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The role ofHedgehog (Hh) signaling as a developmental path-
way is well established. Several recent studies have implicated a
role for this pathway inmultiple cancers. In this study we report
that expression of GLI1 and osteopontin (OPN) increase pro-
gressivelywith the progression ofmelanoma fromprimary cuta-
neous cancer tometastatic melanoma in clinically derived spec-
imens. We have further determined that OPN is a direct
transcriptional target of GLI1. We have observed that OPN
expression is stimulated in thepresenceofHh ligands and inhib-
ited in the presence of the Smoothened (SMO) inhibitor, cyclo-
pamine. Transcriptional silencing of GLI1 negatively impacts
OPN expression and compromises the ability of cancer cells to
proliferate,migrate, and invade in vitro and interfereswith their
ability to grow as xenografts and spontaneously metastasize in
nude mice. These altered attributes could be rescued by re-ex-
pressingOPN in theGLI1-silenced cells, suggesting that OPN is
a critical downstream effector of active GLI1 signaling. Our
observations lead us to conclude that the GLI1-mediated up-
regulation ofOPNpromotesmalignant behavior of cancer cells.

TheHedgehog (Hh)2 pathway that has a central role in devel-
opmental patterning (ontogeny) and inmaintenance of stem or
progenitor cells in many adult tissues (1) has been demon-
strated to be active in multiple cancer types (2, 3). Active Hh
signaling is also reported to influence the tumor stromalmicro-
environment (4) and support stem cells in the tumor in an
undifferentiated, proliferative state (2, 5).
Hh signaling inmammalian cells ismediated by theGLI fam-

ily of zinc finger transcription factors comprising GLI1, GLI2,
and GLI3. GLI1 is a strong transcriptional activator; GLI2 has
both activator and repressor functions; and GLI3 is mostly a
repressor (reviewed in Ref. 6). In the Hh ligand-dependent
pathway, in the absence of the ligand, Desert hedgehog, Indian

hedgehog (IHH), or Sonic hedgehog (SHH), the Hh signaling
pathway is inactive, GLI1 is sequestered in the cytoplasm and
repressed for its transcription activity (7–9). Binding the Hh
ligands to the receptor patched-1 or patched-2 (PTCH1 or -2)
changes the GLI code (6): GLI1 is activated by release from a
large protein complex and translocates to the nucleus to func-
tion as a transcriptional activator (10, 11).
Signaling via the Hh pathway plays a determinative role in

the development of the dorsal brain, near the sites of origin of
melanogenic precursors (12). Stecca et al. (13) have reported
that the Hh pathway is required for normal proliferation of
human melanocytes in vitro and for proliferation and survival
of human melanoma in vivo. Activation of Hh signaling results
in transcriptional activation of the expression of several genes
including insulin-like growth factor-binding protein, cyclinD2,
and osteopontin (OPN) (11). In the present study, we report
that the expression levels of GLI1 and OPN are significantly
elevated in surgically excised metastatic melanoma specimens
comparedwith surgically obtained basal and squamous cell car-
cinomas and primary melanoma samples. We further charac-
terize the functional relevance of this association. Our observa-
tions from this study suggest that the Hh pathway acts via OPN
to regulate malignant behavior of cancer cells. Thus, our study
has identified a clinically relevant relationship between OPN
and Hh signaling.

EXPERIMENTAL PROCEDURES

Cell Culture—Tissues of primary and metastatic melanoma
resected from patients were cultured and maintained as previ-
ously described (14). The melanoma cell lines, MCC012A and
MCC012F, used in this study were established from two subcu-
taneous metastatic nodules from the same patient. Cells were
grown in a Dulbecco’s modified minimum essential medium,
F-12 mixture (1:1) (Invitrogen) supplemented with 5% heat-
inactivated fetal bovine serum (Atlanta Biologicals, Law-
renceville, GA), 200 �M sodium pyruvate (Invitrogen), and 20
�Mnon-essential amino acids (Invitrogen). All cells weremain-
tained in a humidified 5% CO2 environment. MDA-MB-435
cells were also cultured under similar conditions.
Generation of Stable Transfectants—EndogenousGLI1 from

MDA-MB-435 cells was silenced using shRNAs (short hairpin
RNA) cloned into pSuperior.neo�gfp plasmid (OligoEngine,
Seattle, WA) (see Table 1). We also generated stable vector-
only and non-targeting (scrambled control) transfectants. Sta-
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ble transfectants were selected on medium supplemented with
500 �g/ml Geneticin (Invitrogen). The four GLI1-knocked
down clones chosen for this study were based on the extent of
GLI1 knockdown and were termed KO1, KO2, KO3, and KO4.
The expression of OPN was restored in the KO1 cells by trans-
fecting with pcDNA3.1-OPN (kindly provided by Dr. Ann
Chambers, London Heath Sciences Center). A corresponding
vector-only transfectant was also generated. Transfectants
were selected on medium containing Geneticin (500 �g/ml)
and hygromycin (750 �g/ml).
Serum-free conditionedmedium harvested from�3.0� 106

cells after 24 hwas assayed forOPNby immunoblotting. To test
the inhibitory effect of cyclopamine on Hh pathway activation,
cells were cultured in Dulbecco’s modified minimum essential
medium supplemented with 0.5% fetal bovine serum and
treated for the indicated time intervals with dimethyl sulfoxide
(vehicle control), 10 and 20 �M cyclopamine (Sigma).
Western Blotting Analysis—Whole cell lysates were collected

in Nonidet P-40 buffer (150 mMNaCl, 50 mM Tris, 1% Nonidet
P-40). Isolation of cytosolic and nuclear fractions was done as
previously reported (15). Total protein (30 �g) was resolved by
SDS-PAGE gel and transferred to polyvinylidene difluoride
membranes. Membranes were immunoblotted overnight at
4 °C with antibodies to OPN (catalog number 905-629; Assay
Designs, Ann Arbor, MI), GLI1 (sc-20687; Santa Cruz Biotech-
nology, Santa Cruz, CA), CD44 (HCAM) (sc-7946; Santa Cruz
Biotechnology), vimentin (sc-32322; Santa Cruz Biotechnol-
ogy), N-cadherin (catalog 18-0224; Invitrogen), SNAI2 (catalog
H00006591-M02; Novus Biologicals, Littleton, CO), SHH (sc-
1194; Santa Cruz Biotechnology), or PTCH1 (sc-6149; Santa
Cruz Biotechnology). Equal loading was confirmed with anti-
�-actin (Sigma) antibody. The purity of cytosolic and nuclear
fractions was confirmedwith anti-�-tubulin (catalog 2146; Cell
Signaling, Danvers, MA) or anti-HDAC1 (catalog 2062; Cell
Signaling) antibodies, respectively. Secreted OPN was assessed
by loading an equal quantity of protein from the serum-free
conditioned medium. Corresponding horseradish peroxidase-
conjugated secondary antibodies were used for detection; blots
were developed with SuperSignal enhanced chemilumines-
cence substrate (Pierce) and imaged using a Fuji LAS3000
imager.
Expression Constructs—OPN promoter activity was assessed

by a luciferase reporter assay using the human OPN promoter
construct (OPN-352) cloned into pGL3-basic vector (Promega)
(16). The putative GLI1 binding site (17) (5�-TGCTGAATGC-
CCATCCC-3�) in the OPN promoter was disrupted using an
inside-out PCR and replaced with a NotI site using primers:
forward, 5�-CTCAGCGGCCGCTAATAAATGAAAAAGC-3�
and reverse, 5�-GTTAGCGGCCGCTGAGAGTTCCAG-
GAAG-3�. The resultant construct, referred to as OPN-352Mut

has a mutated GLI1-binding site.
Luciferase Assay—Cells (40,000) were transfected with

pGL3-OPN-352 or pGL3-OPN-352Mut in combination with
pLNCX or pLNCX-GLI1 (kindly obtained fromDr. JingwuXie,
University of Texas Medical Branch, Galveston, TX) as previ-
ously described (16). Empty pGL3 vector was used as control.
Hh ligands were added to the well 6 h prior to harvesting the
cells (�33 h of initiation of transfection) for assay. Readings

were normalized to total protein content. Each parameter was
studied in triplicate and the experiment repeated at least 3
times. The data are represented as percent luciferase activity,
which was derived as a percent of the relative light units in
treated groups compared with the untreated groups.
Quantitative RT-PCR (qRT-PCR)—cDNA was generated

using High Capacity Reverse Transcriptase Kit (Applied Bio-
systems, Foster City, CA). Real time PCR was performed using
a Bio-Rad iQ5 Real-TimeDetection system (Bio-Rad). All reac-
tionswere done as three independent replicates. All assayswere
done using the TaqMan Gene Expression Assays from Applied
Biosystems. OPN (SPP1: Hs 00959010_m1) transcript levels
were normalized to glyceraldehyde-3-phosphate dehydrogen-
ase (Hs 99999905_m1) levels (�CT), which was used to calcu-
late changes inOPN expression (2���CT). To analyze the effect
of cyclopamine treatment on OPN expression, untreated sam-
ples were set as calibrator (control) and compared with their
respective treated samples.
GLI1 and SHH (Hs 00179843_m1) expressions were also

similarly assessed with glyceraldehyde-3-phosphate dehydro-
genase as an endogenous control. To analyze the knockdown
effectiveness, “scrambled transfectants” of MDA-MB-435 was
set as calibrator.
Chromatin Immunoprecipitation Assay—MDA-MB-435

cells were utilized for chromatin immunoprecipitation using
the ChIP-IT Express enzymatic kit (Active Motif, Carlsbad,
CA) following the manufacturer’s protocol using GLI1 (N-16)
X TransCruz antibody (Santa Cruz Biotechnology; sc-6153 X).
The recoveredDNAwas PCRamplified using primers: forward,
5�-GTTTTTCCCTACTTTCTCCC-3� and reverse, 5�-CCAA-
AAACGCACACACAC-3� to amplify a 145-bp segment of the
OPN promoter containing the putative GLI1 binding site. The
specificity of the pull-down was confirmed by amplifying a
region �1 kb upstream from the PCR product containing the
GLI1 site tested. The primers used were: 5�-TTCCCCCTAC-
CAAATGTTCA-3� and 5�-TGCTGCAAAAGTAATTGTG-
GTT-3�. The PCR generates a 151-bp product. This segment
lacks a predicted GLI1-binding site.
In Vitro Proliferation Assay—Cells (5000) of each cell type

were seeded per well in separate 96-well plates. Cells were
allowed to grow in completemedium for 6 days. Every day after
initial seeding cells were harvested by trypsinization and
counted in a hemocytometer. Counting for each cell type for
each day was done in triplicate.
Motility Assay—These experiments were performed as pre-

viously outlined (18). Imageswere acquired atT0, the reading at
the initial time, and at T10 (10 h later). The experiment was
conducted in duplicate and cell motility was calculated as (T0 �
T10)/T0, which represents the rate of movement over a 10-h
period. For OPN add-back experiments the cells were pre-
treated for 12 h with 100 ng/ml human OPN (recombinant
R & D Systems) and the assay conducted in the presence of
OPN. Each experimental group was assessed in duplicate and
data were recorded in three fields per well. Thus, we recorded
and analyzed six data points per experimental group.
Invasion and Migration Assays—These experiments were

performed as previously outlined (18) using a modified Boyden
chamber assay. OPN add-back experiments for migration and
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invasion were conducted as described above with an additional
step of pre-treating the cells for 24 h with rOPN. OPN was
added to the upper and lower chambers (100 ng/ml) to ensure
the OPN was present during the entire duration of the experi-
ment. Each experimental group was assessed as three inde-
pendent replicates.
In Vivo Assay—One million (100 �l) cells were injected into

the third mammary fat pad of 6-week-old female athymic nude
mice (Harlan Sprague-Dawley, Indianapolis, IN). Orthogonal
tumor measurements were taken twice a week. The mean
tumor diameter was calculated by taking the square root of the
product of orthogonal measurements. Spontaneous metastasis
was monitored as previously described (18). Eight mice were
used for each group and the entire experiment was repeated
once. All animals were maintained under the guidelines of the
National Institutes of Health and University of South Alabama.
All protocols were approved and evaluated by the Institutional
Animal Care and Use Committee.
Statistical Analysis—Statistical differences between groups

were assessed using theMann-Whitney test, t test, or analysis of
variance, using GraphPad Prism 4 software. Statistical signifi-
cance was determined if the analysis reached 95% confidence.
The precise p values are listed in the corresponding figure leg-
ends. In all figures the error bars represent mean � S.E.

RESULTS

Expression Levels of GLI1 and OPN Increase with the Devel-
opment and Progression of Melanoma—Activation of the Hh
pathway results in nuclear translocation of GLI1 transcription
factors and up-regulation of target genes. Microarray analysis
of genes that were differentially regulated by the Hh pathway
revealed that OPN expression was up-regulated (11). We pro-
filed clinically derived primary cutaneous cancers and mela-
noma specimens by gene expression analysis and reported that
the expression of OPN was increased 67.3-fold in metastatic
melanoma samples when compared with primary cancer sam-
ples (14).We queried this data set for the changes in the expres-
sion ofGLI1 andOPN with disease progression. As seen in Fig.
1A the expression of GLI1 and OPN increase with the progres-
sion of the disease to metastatic melanoma. Specifically, the
expression of GLI1 notably increases in thin (up to 1.5 mm in
Brelsow thickness) and intermediate (up to 4.0 mm in Brelsow
thickness) melanoma specimens and continues to increase as
the condition progresses to thick melanoma (�4 mm in
Breslow thickness) and beyond into metastatic melanoma. The
increase in GLI1 expression in the metastatic melanoma spec-
imens is significantly higher (p � 0.05) as compared with the
melanoma in situ (MIS) specimens. In parallel, the expression
ofOPN also increases as theMIS progresses to thin/intermedi-
atemelanoma and beyond into thick andmetastaticmelanoma.
The levels of OPN expression in the thick and metastatic mel-
anoma specimens are significantly greater compared with the
correspondingOPN levels in theMIS specimens (p	 0.018 and
0.0018, respectively). It is important to note that whereas the
relative expression of GLI1 in metastatic melanoma averages
(�S.E.) 80.6 � 18.5 units, that of OPN peaks at 16,760 � 1324
units. This is a relevant finding because it underscores the fact
that small changes in expression of the transcription factor,

GLI1, correlates with changes of a large magnitude in the levels
of OPN.
OPN Is Transcriptionally Up-regulated by the Hh Pathway—

To determine whether OPN expression is regulated by Hh
pathway signaling, we decided to study three metastatic mela-
noma-derived cell lines, MCC012A, MCC012F, and MDA-
MB-435. To establish autocrine Hh signaling it is imperative
that the cell lines express the Hh pathway products, including
the receptor PTCH, the ligand SHH, and the transcription fac-
tor GLI1. As seen in supplemental Fig. S1, all three melanoma
cell lines express Hh pathway members indicating that the cell
lines are capable of autocrine Hh signaling. The expression of
these Hh members is significantly greater (p � 0.0001) in
metastatic melanoma cell lines compared with that in the
primary melanoma-derived cell line, MCC013. All the three
metastatic melanoma cell lines also express significantly
higher levels of OPN (p � 0.0001) compared with MCC013
(supplemental Fig. S1D).
We tested the effect of theHh inhibitor, cyclopamine, (19) on

OPN levels. As seen in Fig. 1,B andC, cyclopamine significantly
(p� 0.05) decreases the levels ofOPNmRNA in a dose-depend-
ent manner in two metastatic melanoma-derived cell lines,
MCC012A and MCC012F, and in MDA-MB-435 cells (p �
0.0001), suggesting that blocking the Hh pathway interferes
with the transcription of OPN. Cyclopamine treatment also
decreases the activity of the OPN promoter in a dose-depend-
ent manner (Fig. 1D). In contrast, tomatidine, the structural
analog of cyclopamine, had no effect on the promoter activity of
cyclopamine.
The decreases in the levels of OPN mRNA are also

reflected in the decreased levels of OPN protein in the secre-
tome of cyclopamine-treated cells (Fig. 1E). This effect was
more pronounced at time intervals of 24 and 36 h post-treat-
ment, when a lower concentration of cyclopamine was also
able to inhibit OPN. In contrast to the inhibitory effect of
cyclopamine, treatment of MDA-MB-435 cells with SHH
and IHH ligands (Fig. 1, F and G) significantly (p � 0.0001)
up-regulated the promoter activity of OPN in a dose-de-
pendent manner. Similarly, SHH and IHH caused a signifi-
cant up-regulation in promoter activity of OPN in
MCC012A (p � 0.01) and MCC012F (p � 0.005) (Fig. 1H).
SHH was also able to reverse and rescue the inhibitory
effects of cyclopamine on the levels of the OPN transcript
thereby re-instating Hh signaling (Fig. 1I).
The Transcription Factor GLI1 Up-regulates OPN—Signal-

ing via the Hh pathway culminates in the transcription of
target genes by the GLI transcription factors. We tested the
role of transcription factor GLI1 in mediating the effects of
the Hh pathway on OPN. We scanned the promoter region
of human OPN (up to 1 kb upstream of transcription start
site) for GLI1-binding sites using TFSEARCH and identified
a putative GLI1 binding site at position �243 to �259 (5�-
TGCTGAATGCCCATCCC-3). As shown in Fig. 2A,
co-transfection of a GLI1 expressing construct with an OPN
promoter construct (OPN-352; encompassing the �352 to
�112 region) brought about a significant (p � 0.0001)
increase in the activity of the OPN promoter. The putative
GLI1-binding site in theOPN promoter differs from the con-
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sensus GLI1-binding site by 3 nucleotides as shown in Fig.
2A. We abolished this site from the OPN-352 promoter and
replaced it with a NotI site, keeping the distance from the

transcription site unchanged (we confirmed that in this
process no other transcription factor-binding site was gen-
erated). This mutant OPN construct, OPN-352Mut, was

FIGURE 1. The Hh pathway transcriptionally regulates OPN. A, levels of GLI1 and OPN are increased in primary cutaneous cancer and metastatic melanoma. Gene
microarray analysis (utilizing a Human Genome U133 Plus 2.0 array from Affymetrix, Inc.) was used to compare 40 metastatic melanoma samples, composed of 22
bulky, macroscopic (replaced) lymph node metastases, 16 subcutaneous and 2 distant metastases (adrenal and brain), to 16 primary cutaneous melanoma specimens
(14). The expression levels of GLI1 and OPN increase progressively beyond the stage of MIS through the stage of metastatic melanoma. Thin, thin melanomas (�1.5 mm
in Breslow thickness); IM, intermediate thickness (between 1.5 and 4.0 mm in Breslow thickness); thick, melanomas (that are �4.0 mm in Breslow thickness). The left y
axis denotes the scale for GLI1 expression and the right y axis corresponds to OPN levels. As compared with MIS, the increase in GLI1 in the metastatic melanoma
samples is statistically significant (p 	0.020). The increase in OPN expression in the thick and metastatic melanoma specimens is statistically significant compared with
the corresponding OPN levels in the MIS specimens (p 	 0.018 and 0.0018, respectively). B and C, inhibition of the Hh pathway negatively impacts OPN expression in
MCC012A, MCC012F, and MDA-MB-435 cells. B, cyclopamine treatment significantly (* indicates p � 0.0001) decreases the levels of OPN mRNA (assessed by qRT-PCR)
in MCC012A and MCC012F cells. C, cyclopamine significantly (* indicates p � 0.0001) decreases the levels of OPN mRNA in a dose-dependent manner in MDA-MB-435
cells. Specifically, cells were treated with the indicated concentrations of cyclopamine in Dulbecco’s modified minimum essential medium, F-12 supplemented with
0.5% fetal bovine serum. This medium was replaced with fresh cyclopamine-containing medium after 12 h. Cells were harvested for assay after 24 h of cyclopamine
treatment. RNA was assessed by real-time RT-PCR for OPN transcript levels. D, cyclopamine causes a dose-dependent decrease in the OPN promoter activity (200 ng
of pGL3-OPN transfected) in MCC012A and MCC012F cell lines. In the MCC012F cells, at the doses tested (10 and 20 �M), cyclopamine caused a significant (p 	 0.042
and 0.002, respectively) decrease in OPN promoter activity. In the MCC012A cell line, cyclopamine (10 �M) caused a noticeable, but not significant (p 	 0.06) decrease
in OPN promoter activity. Treatment with 20 �M cyclopamine caused a significant decrease (p 	 0.0006) in OPN promoter activity. Tomatidine had no effect on the
promoter activity of OPN. E, levels of OPN in the secretome were decreased upon treatment with cyclopamine. MDA-MB-435 cells were grown for the indicated time
in 0 (dimethyl sulfoxide (DMSO) control), 10, and 20 �M cyclopamine. The conditioned media were assayed for OPN. F and G, the Hh ligands stimulate OPN promoter
activity. Cells (MDA-MB-435) were transfected with the OPN promoter construct (200 ng) and treated with increasing concentrations of either SHH (F) or IHH (G). The
asterisk above the graph indicates that the activity of the OPN promoter was significantly (p � 0.0001) higher than that of the corresponding control (untreated) group
for all concentrations of IHH and SHH tested. H, triggering the Hh pathway by treatment with the ligands, SHH and IHH, results in a significant increase in OPN promoter
activity in metastatic melanoma cell lines, MCC012A (p 	0.0004 for SHH and p �0.0001 for IHH treatments) and MCC012F (p 	0.0078 for SHH and p 	0.0032 for IHH).
I, SHH was able to rescue the inhibitory effects of cyclopamine on OPN transcript levels. MDA-MB-435 cells (1 million) were treated with cyclopamine or tomatidine (20
�M). After 12 h, the medium of one cyclopamine-treated set was replaced with medium containing recombinant SHH (100 nM). The experiment was terminated after
24 h of the start of the initial cyclopamine treatment. RNA was assessed by real-time RT-PCR for OPN transcript levels. Error bars represent mean � S.E.
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unable to respond to GLI1, indicating that this site on the
OPN promoter was critical to its ability to be activated by
transcription factor GLI1 (Fig. 2A). Additionally, OPN-2Mut

is refractory to the effects of SHH and IHH. As seen in Fig.
2B, whereas OPN-352 (bearing the GLI1-recognition site)
shows a notable increase (p � 0.0001) in promoter activity in
the presence of stimulation by SHH and IHH, OPN-352Mut is
immune to the potentially activating effects of SHH and
IHH.
To determine whether GLI1 physically associates with the

OPN promoter, we immunoprecipitated cross-linked chroma-
tin from MDA-MB-435 cells with an anti-GLI1 antibody and
amplified the region of the OPN promoter that bears the GLI1
recognition sequence (Fig. 2C), implying that GLI1 associates
with the OPN promoter. We also controlled specificity of the
ChIP assay by performing PCR of the chromatin immunopre-
cipitate using primers located �1 kb upstream of the GLI1 rec-

ognition sequence (16) in theOPN promoter. The absence of a
product using these primers confirms specificity of the pull-
down. Thus, our data shows that OPN is transcriptionally acti-
vated by GLI1.
Knockdown of Endogenous GLI1 Blunts the Malignant

Behavior of Tumor Cells—To evaluate the functional effects
of active Hh signaling we generated stable cell lines that were
knocked down for GLI1 expression by RNA interference.We
assessed the efficacy of three shRNA constructs for silencing
GLI1 expression (Table 1). Notably, the two shRNA con-
structs that demonstrated effective GLI1 silencing, shRNA-1
and shRNA-2, overlap in the region they target. Using vector
construct GLI1 shRNA-1 (supplemental Fig. S2A), we gen-
erated four clones stably silenced for GLI1 expression. All
four clones also showed significantly reduced OPN expres-
sion. Of the four stable clones, clones KO1 and KO4
expressed the least amount of GLI1 followed by clones KO2

FIGURE 2. The OPN promoter bears a GLI1-binding site that responds to GLI1. A, mutating the putative GLI1-binding site in the OPN promoter makes the
OPN promoter insensitive to the effects of GLI1. The OPN promoter (�112 to �352 (pGL3-OPN-352)) was significantly activated (p � 0.0001) in response to
GLI1. Cells (MDA-MB-435) were transfected with either 100 ng of pGL3, pGL3-OPN-352, or pGL3-OPN-352Mut and 300 ng of pLNCX or pLNCX-GLI1. Empty pGL3
vectors (devoid of promoter) co-transfected with empty pLNCX vectors served as control. The inset box outlines the consensus GLI1-binding site and defines
the GLI1-binding site in the OPN promoter. The underlined nucleotides are distinct from the ones in the consensus site. The GLI1-binding site in the OPN
promoter is abolished in OPN-352Mut; the bases in bold have been altered to change from a GLI1-binding site to a NotI restriction enzyme site. Asterisk indicates
that the activation of the promoter activity (pGL3-OPN-352) is statistically significant (p � 0.0001) compared with pGL3 alone. B, pGL3-OPN-352 shows a
significant (p � 0.0001) activation in the activity in the presence of Hh ligands. In contrast to pGL3-OPN-352, pGL3-OPN-352Mut is resistant to the effects of Hh
ligands. C, ChIP assay in MDA-MB-435 cells, showing that GLI1 interacts with the OPN promoter. The antibodies used for immunoprecipitation are indicated.
Lane 1, PCR using primers encompassing the GLI1-binding site; lanes 2 and 3, PCR using a kit provided the ChIP-positive control and ChIP-negative primers,
respectively; and lane 4, PCR using primers amplifying a region of the OPN promoter that is �1 kb upstream of the GLI1-binding site. Error bars represent
mean � S.E.
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and KO3 (Fig. 3, A and B). KO1 and KO4 were used for
further detailed studies.
The Hh pathway has been reported to influence the expres-

sion of signature proteins thatmediate epithelial-mesenchymal
transition (EMT). Hence we examined GLI1-knocked down
clones KO1 and KO4 for the status of these signature markers.
As seen in Fig. 3C, expression of vimentin, SNAI2, and N-cad-
herin were notably decreased in KO1 and KO4 suggesting loss
of the mesenchymal phenotype in GLI1-knocked down cells.
We were unable to document concomitant expression of
E-cadherin in KO1 and KO4 (data not shown).
We then tested GLI1-silenced cells for their in vitro

attributes of aggressiveness, viz. cell migration, invasion, and
motility. Although GLI1 silencing had no significant effect on
cell motility measured with a scratch assay (Fig. 4A), cells in
which GLI1 has been silenced showed statistically significant
(p� 0.0001) decreases in cell migration and invasionmeasured

inmodified Boyden chamber assays (Fig. 4,B andC). There was
no statistically significant (p � 0.05) effect of GLI1 silencing on
cell proliferation in vitro (supplemental Fig. S2B). To examine
the effect of GLI1 knockdown on the ability of cells to grow
tumors as xenografts, we injected GLI1-silenced cells and the
corresponding vector-only and scrambled control cells in athy-
mic nudemice.Although therewas no change in the tumor take
rate, there was slower growth rate of GLI1-silenced cells up to
day 11 (Fig. 4D); the rate of growth subsequent to day 11 was
similar between control and silenced cells. The implications of
these observations are discussed below. In general, cells
silenced for GLI1 showed a significantly (p � 0.005) slower
growth of tumors over the monitored time course. This was
also reflected in the significantly (p � 0.005) decreased num-
bers of pulmonary metastases (Fig. 4E) resulting from sponta-
neous metastasis of the injected cells. In summary, the results
suggest that GLI1 silencing has little or no effect on prolifera-
tion or primary xenograft growth, but has a marked effect on
metastasis. Thus, expression of GLI1 plays a functionally
important role in the malignant behavior of tumor cells.
OPNMediates the Effect of GLI1 onMalignant Cell Behavior—

To determine the role of OPN in mediating GLI1 effects we
restored the effects of OPN in GLI1-KO cells. We assessed this
in two ways: (a) we treated the GLI1-knocked down cells with
recombinant OPN and (b) we stably transfected the GLI1-
knocked down cellswith a plasmid construct expressing human
OPN (Fig. 5A).We thenmonitored these cells in vitro for prop-

erties of migration, invasion, and
motility. When the GLI1-knocked
down cells were cultured in the
presence of OPN, KO1 and KO4
cells were restored for the ability to
migrate (p � 0.0001) (Fig. 5B) and
invade through Matrigel� (Fig. 5C)
in much larger numbers (p � 0.005)
compared with untreated cells.
Motility of GLI1-silenced cells was
also restored in KO1 cells (p� 0.05)
and KO4 cells in the presence of
recombinant OPN (p � 0.05) (Fig.
5D). The levels of theOPN receptor,
CD44, were comparable in the vec-
tor-only and KO cells (supplemen-
tal Fig. S2C), implying that both cell
types should be receptive and
responsive to OPN.
Similarly, stably restoring the

expression of OPN (Fig. 5A) in the
GLI1-knocked down cells rein-
stated the ability of the cells to che-
motacticallymigrate through a filter
(8 �m pores) (Fig. 5B), invade
through Matrigel (Fig. 5C), and
restore the ability of the cells to
move laterally (in a scratchmotility/
wound healing assay) (Fig. 5D). Res-
toration of OPN expression in
GLI1-silenced (KO1) cells caused

FIGURE 3. shRNA to GLI1 abrogates expression of OPN and brings about a partial reversal of EMT. A, MDA-
MB-435 cells were stably transfected with shRNA to GLI1. Clones KO1 to KO4 were stably silenced for GLI1 and
show notably reduced OPN expression. B, real time RT-PCR shows that the expression of GLI1 mRNA in KO1 to
KO4 was notably lower than the controls (vector-only and scrambled transfected). C, vector-only, scrambled
transfectants and KO1 and KO4 cells were immunoblotted for the expression of markers of EMT (vimentin,
SNAI2, and N-cadherin). �-Tubulin serves as a loading control. Error bars represent mean � S.E.

TABLE 1
Details of the region in GLI1 transcript that was targeted by the
shRNAs used to assess efficacy of silencing GLI1
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the cells to form rapidly growing tumors in mice (Fig. 5E). As
compared with KO1 cells transfected with empty vector
(KO1-pcDNA3), the two clones restored for OPN, viz. KO1/
OPN.5 and KO1/OPN.8, formed tumors that grew faster than
control cells. This implied that regulation of OPN by the Hh
pathway is functionally critical to the malignant properties of
cancer cells.

DISCUSSION

The role of the Hh pathway has been well documented in
several cancer histotypes (13, 20–25). The activities of this
pathway have been attributed to several mediators, such as
platelet-derived growth factor (26), fibroblast growth factor
(27), bonemorphogenic protein (28), Notch (29), andWnt (30),
which have been identified as Hh target genes in various mod-
els.However, to date, fewuniversal target genes have been iden-
tified across different systems and much work still needs to be
done to determine how Hh overexpression contributes to
tumorigenesis.
Our studies indicate that signaling via the Hh pathway can

transcriptionally up-regulate OPN, an oncogene that has

been widely reported to promote
tumorigenesis, tumor progres-
sion, and metastasis in several
cancer types. The regulation of
OPN by the transcription factor
GLI1 is integral to the malignant
behavior of cancer cells as evi-
denced by the impaired ability of
tumor cells to migrate, invade, and
grow in vivo as xenografts when
endogenous GLI1 expression is
silenced. OPN is a secreted protein
that influences multiple down-
stream signaling events that allows
cancer cells to resist apoptosis,
invade through extracellular matrix,
evade host immunity (31), and influ-
ence growth of indolent tumors (32).
OPN induces integrin (33–40) and
CD44-mediated migration (41) via
hepatocyte growth factor, its recep-
tor, Met (42, 43), and epidermal
growth factor (42, 43) and enhances
the invasive ability of cells by induc-
ing the expression of proteases such
as MT1-matrix metalloproteinase,
matrixmetalloproteinase-2 (44, 45),
and urokinase plasminogen activa-
tor (46). Clinically, OPN expression
is up-regulated in several malignan-
cies including breast cancer, mela-
noma, prostate cancer, colorectal
cancer, and head and neck cancer
(47). We reported that OPN consti-
tutes a component of the secretome
of several melanoma-derived cell
lines (14) and is expressed in meta-

static breast cancer cell lines (18). Independent studies have
also reported an increase in levels ofOPN inmelanoma-derived
cell lines (48, 49). Recent findings from our laboratory have
revealed that expression of OPN is 13-fold higher when com-
paring thin melanomas to metastatic melanomas.3 Our studies
have revealed that the expression of GLI1 increases notably as
cutaneous cancer progresses from a stage of melanoma in situ
to intermediate and thick melanoma to metastatic melanoma.
The increase in GLI1 expression is paralleled by an increase in
OPN levels. Overall, our observations underscore the role of
enhanced Hh signaling via increased GLI1 transcriptional
activity in potentiating the malignant behavior of melanoma
cells and contributing to disease progression. Our findings are
in contrast to those reported by Stecca et al. (13) who did not
find changes in expression levels of GLI1 in a limited set of
sporadic human melanomas versus nevi. Nonetheless, they
found that melanomas showed characteristically activated Hh
signaling. The active Hh signaling may be due to ligand-de-

3 B. J. Metge, S. Liu, A. I. Riker, O. Fodstad, R. S. Samant, and L. A. Shevde,
manuscript in preparation.

FIGURE 4. Silencing endogenous GLI1 expression diminishes attributes of motility, invasion, migration,
and proliferation and negatively impacts tumorigenicity and metastasis. A, abrogating GLI1 expression
(KO1 and KO4) reduced the ability of cells to move and fill in a wound in the cell monolayer (p � 0. 05). Silencing
endogenous expression of GLI1 significantly decreases the ability of cells to migrate (B) (p � 0.0001) across
gelatin-coated filters and invade (C) (p � 0.0001) through Matrigel. The readings of KO1 and KO4 were com-
pared with the corresponding scrambled control-transfected cells to determine statistical significance. In all
cases, the vector-only cells were comparable with the scrambled control cells (p � 0.1). D, GLI1-silenced cells
were compromised for their tumorigenicity. Tumor measurements are represented as mean tumor diameter �
S.E. As compared with the scrambled control cells both KO1 (p 	 0.0028) and KO4 (p 	 0.0018) formed
significantly slower growing tumors. E, the GLI1 KO1 (p 	 0.0012) and KO4 (p 	 0.0005) cells were significantly
impaired in their ability to form spontaneous metastases. Error bars represent mean � S.E.
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pendent mechanisms, cell-intrinsic ligand-independent mech-
anisms, or cross-talk between the oncogenic Ras/Akt pathway
and Hh/GLI signaling resulting in enhancements of GLI1 tran-
scriptional activity (13).
The Hh pathway has been reported to be aberrantly active in

several cancer types, including breast cancer (50–52) and mel-
anoma (13, 53). Hh pathway components were detected in nevi,
melanoma, and lymph node metastases of melanoma (13).
Enforced expression of GLI1 induced the expression of Snail
(54), whereas blockade of Hh signaling by the inhibitor cyclo-
pamine suppressed pancreatic cancer invasion and metastasis
by inhibiting EMT (55). Our study is in agreement with these
reports because we have documented a loss of mesenchymal
markers by abrogating GLI1 expression. EMT-related genes
(N-cadherin, OPN, and osteonectin) have been reported to
contribute to the promotion of the metastatic phenotype in
primary cutaneous malignant melanomas by supporting spe-

cific adhesive, invasive, and migratory properties (56). More-
over, these findings support our observations showing that
GLI1 silencing attenuates malignancy-associated attributes,
such as invasion, migration, and motility.
Interestingly, our results show that GLI1 silencing retards

the tumor (xenograft) rate only in the early phase. After day
11 post-injection, the growth of GLI1-silenced tumors pro-
ceeded at the same rate as that of controls. This data can have
multiple implications. First, it is likely that over time, a
revertant population outgrew the GLI1-silenced cells. These
revertants may have either lost the effects of RNA interfer-
ence or may have by-passed the requirement for GLI1 sig-
naling. In this case, the cells may have utilized other signal-
ing pathways to up-regulate OPN. Second, trace levels of
OPN secreted by GLI1-silenced cells (Fig. 3A) can accumu-
late in the local microenvironment from the growing tumor
andmay have stimulated cell growth. Overall, GLI1 silencing

FIGURE 5. Restoring the availability of OPN-initiated signaling in GLI1-silenced cells reinstates their motility and ability to migrate and invade.
A, immunoblot representing the restored OPN in cells that have been stably knocked down for GLI1 (GLI1 KO; and consequently express decreased levels of
OPN). GLI1 KO cells were stably transfected with empty vector, pcDNA3.1, or pcDNA3.1 expressing OPN. B, migration assay: compared with the respective
untreated cells, the OPN-treated cells migrate in significantly larger numbers (p � 0.0001). As compared with KO1, the KO/OPN stable transfectants migrate in
significantly greater numbers (p � 0.0001). C, invasion through Matrigel. As compared with the respective untreated cells, the OPN-treated cells invade in
significantly larger numbers (KO1, p � 0.0001; and KO4, p 	 0.0038). In contrast to KO1, the KO/OPN stable transfectants invade in significantly larger numbers
(p � 0.0001). D represents the results of the wound healing assay. Although the KO/OPN and KO1 � OPN cells are able to move significantly faster than the
respective control KO1 cells (p 	 0.0269 and p 	 0.0066, respectively), the motility of KO4 cells treated with OPN follows a similar fast trend (p 	 0.15). (KO1 �
OPN and KO4 � OPN represent experimental conditions wherein the cells were cultured in OPN-containing medium for 24 h and assayed in the presence of
OPN. KO/OPN represents the GLI1-knocked down cells that have been stably transfected with OPN.) E, restoration of OPN in GLI1-silenced cells results in
enhanced ability of the cells to grow as xenografts in athymic nude mice. Tumor measurements are represented as mean tumor diameter � S.E. As compared
with the vector-only (pSUPERIOR) and Gli1-silenced (KO1) cells, the two clones, KO1/OPN.5 and KO1/OPN.8, both formed significantly faster growing tumors
(p � 0.05). Error bars represent mean � S.E.
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had a pronounced effect on tumor malignancy in vivo by
reducing metastasis.
We have used the MDA-MB-435 cell line as a model to

address and investigate our hypothesis because it has been
reported to produce abundant levels ofOPN (16, 18, 46, 57–59).
This cell line has been at the center of controversy, which has
called its origin into question, with the common consensus that
it is of melanocytic origin (60–63) despite the fact that it pro-
duces milk proteins (64), and is the most reliable and widely
used cell line model to study spontaneous metastasis following
xenograft establishment in themammary fat pads. Our study in
thismodel system, which endogenously expresses high levels of
OPN, supports a role for the Hh pathway in regulating malig-
nant cell behavior. Moreover, our findings can have implica-
tions onmultiple cancer histotypes that overexpress OPN (65).
Our findings can have two implications. First, it is interesting

that the Hh ligands and OPN, the signaling intermediate of the
active Hh pathway, are secretedmolecules. This allows them to
influence the behavior of cells in the tumormicroenvironment.
OPN has been documented to influence the behavior of cells in
a paracrine manner. Although serum OPN influences the
migratory behavior of melanoma cells (66) and tumor-derived
OPN inhibits nitric-oxide synthase activity of macrophages
(67), OPNproduced by fibroblasts is able to influence growth of
pre-neoplastic cells (68). Thus, it is likely that active Hh signal-
ing in a subset of cancer cells can potentially be amplified by
secretion of OPN into the tumor microenvironment. The
secreted OPN, in turn, can promote malignant behavior in
neighboring cancer cells, regardless of the status of the Hh
pathway. Second, whereasOPN is capable of long-range signal-
ing, the secreted Hh ligand proteins participate in short-range
signaling and can move many cell diameters from their source
of production and often control developmental outcomes in a
concentration-dependent manner (10). For example, during
ventral spinal cord patterning, SHH forms a ventral-to-dorsal
gradient with different concentrations specifying distinct pools
of neural progenitors (69). It is likely that such a situation also
prevails in a tumor; in which case, theHh ligands produced by a
subpopulation of cells within a tumor can trigger activation of
the pathway in the recipient cell.
Metastatic melanoma continues to be a devastating disease

with grim prognosis and a very limited availability of FDA
approved agents for its treatment. The Hh pathway has been
the subject of intense investigation as a therapeutic target with
inhibitors in clinical trials. Our study draws attention for these
Hh inhibitors to be explored for treating metastatic melanoma
with the prospect that OPNmay serve as a surrogate marker of
monitoring the effectivity of Hh inhibitors.
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