREB acts as a negative regula-

M;/\; tor of CCN1/CYR61 transcription.
a

A375SM

Supernatant

C8161-c9

-\‘s-. s

FIGURE 2. Validation of CCN1/CYR61 overexpression after CREB silencing in melanoma cells. A, quantita-
tive real-time PCR validation for CCNT/CYR61 gene expression. Expression values shown are -fold change in
each CREB-shRNA-transduced cell line relative to the NT-shRNA cells after normalization with 18s RNA. *, p <
0.005. B, Western blot analyses of total cell lysate, nuclei and supernatant show a significant increase in CCN1/
CYR61 expression in both A375SM and C8161-c9 cell lines after CREB silencing as compared with NT-shRNA
cells. a-Actin, lamin, and whole gel staining were used as indicators of equal sample loading. C,immunohisto-
chemical staining for CCN7/CYR61 was performed on tumor samples from mice 26 days after injection with
NT-shRNA- or CREB-shRNA-transduced A3755M or C8161-c9 cells, demonstrating CCN1/CYR61 overexpression

in CREB-shRNA-transduced cells in vivo.

CCN1/CYR61 was up-regulated by almost 3.0-fold in the
CREB-silenced cells. We validated the CCN1/CYR61 up-regu-
lation of both mRNA and protein levels after CREB silencing.
Utilizing quantitative real-time PCR, we found that A375SM
and C8161-c9 cells transduced with CREB-shRNA had a signif-
icant increase of CCN1/CYR61 mRNA levels by 1.4- and 2.3-
fold (p < 0.005) respectively, as compared with the NT-shRNA-
transduced cells (Fig. 24). Furthermore, Western blot analysis
of the total cell lysates revealed a 2.6- and 2.9-fold increase in
CCN1/CYRG61 protein levels after CREB silencing in both the
A375SM and C8161-c9 cell lines, respectively (Fig. 2B). Cell
fractionation revealed that the level of CCN1/CYR61 in the
nuclei of CREB-shRNA cells was also increased (Fig. 2B).
Because CCN1/CYR61 is a secreted protein, we next analyzed
its levels in the supernatants before and after CREB silencing.
An increase in CCNI/CYR61 secretion was observed after
CREB silencing (Fig. 2B). In addition, immunohistochemical
analysis of tumor samples generated in the earlier described
experiment (Fig. 1B) demonstrated a strong increase in CCN1/
CYR61 expression in the CREB-shRNA tumors 26 days after
tumor injections (Fig. 2C).

SEPTEMBER 18, 2009+VOLUME 284 +NUMBER 38

Ed B ' ] To verify that the CRE sites
within the CCN1/CYR61 promoter
were involved in the regulation of
CCNI1/CYR61 transcription, we
, altered these binding sites by intro-
b by ducing point mutations into the
$ : CRE sites. Mutation of single CRE
sites did not produce any significant
changes in the luciferase reporter
activity in the two melanoma cell
lines tested (data not shown). How-
ever, mutation of the first two CRE
elements (Fig. 34) simultaneously
led to a significant increase in the
CCN1/CYR61 promoter-driven re-
porter activity in both the A375SM
and C8161-c9 parental cells (Fig.
3C). In fact, the basal luciferase activity of the double-mutant
promoter reporter in the parental cells was comparable to the
CCN1/CYR61 promoter activity levels seen after CREB silenc-
ing. When the assay was repeated with a CCN1/CYR61 pro-
moter in which the first and the third CRE sites were mutated
simultaneously, we did not observe any significant differences
in the reporter activity (Fig. 3C). Taken together, these site-
directed mutation analyses revealed that the first two CRE sites,
located at —509 and —445, are important for CCN1/CYR61
transcription regulation by CREB.

To further investigate whether CREB regulates CCN1/
CYR61 transcription by directly binding to its promoter, we
conducted a chromatin immunoprecipitation assay and found
that CREB was bound to the CCNI1/CYR61 promoter in the
control NT-shRNA cells; this binding was abrogated following
CREB silencing in both the A375SM and C8161-c9 cell lines
(Fig. 3D). These data confirm that CREB regulates CCN1/
CYR61 transcription by directly binding to its promoter.

Finally, to confirm the specificity of the effect of CREB-
shRNA on CCNI1/CYR61 expression, we were able to restore
CREB expression in both CREB-silenced cell lines by overex-
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FIGURE 3.Regulation of the CCN1/CYR61 promoter by CREB. A, schematic representation of the CCN1/CYR61
promoter region fused to the luciferase reporter gene and its predicted CRE binding sites. B, the luciferase
activity driven by the CCN1/CYR61 promoter increased 2-fold after CREB silencing in both the A3755SM and
C8161-c9 cell lines as compared with the NT-shRNA-transduced cells. *, p < 0.001. C, a schematic representa-
tion of the promoter point mutations is depicted on the left side of the panel. The three identified CRE binding
sites were mutated either alone or in combination, as described under “Experimental Procedures.” The lucif-
erase activity driven by the CCNT/CYR61 promoter increased 2.2-fold when both the first and second CRE
binding sites were mutated in the A3755M and C8161-c9 cell lines. *, p < 0.001; ** p < 0.01. D, chromatin
immunoprecipitation studies showed no binding of CREB to the CCN7/CYR61 promoter in either of the CREB-
silenced cell lines (A3755M and C8161-c9). IgG antibodies were used as negative controls. Input DNA was used
to ensure an equal amount of chromatin used in each assay. E, rescue of CREB expression in the CREB-silenced
cells results in down-regulation of CCN1/CYR61 expression. a-Actin was used as a loading control. F, the lucif-
erase activity driven by the CCN1/CYR61 promoter decreased significantly (¥, p < 0.001) after rescue of CREB
expression in both the A375SM and C8161-c9 cell lines. NT-shRNA/EV, nontargeting control cells. CREB-shRNA/
EV, CREB-silenced control cells. CREB-shRNA/RESCUED, CREB-silenced cells transduced with CREB nontar-
getable expression vector.
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pressing CREB in which silent
mutations were introduced to
render it nontargetable by CREB-
shRNA. Western blot analysis of
these cells demonstrated that this
CREB rescue resulted in a restora-
tion of CREB expression to levels
comparable with those in control
cells (NT-shRNA/EV). Restoring
CREB expression in these cells also
resulted in a decrease in the expres-
sion of CCN1/CYR61 (Fig. 3E) and a
decrease in the luciferase activity
driven by the CCNI1/CYR61 pro-
moter in both melanoma cell lines
tested (Fig. 3F). Overall, these
experiments confirmed that CREB
regulates CCNI/CYR61 transcrip-
tion in melanoma cells.

Expression of CCNI1/CYR61 Is
Inversely Correlated with the Meta-
static Potential of Melanoma Cells—
To investigate whether CCNI/
CYR61 expression correlates with
the metastatic potential of mela-
noma cells, we compared the levels
of CCN1/CYR61 secretion in a panel
of human melanoma cell lines with
low metastatic potential (SB-2,
DM4, TXM18, and TXM13) with
those in cell lines with high meta-
static potential (MeWo, WM2664,
A375SM, and C8161-¢9). As shown
in Fig. 4, higher levels of CCN1/
CYR61 were found in the superna-
tant of cells with low metastatic
potential as compared with those in
the supernatant of highly metastatic
cells. Moreover, analyses of acti-
vated CREB measured by its phos-
phorylation at Ser'®®* (pCREB)
revealed increased levels with mela-
noma progression and correlated
with decreased levels of CCNI/
CYR61. Taken together, our data
suggest that there is an inverse cor-
relation between CCNI/CYR61
secretion levels and the metastatic
potential of human melanoma cell
lines. Furthermore, our data con-
firmed the role of CREB in mela-
noma progression and metastasis.
This result suggests a role for
CCN1/CYR61 as a tumor suppres-
sor gene in human melanoma.

CCN1/CYR61 Overexpression
Suppresses the Tumorigenicity and
Metastatic Potential of Melanoma
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FIGURE 4. There is an inverse correlation between CCN7/CYR61 expres-
sion and the metastatic potential of melanoma cells. Western blot analysis
of CCN1/CYR61 protein levels in the supernatant of a panel of human mela-
noma cell lines with either low metastatic potential (SB-2, DM4, TXM18, and
TXM13) or high metastatic potential (MeWo, WM2664, A3755M, and C8161-
c9). Higher levels of secreted CCN1/CYR61 were found in cell lines with low
metastatic potential as compared with levels in the highly metastatic cell
lines. Staining of the entire gel is included as an indication of equal sample
loading. In contrast, higher levels of phosphorylated CREB (pCREB) were
observed in metastatic melanoma cells when compared with low metastic
cell lines. a-Actin was used as a loading control.

Cells—To elucidate the role of CCN1/CYR61 in melanoma, we
stably overexpressed CCN1/CYR61 in A375SM and C8161-c9
cells, which are highly metastatic with low levels of CCN1/
CYR61, using a lentiviral expression vector. We found a marked
increase in CCN1/CYR61 expression in the total cell lysates of
both the A375SM and C8161-c9 cells transduced with the
CCN1/CYR61-containing vector (2.8- and 2.7-fold increase,
respectively) as compared with the cells transduced with the EV
control or the parental cells (Fig. 54, upper panel). In addition,
we detected a marked increase in the levels of CCN1/CYR61
secreted from cells after transduction of both cell lines with the
CCN1/CYR61-containing vector (Fig. 5A, lower panel). It is
noteworthy that the nonmetastatic cell lines expressed 2—10-
fold higher levels of CCN1/CYR61 than the highly metastatic
A375SM or C8161-c9 cell lines (Fig. 4), suggesting that these
overexpression levels are physiologically relevant.

Next, we analyzed the CCN1/CYR61-overexpressing cells for
their ability to form tumors and metastases in vivo. A375SM
and C8161-c9 cells overexpressing CCN1/CYR61 were injected
subcutaneously into nude mice. We observed a significant inhi-
bition of tumor growth in mice injected with the A375SM cells
overexpressing CCNI1/CYR61 as compared with the mice
injected with the cells containing the EV control (mean tumor
volume at day 31, 226.4 and 544.4 mm?, respectively; p < 0.05).
Similar differences were observed between the C8161-c9 cells
overexpressing CCNI1/CYR61 and the EV control C8161-c9
cells (mean tumor volume at day 36, 75.0 and 659.6 mm?,
respectively; p < 0.01) (Fig. 5B). In addition, overexpression of
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CCN1/CYR61 resulted in a reduction in the median number of
lung metastases in both the A375SM-injected (EV control, 37,
CCNI/CYR61, 10; p < 0.01) and C8161-c9-injected (EV con-
trol, 10, CCN1/CYR61, 3; p < 0.05) mice (Fig. 5C). Taken
together, these data show, for the first time, that overexpression
of CCN1/CYR61 results in an inhibition of melanoma growth
and metastasis. To identify any changes in cell proliferation
after CCN1/CYR61 overexpression, we performed 3-(4,5-dim-
ethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
proliferation assays as well as clonogenic assays on both cell
lines either overexpressing CCN1/CYR61 or with the EV con-
trol. We did not observe any difference in the proliferation rates
for any of the cell lines tested (data not shown).

CCN1/CYRG61 Inhibits Melanoma Cell Migration, Invasion,
and MMP-2 Expression and Activity—To understand the
mechanism by which CCN1/CYR61 inhibits the formation of
tumors and the metastatic potential of melanoma cells, we fur-
ther investigated its effect on tumor cell migration and inva-
sion. Cell migration was assessed before and after CCN1/
CYR61 overexpression using the wound healing (scratch) assay.
As demonstrated in Fig. 64, 48 h after scratching, cell lines
overexpressing CCN1/CYR61 migrated significantly less than
in the cells expressing the EV control (A375SM CCN1/CYR61,
34.5 pm, A375SM EV control 66.0 um; p < 0.01; C8161-c9
CCN1/CYR61,26.0 pm, C8161-c9 EV control, 75.7; p < 0.001).
Furthermore, CCNI/CYR61 overexpression significantly
reduced the invasion of A375SM and C8161-c9 cells through
Matrigel-coated filters by 2- and 3-fold, respectively (Fig. 6B).
To further establish the role of CCN1/CYR61 as a tumor sup-
pressor gene in melanoma, we next attempted to silence the
expression of CCN1/CYR61 in low metastatic melanoma cells
(SB-2) and subsequently analyzed their invasion potential in
vitro. To that end, we stably transduced the SB-2 cell line with
CCN1/CYR61 shRNA. Western blot analysis of total protein
lysate revealed an 80% decrease in CCN1/CYR61 protein
expression levels as compared with NT-shRNA (Fig. 6C). Sim-
ilar results were found in the supernatant of these cells (data not
shown). As seen on Fig. 6D, SB-2 cells transduced with CCN1/
CYR61 shRNA significantly increased their invasion ability
through Matrigel by 4-fold (p < 0.001). These results suggest
that CCN1/CYR61 acts as a negative regulator of melanoma cell
migration and invasion.

It is well known that matrix metalloproteinases play a central
role in regulating tumor cell invasion and in remodeling the
stromal microenvironment of the tumor (37). In melanoma,
active MMP-2 can only be observed in highly invasive mela-
noma cell lines and is absent in non-invasive or poorly invasive
cell lines (38). To investigate whether CCN1/CYR61 affects
melanoma cell invasion through the activity of MMPs, we per-
formed a zymography assay. In A375SM and C8161-c9 cells,
overexpression of CCN1/CYR61 led to a significant decrease in
the gelatinase activity of MMP-2, but not that of MMP-9, in the
cell’s supernatant as compared with the EV control cells (Fig.
6E). Western blot analysis demonstrated that MMP-2 protein
levels were also markedly reduced in both cell lines overex-
pressing CCN1/CYR61 (Fig. 6F). These results suggest that
CCN1/CYRG61 acts as a negative regulator of melanoma tumor
cell motility and invasion, in part by down-regulating the
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cells. B, effect of CCNT/CYR61 expression on tumor growth in vivo. CCN1/CYR61 overexpression resulted in a

significant inhibition of tumor growth in both the A375SM (CCN1/CYR61 226.4
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and C8161-c9 (CCN1/CYR61, 75.0 mm?; EV control, 659.6 mm?) melanoma cells. *, p < 0.05; **, p < 0.01. our previous studies. In addition,
C, effects of CCNT/CYR61 overexpression on the metastatic potential of melanoma cells. We observed a signif- using cDNA microarrays, we have

icant decrease in the number of lung metastases in mice injected with cells overexpressing CCN1/CYR61 as
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expression and activity of MMP-2. Therefore, the negative
effect of CCNI/CYR61 on melanoma tumorigenicity and
metastasis could be, at least partly, explained by its ability to
control MMP-2 expression.

CCNI1/CYR61 Overexpression Reduces Angiogenesis and
Increases Apoptosis in Vivo—In addition to regulating tumor
cell invasion and metastasis, MMP-2 plays an important role in
regulating tumor angiogenesis. Therefore, we sought to deter-
mine whether overexpression of CCNI1/CYR61 could affect
MMP-2 expression and angiogenesis in vivo. To that end, we
performed immunohistochemical analysis of subcutaneous
tumors derived from mice injected with A375SM and C8161-c9
cells with or without overexpression of CCN1/CYR61 (Fig. 5B).
We found a significant decrease in the expression of MMP-2 in
tumor samples overexpressing CCN1/CYR61 as compared with
EV control tumor samples (Fig. 7). Furthermore, we observed
marked differences in microvessel density as judged by CD31
staining, ie. tumor samples overexpressing CCNI/CYR61
showed a dramatic decrease in the number and size of vessels as
compared with EV control tumor samples. To monitor whether
inhibition of tumor angiogenesis leads to tumor cells apoptosis,
we performed a TUNEL assay. The results shown in Fig. 7 (bot-
tom panel) demonstrate that there was a large increase in the
number of apoptotic cells in both the A375SM and C8161-c9
tumor samples overexpressing CCNI1/CYR61. In total, these
experiments established that CCN1/CYR61 acts as a supressor
of melanoma tumor growth and metastasis by negatively regu-
lating MMP-2 expression, culminating in a major effect on
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is negatively regulated by CREB in

melanoma cells. In subsequent
experiments, we confirmed that CREB silencing significantly
increases CCN1/CYR61 expression in vitro and in subcutane-
ously grown melanoma tumors. Promoter analysis and chromatin
immunoprecipitation assays demonstrated that CREB negatively
regulates CCN1/CYR61 transcription by binding to and inhibiting
transcription from the CCN1/CYR61 promoter. Restoring CREB
expression after shRNA silencing reduces CCN1/CYR61 protein
levels as well as its promoter reporter activity, confirming the spec-
ificity of the shRNA for CREB. Although CREB acts usually as
transactivator, here we have demonstrated that in the case of
CCNI1/CYR61, it acts as repressor. This has been shown for other
transcriptional factors such as AP-2« (30).

Analysis of the role of CCN1/CYR61 in melanoma demon-
strates that it acts as a suppressor of melanoma tumorigenicity
and metastasis iz vivo. Indeed, when CCN1/CYR61 was over-
expressed in A375SM and C8161-c9, we observed a significant
decrease in melanoma tumor growth as well as a decrease in the
number of lung metastases. Notably, the levels of CCN1/CYR61
after overexpression were similar to those observed in non-
metastatic and low tumorigenic melanoma cell lines such as
SB-2 and DM4, suggesting that increased CCNI/CYR61
expression levels in these cells may contribute to their low met-
astatic and tumorigenic potential. Also, the fact that an inverse
correlation of CCN1/CYR61 and CREB activation was found
further supports this hypothesis. Overexpression of CCNI1/
CYR61 also resulted in an inhibition of melanoma cell motility
and invasion and MMP-2 expression and activity in vitro. In
vivo, overexpression of CCN1/CYR61 was associated with a
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FIGURE 6. CCN1/CYR61 decreases cell motility and invasion of melanoma cells by down-regulation of MMP-2. A, overexpression of CCNT/CYR61 in
A375SM and C8161-c9 cells inhibits their motility as determined by the scratch wound healing assay (*, p < 0.001; **, p < 0.01). B, CCN1/CYR61 overexpression
inhibits the invasive properties of both melanoma cell lines in a Matrigel-coated filter chamber assay (*, p < 0.001; **, p < 0.01). C, Western blot analysis shows
silencing of CCN1/CYR61 in the SB-2 cell line stably transduced with CCN1/CYR61 shRNA as compared with NT-shRNA. a-Actin was used as a loading control.
80% reduction in CCN1/CYR61 protein level was observed in the transduced cells as compared with the NT-shRNA-transduced cells as measured by densi-
tometry (0.2 and 1, respectively). D, CCN1/CYR61 silencing increases the invasive ability of SB-2 cells in a Matrigel chamber assay (¥, p < 0.001) E, zymography
gel analysis of A3755M and C8161-c9 cells overexpressing CCN1/CYR61 demonstrates a significant decrease in the activity of MMP-2 as compared with that in
EV control cells. FBS (1%) was loaded and used as a positive control. F, Western blot analysis showing MMP-2 protein levels in both cell lines after CCN1/CYR61
overexpression. a-Actin was used as a loading control. Densitometry analysis reveals that the MMP-2 protein levels decreased by 97 and 50%, respectively, in
the A3755M and C8161-c9 cell lines overexpressing CCN1/CYR61.

decrease in MMP-2 expression, inhibition of tumor angiogen-
esis, and an increase in apoptosis. These results corroborate our
previous finding that CREB acts as a positive regulator of
MMP-2 expression and melanoma cell invasion, suggesting
that these effects can be explained, in part, by the CREB-medi-
ated inhibition of CCN1/CYR61 expression.

However, it is unclear how CCNI/CYR61 may regulate
MMP-2 expression in melanoma. Integrins are well known
receptors for CCN proteins, and receptor activation may
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produce a variety of effects (39). Studies using B16F10, a
murine melanoma cell line, have shown that ligation of cell
surface a3, integrin by anti-a, antibody activates focal adhesion
kinase, thereby modulating expression and activation of MMP-2
and MMP-7 (40). Our preliminary data suggest that in human
melanoma, CCN1/CYR61 overexpression inhibits phosphoryla-
tion of CREB. Thus, whether or not CCN1/CYR61 interacts with
integrins in melanoma, and thereby regulates CREB activation,
requires further investigation.
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inverse correlation between CCN1/
CYR61 expression and the meta-
static potential of melanoma cell
lines, which further suggests that
CCN1/CYR61 acts as a negative reg-
ulator of melanoma progression.
Surprisingly, we detected a con-
siderable amount of CCN1/CYR61
in melanoma cell nuclei. Typically,
CCN1/CYRG61 either localizes intra-
cellularly or associates with the
extracellular matrix and cell sur-
faces. However, in bladder smooth

CCN1/CYR61
Overexpressed

MMP-2

CD31/
TUNEL

FIGURE 7. Effects of CCN1/CYR61 overexpression on MMP-2 expression, angiogenesis, and apoptosis in
vivo. Immunohistochemical analyses were performed on tumor samples from mice challenged with A3755M
or C8161-c9 cells overexpressing CCNT/CYR61 or EV control. Representative images show that overexpression
of CCN1/CYR61 resulted in the down-regulation of MMP-2 expression, a reduction in the number and size of
blood vessels (CD31),and an increase in the number of apoptotic cells (TUNEL). Tumor samples were incubated
without primary antibody as a negative control. Allimages are shown at X 10 magnification.

Conversely, the role of CCN1/CYR61 in cancer is contro-
versial and clearly tumor-type dependent. For example,
down-regulation of CCNI/CYR61 expression has been
described in prostate cancer, uterine leiomyoma, rhabdomy-
osarcoma, embryonic rhabdomyosarcoma, and non-small cell
lung carcinoma (41-43). Meanwhile, overexpression of CCN1/
CYR61 in lung cancer cells inhibits their tumorigenicity. This
inhibitory effect could be attributed in part to CCN1/CYR61-
induced cell cycle arrest, up-regulation of both p53 and
p21"4*1 and decreased kinase activity of CDK2 (44). CCN1/
CYR61 is further reported to inhibit the growth of endometrial
cancer and lelomyomas (43, 45). In human gastric carcinomas,
CCN1/CYRG61 expression also down-regulates MMP-7 expres-
sion and inhibits tumor progression (46). On the other hand,
earlier reports demonstrated that elevated CCN1/CYR61 levels
are associated with advanced breast adenocarcinoma, pancre-
atic cancer, and gliomas (47-49). CCN1/CYR61 overexpres-
sion was found to stimulate the progression of breast cancer
(50-52) and increase tumor formation in gastric adenocarci-
noma (53).

Even among melanomas, the role of CCN1/CYR61 expres-
sion appears contradictory. Previous studies have reported that
in uveal melanoma, CCN1/CYR61 expression is increased and
that CCN1/CYR61 plays a role in tumor angiogenesis (54, 55).
By contrast, our results demonstrate that in cutaneous mela-
noma, CCNI/CYR61 expression is suppressed by CREB and
that CCN1/CYR61 acts as a negative regulator of tumor cell
motility, invasion, tumorigenicity, angiogenesis, and metasta-
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muscle cells, CCNI1/CYR61 has
been found to localize in both the
cytoplasm and nucleus (56). CCN1/
CYR61 does not have any putative
nuclear localization sequences;
however, a growing list of polypep-
tides that lack a nuclear localization
sequence, including the nephro-
blastoma  overexpressed  gene
(CCN3), epidermal growth factor,
fibroblast growth factor, platelet-
derived growth factor, angiogenin,
and parathyroid hormone-related
peptide, has been reported to local-
ize to the nucleus. Although the
nuclear functions of these peptides
are not yet completely understood, they might be involved in
transcription regulation and/or mRNA transport (56). Thus,
the detection of CCN1/CYR61 in the nuclei of human mela-
noma cells warrants further investigation into its nuclear
functions.

Interestingly, we also found a marked decrease in microves-
sel density and angiogenesis, accompanied by an increase in the
number of apoptotic cells, in tumor samples overexpressing
CCN1/CYR61. These data are particularly intriguing because
CCN1/CYRG61 has been described as an angiogenic inducer (25)
and has been implicated in the regulation of angiogenesis
and matrix remodeling genes, including vascular endothelial
growth factor A, vascular endothelial growth factor C, type I
collagen, MMP-1, MMP-3, and tissue inhibitors of metallo-
proteinases (57). However, CCNI1/CYR61 can either induce
or suppress apoptosis in a cell type-specific manner. Gener-
ally, CCN1/CYR61 adhesion to endothelial cells promotes
cell survival, whereas CCN1/CYR61 adhesion to fibroblasts
induces apoptosis by binding to a,8; integrin and synde-
can-4, leading to the p53-dependent activation of Bax and
cytochrome ¢ release (58). In human endometrial cancer
cells, overexpression of CCN1/CYR61 results in increased
expression of the apoptotic factors Bax and Bad, cytochrome
c release, activation of caspase-9 and -3, and apoptosis (58).
In our experiments, overexpression of CCN1/CYR61 did not
induce melanoma cell death in vitro (data not shown). In
vivo, however, it inhibited tumor angiogenesis and induced
tumor cell apoptosis.
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Taken together, our results demonstrate that CREB con-
tributes to melanoma progression by inhibiting the expres-
sion of CCN1/CYR61, which in turn acts as a negative regu-
lator of tumor growth, angiogenesis, and metastasis. In
cutaneous melanoma, CCN1/CYR61 inhibits cellular motil-
ity and invasion through down-regulation of MMP-2 expres-
sion and activity. Overexpression of CCN1/CYR61 in highly
metastatic melanoma cells causes a decrease in tumor angio-
genesis, which is accompanied by melanoma cell apoptosis.
Corroborating these results, we found an inverse correlation
between CCN1/CYR61 expression levels and the metastatic
potential of melanoma cells. Future experiments will focus
on identifying additional molecular mechanisms that drive
the tumor- and metastasis-suppressive functions of CCN1/
CYR61 in melanoma.
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