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Background: The Wntl pathway is recognized to play a major role in cancer progression.
Results: The promoter region of the WNTI gene can form G-quadruplex structures, which regulate WNT1 expression and its

downstream signaling pathways.

Conclusion: The Wntl-mediated migration and invasion activities of cancer cells are inhibited by G-quadruplex stabilizers.
Significance: A pathway-specific strategy is identified to repress cancer metastasis using G-quadruplex stabilizers.

WNT1 encodes a multifunctional signaling glycoprotein that
is highly expressed in several malignant tumors. Patients with
Wntl-positive cancer are usually related to advanced metasta-
sis. Here, we found that a stretch of G-rich sequences located at
the WNT1 promoter region is capable of forming G-quadruplex
structures. The addition of G-quadruplex structure stabilizers,
BMVC and BMVC4, raises the melting temperature of the
oligonucleotide formed by the WNT'I promoter G-rich sequences.
Significantly, the expression of WNT1 was repressed by BMVC
or BMVC4 in a G-quadruplex-dependent manner, suggesting
that they can be used to modulate WNT'1 expression. The role of
G-quadruplex stabilizers on Wntl-mediated cancer migration
and invasion was further analyzed. The protein levels of
B-catenin, a mediator of the Wnt-mediated signaling path-
way, and the downstream targets MMP7 and survivin were
down-regulated upon BMVC or BMVC4 treatments. More-
over, the migration and invasion activities of cancer cells
were inhibited by BMVC and BMVC4, and the inhibitory
effects can be reversed by WNTI-overexpression. Thus the
Wntl expression and its downstream signaling pathways can
be regulated through the G-quadruplex sequences located at
its promoter region. These findings provide a novel approach
for future drug development to inhibit migration and inva-
sion of cancer cells.
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The Wnt-mediated signal pathway controls various cellular
functions, including proliferation, survival, migration, and
development by trigger downstream signaling cascades (1). The
canonical Wnt-mediated signaling pathway is activated by the
binding of Wnts to Frizzled receptors and LRP5/6 co-receptors
in the plasma membrane. The LRP5/6 is phosphorylated and
Dishevelled (Dsh) is recruited to the plasma membrane to
interact with Frizzled and inactivate the destruction complex to
protect B-catenin from degradation. The accumulation of cyto-
plasmic B-catenin then translocates to the nucleus where it
interacts with transcription factor T-cell factor (Tcf)/lymphoid
enhancer factor (Lef) and stimulates the expression of target
genes (2, 3). Many of the Wnt-targeted genes are involved in
proliferation (myc and cyclin D1), angiogenesis (WISP1),
migration (Wrchl), or invasion (MMP7) (4—7). Thus, aberrant
activation of Wnt signaling is observed in a variety of tumors.
For example, high levels of WNT1 expression in patients are
associated with advanced metastasis (8 —10). Moreover, Wnt1-
positive cancers show higher proliferation capacities, and the
overall survival is lower in patients with Wnt1-positive cancer.
Thus, developing the Wnt pathway inhibitors has been consid-
ered as a therapeutic approach for the treatment of patients
with cancers and other Wnt-related diseases (11).

The regulation mechanism of WNT1 expression has been
analyzed. Functional analysis of human WNT1 proximal pro-
moter using reporter assays revealed that the 277-bp upstream
sequence of WNT1 is sufficient for the control of developmen-
tally regulated expression (12, 13). Pax3, for example, stimu-
lates the transcription of WNTI through its association with a
conserved binding site located at position —130 to —136 within
the WNTI promoter (14). Sequence analysis of this 277-bp
upstream sequence also identified two TATA boxes and a
stretch of extremely G-rich sequence. Interestingly, the G-rich
sequence of the WNT1 promoter contains four runs of at least
three contiguous guanines that may form G-quadruplex struc-
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tures under physiological conditions. Formation of G-quadru-
plex structures by the G-rich sequences were also found in the
promoter regions of other oncogenes including c-myc, VEGF,
bcl-2, and c-kit (15-18). Moreover, these G-quadruplex struc-
tures were shown to repress the expression of these genes in the
presence of G-quadruplex stabilizers (15). Hence, it is possible
that the G-rich sequence within the WNTI promoter might
form specific G-quadruplex structure that could be a drug tar-
get for regulating WNT1 expression.

Previously, we have developed two carbazole derivatives, 3,6-
bis(1-methyl-4-vinylpyridinium) carbazole diiodide (BMVC)*
and 3,6-bis(4-methyl-2-vinylpyrazinium) carbazole diiodide
(BMVC4), that bind to G-quadruplex structure formed by telo-
meric DNA sequences, inhibit telomerase activity, cause telo-
mere shortening, and induce cancer cells into senescence (19,
20). The binding of BMVC and BMVC4 to G-quadruplex struc-
tures, however, is not limited to telomeres as they also target a
quadruplex forming sequence located at the promoter region
of c-myc to repress its expression. Here, we test the possibility of
G-quadruplex structure formation by the G-rich sequences of
WNTI promoter and evaluate the potential of repressing
WNT1 expression using our developed G-quadruplex stabiliz-
ers. We find that the G-rich sequence of WNT1 promoter is
capable of forming G-quadruplex structure in the presence of
potassium ion. Both BMVC and BMVC4 repressed the expres-
sion of WNT1 in a G-quadruplex structure-dependent manner.
The Wntl-mediated signaling pathway was repressed upon the
addition of BMVC and BMVC4 in cancer cells. Consequently,
the migration and invasion activities of cancer cells were also
decreased. Thus, our results provide a novel mechanism of sup-
pressing tumor metastasis through stabilizing the G-quadru-
plex forming sequence located at the WNT1 promoter.

EXPERIMENTAL PROCEDURES

DNA Preparation—All oligonucleotides were purchased
from Bio Basic (Ontario, Canada) and used without further
purification. DNA samples were prepared by dissolving oligo-
nucleotides in 10 mm Tris-HCI (pH 7.5). DNA concentrations
were determined using a UV-visible absorption nanophotom-
eter (Implen). An appropriate amount of KCl was added to the
DNA samples 70 min before experiments. All DNA samples
were prepared as described unless specified. For ligand treat-
ments, the DNA samples were incubated with individual
ligands for 30 min before experiments. The annealing experi-
ments were conducted by dissolving oligonucleotides in 10 mm
Tris-HCI (pH 7.5) containing 5 or 150 mm KCl followed by heat
denaturation at 95 °C for 10 min and slow cooling to room
temperature (1 min/°C).

Circular Dichroism (CD) Spectra and Melting Temperature
Measurement—The CD spectra were recorded using a spectro-
polarimeter (J-715, Jasco, Japan) with a bandwidth of 2 nm at a
scan speed of 50 nm/min and a step resolution of 0.2 nm under
N, over the spectral range of 210-350 nm to monitor the G4

“The abbreviations used are: BMVC, 3,6-bis(1-methyl-4-vinylpyridinium) car-
bazole diiodide; BMVC4, 3,6-bis(4-methyl-2-vinylpyrazinium) carbazole
diiodide; SEAP, secreted alkaline phosphatase; QFS, G-quadruplex-form-
ing sequence.
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structures. Thermal melting curves were recorded by a Peltier
thermal coupler chamber (PFD-4255/15, Jasco) and the molar
ellipticity was monitored at 265 nm between 10 and 100 °C with
a temperature ramping rate of 1 °C/min rate. The melting tem-
perature (T,,) was measured from the first differential of the
melting curve. The induced CD were recorded at the range of
360—-600 nm after mixing with 1:1, 1:2, and 1:3 molar ratio of
DNA to ligands for 30 min before experiments.

'H Imino Proton NMR Spectra—Experiments were per-
formed on a Bruker AVIII 800 MHz spectrometer equipped
with a cryoprobe at 25 °C. The one-dimensional imino proton
NMR spectra were measured in H,O/D,O (90%/10%) using
jump and return sequences for solvent suppression. The DNA
samples were prepared at a strand concentration of 100 um with
an internal reference of DSS (0.1 mMm sodium 4,4-dimethyl-
4-silapentane-1-sulfonate).

Quantification of WNT1, MMP7, and Survivin RNA—The
real-time quantitative RT-PCR was also used to determine the
mRNAs of WNT1, MMP?7, and survivin. Cells were treated with
10 um BMVC or BMVCH4 for 4 days and then subjected to RT-
PCR analysis. Total RNA was isolated using TRIzol reagent
(Sigma) and reverse-transcribed by random hexamers using
c¢DNA reverse transcription kit (Applied Biosystem). The
reverse-transcribed products were then analyzed using Cyber
Green I system (FastStart Universal SYBR Green Master, Roche
Applied Science). Primers used for PCR reactions were: WNT1
(forward primer 5'-CTGTCCTGCCTCCTCATC-3’ and reverse
primer 5'-GGACCCAGCACAATAAATAGTT-3'), MMP7
(forward primer 5'-CCTCCACTCACTATGTAGA-3’, and re-
verse primer 5'-ATTCTTATCTCCAACTTCCAA-3’), survivin
(forward primer 5'-CCTGGCTCCTCTACTGTT-3' and reverse
primer 5'-ACTCTATTCTGTCTCCTCATCC-3"), GAPDH
(forward primer 5'-TAACTCTGGTAAAGTGGATA-3' and re-
verse primer 5'-AAGATGGTGATGGGATTT-3'). The para-
meter Ct is defined as the fractional cycle number at which the
fluorescence is generated by the Cyber green I system. Quant-
ifications were first determined by normalizing the Ct values of
the tested mRNA with the Ct of GAPDH. The relative values
were then obtained using no drug treatment as 100%. Quan-
tification results were obtained from three independent
experiments.

Immunoblotting Analysis—The BMVC- or BMVC4-treated
H1299 cells were washed twice with phosphate-buffered saline
(PBS) and lysed using radioimmune precipitation assay buffer
(10 mMm Tris-HCI (pH 7.4), 150 mMm NaCl, 5 mm EDTA, 1%
Triton X-100, 100 um phenylmethylsulfonyl fluoride, 1 mg/ml
leupeptin, 1 mg/ml aprotinin, and 25 mwm dithiothreitol). Equal
amount of total proteins were separated on SDS-PAGE gels and
transferred to nitrocellulose membranes. Antibodies against
Wntl (1:1000 dilution, Spring, REF E3960), MMP7 (1:1000
dilution, GeneTex, GTX104658), B-catenin (1:1000 dilution,
GeneTex, GTX61089), and GAPDH (1:5000 dilution, Milli-
pore, MAB374) were used as the primary antibodies. Horserad-
ish peroxidase-conjugated anti-mouse IgG or anti-rabbit IgG
(Amersham Biosciences) were used as the secondary antibod-
ies. Blots were visualized using enhanced chemiluminescence
system (PerkinElmer Life Sciences).
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Construction of WNT1 Reporter Plasmid and Site-directed
Mutagenesis—The WNT1 promoter ranging from —600 to 201
relative to the transcription starting site was PCR-amplified
from H1299 genomic DNA and cloned upstream to a secre-
ted alkaline phosphatase (SEAP) reporter gene to generate
pWNT1-SEAP. To construct a mutant that fails to form
G-quadruplex structure, plasmid pWNT1-SEAP was used as
the template for mutagenesis using Pfu DNA polymerase
(Stratagene). The resulting mutations were verified by DNA
sequencing of the plasmids.

SEAP Assay (21)—Secreted alkaline phosphatase was used as
the reporter system to monitor the transcriptional activity of
WNT1. Here, about 1 X 10* each of cells were grown in 96-well
plates and incubated at 37 °C for 24 h and then changed with
fresh media. Varying amounts of drugs were added, and cells
were incubated for another 24 h. Culture media were collected
and heated at 65 °C for 10 min to inactivate heat-labile phos-
phatases. An equal amount of SEAP buffer (2 m diethanol-
amine, 1 mMm MgCl,, and 20 mMm L-homoarginine) was added to
the media, and p-nitrophenylphosphate was added to a final
concentration of 12 mMm. Absorptions at 405 nm were taken,
and the rate of absorption increase was determined.

Chromatin Immunoprecipitation Assay (ChIP)—H1299 cells
were treated with 10 um BMVC and cross-linked by 1% form-
aldehyde at room temperature for 20 min. Cells were harvested
by centrifugation, washed by PBS, and lysed by incubating on
ice using a buffer containing 50 mm Tris pH 8.0, 1% SDS, 10 mm
EDTA, 0.5 mm DTT, and protease inhibitor mixture (Calbi-
ochem). The lysed cells were then sonicated, and the chro-
matins were harvested by centrifugation. The resulting chro-
matins were suspended in ChIP buffer (60 mm Tris pH 8.0, 12
mMm EDTA, 0.01% SDS, and 0.9% Triton X-100) and immuno-
precipitated by anti-nucleolin antibody (GeneTex, GTX30908).
The immunoprecipitates were resuspended in elusion buffer
(0.2 M NaHCO3, 0.012 M NaCl, and 1% SDS) and then heated at
65 °C for 4 h to remove cross-links. The reactions were then
adjusted to 64 mm Tris (pH 6.5) and 16 mm EDTA by adding
Tris and EDTA, respectively. Proteinase K was added to the
reactions and incubated at 45 °C for 1 h to remove proteins. The
resulting DNA samples were extracted by phenol/chloroform
and ethanol-precipitated. Quantitative real-time PCR analyses
were conducted using primers targeting GAPDH, QFSL (for-
ward 5'-ACACAGTCCAGACACTCTGC-3" and reversed
5'-ACGTGCAGAAACTCCTTGTTC-3’') and QFSR (forward
5'-CCAGCGCCGCAACTATAAGA-3" and reversed 5'-GGC-
GACTTTGGTTGTTGCCC-3').

Immunofluorescence—H1299 cells were treated with BMVC
or BMVC4, fixed, and incubated with anti-B-catenin antibody
(1:250 dilution, GeneTex, GTX61089). Visualization of
B-catenin was achieved by the addition of rhodamine-conju-
gated anti-mouse IgG Jackson ImmunoResearch Laboratories,
rhodamine RedTM-X-conjugated) and observed under fluo-
rescence microscopy (OLYMPUS BX50). The fluorescence sig-
nals were quantified using MetaMorph imaging system soft-
ware using the value of mock as 1.

Scratch Assay—Cells were treated with 3, 5, or 10 um BMVC
or BMVCA4 for 4 days and subjected to scratch assay. The drug-
treated cells were plated and scratched with a pipette tip to
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generate a cell-free zone. Cells were then incubated at 1% serum
culture medium to avoid further cell proliferation. Migration of
cells toward the cell-free zone was monitored after 24 h using a
Leica DFC 420c camera (Leica Microsystems), and the migra-
tion rates were determined. The relative migration activities
were obtained using the value of solvent control as 1.

Invasion assay—Cells were incubated with 10 um BMVC or
BMVC4 for 4 days, and the invasion assays were then per-
formed using the QCM ECMatrix Cell Invasion assay kit (Mil-
lipore, ECM554). Briefly, ~2 X 10* of the drug-treated cells
were grown in the upper chamber in serum-free medium with
20% serum medium in the bottom chamber. Invasive migration
of cells through the ECM layer was then determined by crystal
violet staining of the bottom of upper chamber. The relative
invasion activities were obtained by measurement of A, and
using the value of solvent control as 1.

RESULTS

The G-rich Sequence Located at the WNT1 Promoter Is Capa-
ble of Forming G-quadruplex Structure in Vitro—A stretch of
G-rich sequence was identified at the —193 to —167 region of
the WNTI promoter (Fig. 14). To test the potential of this
sequence to form G-quadruplex, the CD spectrum analysis was
first conducted. CD provides spectral information for the exist-
ence of G-quadruplex structures and the determination of
DNA strand orientation for a given G-quadruplex structure.
Signature CD spectra have previously been determined for sev-
eral novel G-quadruplex structures in the presence of monova-
lent cations (22-24). The antiparallel-type G-quadruplexes
containing alternating syn- and anti-glycosyl bond conforma-
tions have been shown to have a CD spectrum characterized by
a positive CD band at ~295 nm, whereas parallel-type G-qua-
druplexes composed of all anti-glycosyl bond conformations
have a positive CD band at ~265 nm and a negative CD band at
~240 nm. An oligonucleotide carrying the G-quadruplex-
forming sequence of WNT'I promoter was synthesized here and
analyzed by CD to evaluate the formation of G-quadruplex
structure. The CD spectrum of WNT1 oligonucleotide dis-
played a positive CD band at 264 nm and a negative CD band at
240 nm together with a relative weak positive CD band at 292
nm in the presence of 5 mm K (Fig. 1B). An increase of the
264-nm intensity was observed in 150 mm K™ solution. This
result implies that WNT1 oligonucleotide forms a mixed par-
allel/antiparallel folding pattern with at least two different
G-quadruplex conformations.

Formation of the G-quadruplex structures by the WNTI
G-rich sequence was also examined using NMR spectroscopy.
In contrast to the Watson-Crick base pairing that exhibits
chemical shift of 13—14 ppm for guanine imino protons (H')
(25), the typical chemical shifts for the guanine imino proton
involved G-G pairing were within the range of 10—12 ppm (26,
27). In the absence of potassium ion, the guanine imino protons
of WNT1 DNA showed several typical chemical shifts at
around 13 ppm (Fig. 1C). The addition of 5 mM K caused a
major change of chemical shifts, for which a signature chemical
shift for G-quadruplex structure was observed centered at
11-12 ppm. With increasing K™ concentrations, the individual
guanine peaks became less distinct and were replaced by a less-
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FIGURE 1. The G-rich sequence located at the WNT7 promoter is capable of forming a quadruplex structures in vitro. A, the location of G-rich sequence
at the human WNTT promoter. B, CD spectra of the WNTT G-rich sequence. The CD spectra of 100 um WNT1 (5'-GGGGGCCACCGGGCAGGGGGCGGGGG-3')
oligonucleotide were recorded over the spectral range of 210-350 nm. The annealing samples were preheated at 95 °C for 10 min and slowly cooled to
room temperature (1 min/°C) in the presence of 5 mm KCl or 150 mm KCl. C, one-dimensional imino proton NMR spectra of WNT1 oligonucleotide. NMR
spectra were taken using a Bruker 800 MHz spectrometer. WNT1 oligonucleotide at 100 um concentration was prepared in the absence of KCl and with
the addition of 5, 20, 75, and 150 mm KCI. The NMR spectra of the annealed samples at 100 um WNT1 oligonucleotide in the presence of 5 mm KCl or 150
mm KCl were also obtained. Concentration-dependent CD spectra (D) and melting curves (E) of 10, 50, and 100 um WNT1 oligonucleotide were at 5 mm

KCl or 150 mm KCI.

defined broad band. The results suggest that WNT1 oligo-
nucleotide at low K* concentrations predominately formed
a conformationally defined G-quadruplex structure. Increasing
K™ concentration resulted in the formation of less defined high
order G-quadruplex structures. Because the position of G-G base
pairings within the oligonucleotide could vary at different K con-
centration, the results also suggest that multiple G-quadruplex
conformations are formed. Nevertheless, both spectral analyses
support that the G-rich sequences within the WNT1 promoter
is capable of forming G-quadruplex structure.

To further define the structure of WNT1 oligonucleotide at
different K" concentrations, we conducted annealing experi-
ments using both 5 and 150 mm K™ concentrations. Upon heat-
denaturing and slow-cooling, the interactions between bases
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were maximized. Indeed, CD spectra analysis showed a further
enhancement of the 264-nm intensities were apparent at both 5
and 150 mMm K™ solution when we annealed the WNT1 oligo-
nucleotide (Fig. 1B). At 150 mm K™ concentration, the NMR
spectrum was similar to that observed without the annealing
step (Fig. 1C). Significantly, distinct chemical shifts at 11-12
ppm were apparent at 5 mm K* concentration, indicating that
the WNT1 oligonucleotide at 5 mm K" concentration prefers
to form a conformationally defined G-quadruplex structure.
High K™ concentrations appear to favor maximization of G-G
pairing to form high order G-quadruplex structures.

We next evaluated whether the structure formed by WNT1
oligonucleotide is intramolecular G-quadruplex. Because the
formation of intermolecular G-quadruplex is dependent on the
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FIGURE 2. Stabilizing WNT1 G-quadruplex structure by BMVC and BMVC4. A, structures of G-quadruplex stabilizers BMVC and BMVC4. B, BMVC and BMVC4
enhance the T,, of WNTT G-quadruplex. Temperature-dependent CD signals at 265 nm of the WNTT quadruplex and upon interaction with BMVC and BMVC4
in 5mmK™ solution at 8 um DNA concentration with 16 um BMVC or BMVC4. C, CD and induced CD spectra of 100 um Wnt1 oligonucleotide in 5 mm K* buffer
solution with the addition of BMVC from 1:1 to 1:3 molar ratio. D, CD and induced CD spectra of 100 um Wnt1 oligonucleotide in 5 mm K* buffer solution with

the addition of BMVC4 from 1:1 to 1:3 molar ratio.

concentration of oligonucleotide, whereas intramolecular
G-quadruplex is not, it is anticipated that the CD spectra
observed in Fig. 1B should not be affected by decreasing the
WNTT1 oligonucleotide concentration. Indeed, identical spec-
tra of WNT1 oligonucleotide at 5 mm K™ were observed when
the DNA concentrations were decreased (Fig. 1D). In contrast,
a decrease of the 265-nm CD intensity was observed when the
DNA concentration was decreased to 10 um at 150 mm K™
concentration. Our results also predict that the melting tem-
perature of intramolecular G-quadruplex structure should not
be affected by DNA concentration, whereas the intermolecular
high order structure should be. The CD melting curves as a
function of the DNA concentrations were also conducted.
Almost identical melting curves were observed at 5 mm K*
concentration for three different concentrations of DNA (Fig.
1E). The melting temperatures at 5 mm K™ concentration were
~58 °C for all three DNA concentrations. In contrast, the melt-
ing temperature increases at 150 mm K™ solution in a DNA
concentration-dependent manner. This striking difference can
be explained by the formation of additional intermolecular
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G-quadruplexes when DNA concentrations were increased at 150
mum K™ solution. Accordingly, we conclude that WNT1 oligonu-
cleotide predominately forms the intramolecular G-quadruplex at
low K* concentrations and sufficient WNT1 oligonucleotides
favor the formation of intermolecular G-quadruplexes at high K™
concentrations in vitro.

BMVC and BMVC4 Repressed Wnt1 Expression through Stabi-
lizing the G-quadruplex Structure Formed at Its Promoter—
To evaluate the function of the G-rich sequence at the WNT'1
promoter, the effects of G-quadruplex structure formation on
Whtl expression were first analyzed. Previously, we character-
ized two carbazole derivatives, BMVC and BMVC4 (Fig. 24),
that bound and stabilized the G-quadruplex structures formed by
both human telomeric DNA sequences and the quadruplex-form-
ing sequence located at the c-myc promoter (19, 20). These two
compounds were employed here to determine whether they could
bind and stabilize the G-quadruplex structure formed by the
G-rich sequence of WNTI promoter. The CD at 265 nm was
measured as a function of temperature to determine the 7, of
WNT1 oligonucleotide in the presence of these compounds. As
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WNTT1 expression by BMVC or BMVC4 at the transcription level. The H1299 cells was incubated with 3 um BMVC or BMVC4 for 4 days and then subjected to
quantitative RT-PCR analysis. The GAPDH expression level was used as an internal control. The mRNA level of WNTT expression in untreated H1299 cells was
defined as 1. Results were obtained from the average of three independent experiments. Asterisks indicate p < 0.05 (p =4 X 10~ *and 3 X 10~ 2 for BMVC and
BMVC4, respectively). B, BMVC and BMVC4 reduced the protein level of Wnt1. H1299 cells were incubated with 3 or 10 um BMVC or BMVC4 for 4 days. Total cell
extracts were prepared, and immunoblotting analysis was conducted using antibodies against Wnt1 or GAPDH. C, schematic diagrams showed the mutation
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affect the basal expression level of WNT1. The wild-type and WNT1-m6 reporter plasmids were transfected into H1299 cells and analyzed for their basal
expression activity. The relative phosphatase activity of wild-type and WNT1-m6 mutant was presented using the wild-type level as 100%. E, G-quadruplex
structure formation was required for suppression of WNTT expression by BMVC. The WNTT reporter plasmids were transfected into H1299 cells and then
incubated with the indicated concentrations of BMVC for 2 days. The phosphatase activities were then analyzed using the activity of DMSO-treated cells as
100% (right panel). Asterisks indicate p < 0.05 (p = 0.021, 0.046, 0.025, and 0.0026 for BMVC at 1, 3.3, 10, and 30 uMm, respectively). F, schematic diagram showed
the G-QFS and the PCR sites in chromatin immunoprecipitation assays. The analyzed PCR products and position located both 5’ (QFS,) and 3’ (QFS;) to the QFS
are indicated. G, nucleolin binding to WNT1 promoter in BMVC-treated cells. H1299 cells were treated with 10 um BMVC, cross-linked by 1% formaldehyde,
sonicated, and immunoprecipitated by the anti-nucleolin antibody. The immunoprecipitates were then heated at 65 °C for 4 h to remove cross-links and
treated with proteinase K, and quantitative real-time PCR analyses using primers targeting GAPDH, QFSL, and QFSR were conducted. The resulting immuno-
precipitation values were quantified, divided by the Input controls, and presented as % of immunoprecipitate/input. The average values of three independent
experiments are plotted. The asterisk indicates p < 0.05 (p = 0.024).

shown in Fig. 2B, the addition of BMVC or BMVC4 greatly raised
the melting temperature of WNT1. The T, of WNT1 oligonu-
cleotide was increased by 12 and 14 °C upon the addition of BMVC
and BMVC4, respectively.

We have also performed the CD titration analysis of WNT1
oligonucleotide with different BMVC and BMVC4 concentra-
tions. BMVC did not appear to affect the overall spectra of
WNT1 oligonucleotide, suggesting that BMVC did not greatly
affect the structure of WNT1 oligonucleotide. Interestingly, the
addition of BMVC4 significantly enhanced the CD band at 292
nm (Fig. 2, C and D). Although the G-quadruplex structure
formed by the WNT1 promoter is yet to be determined, the
results suggest that BMVC4 might induce a conformational
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change of the G-quadruplex structure. Indeed, differently
induced CD spectra were apparent between BMVC and
BMVC4 upon interaction with the WNT1 oligonucleotide (Fig.
2, C and D). Together, these results indicate that both BMVC
and BMVC4 could bind with and thermally stabilize the
G-quadruplex structure formed by the WNT1 oligonucleotide.

Because the G-quadruplex-forming sequence at the WNTI
promoter could be a target for G-quadruplex stabilizers, the
effect of BMVC and BMVC4 on WNT1 expression was next
analyzed. Real time RT-PCR analysis shows that the WNTI
mRNA level was significantly decreased in cells that were
treated with BMVC or BMVC4 (Fig. 34). Moreover, immuno-
blotting analysis of the BMVC- or BMVC4-treated lung cancer
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FIGURE 4. Both BMVC and BMVC4 reduced the Wnt1 downstream mediator B-catenin and the expression of target genes. A, the 3-catenin level was decreased
in H1299 cells. H1299 cells were treated with BMVC or BMVC4 (10 um) for 4 days and stained with antibody against B-catenin. Staining of DNA by DAPI was employed
tolocate the positions of nuclei. Theimages were taken (left panels), and the relative B-catenin fluorescent levels were measured (right panel). The histograms represent
the average of three independent experiments. Asterisks indicate p < 0.05 (p = 1 X 10~ 3and 1 X 10~ *for BMVC and BMV(C4, respectively). B,immunoblotting analysis
of B-catenin in BMVC or BMVC4-treated H1299 cells. Cell extracts were prepared after treating with 10 um BMVC or BMVC4 for 4 days and then analyzed by immuno-
blotting assays using antibodies against 3-catenin or GAPDH. G, repressing the mRNA of MMP7 and survivin by BMVC and BMVC4. Quantitative RT-PCR was conducted
after H1299 cells were treated with 10 um BMVC or BMVC4. The GAPDH was used as the internal control, and the value of DMSO-treated cells was defined as 1. Asterisks
indicate p < 0.05 (MMP7,p = 8 X 10~ *and 8 X 10> for BMVC and BMVC4, respectively; survivin,p = 8 X 10~*and 8 X 10> for BMVC and BMVC4, respectively). D,
both MMP7 and surviving protein levels were repressed by BMVC and BMVC4.H1299 cells were incubated with 3 or 10 um carbazole derivatives. The total cell extracts
were prepared, and immunoblotting was conducted by antibodies against MMP7, survivin, or GAPDH.

H1299 cells shows that the Wnt1 protein levels were decreased ~ whether the repression of expression by BMVC is due to a
by BMVC or BMVC4 treatments in a dose-dependent manner change in protein binding. Using antibody against nucleolin in
(Fig. 3B). Under the BMVC or BMVC4 conditions, no apparent a chromatin immunoprecipitation assay, we found nucleolin
cytotoxic effect was observed for up to 6 days (19, 20). These did not preferentially bind to the G-quadruplex-forming
results indicate that G-quadruplex stabilizers could reduce the sequences on the WNT1 promoter (Fig. 3, F and G). Interest-
expression of WNT1I. ingly, BMVC treatment increased the binding of nucleolin to
To show that the repressing effect of WNTI expression was the WNT1 promoter, suggesting that the G-quadruplex struc-
indeed mediated by stabilizing the G-quadruplex forming ture was formed at the WNT1 promoter upon BMVC treat-
sequence by BMVC, a reporter construct with a SEAP gene ment. These results also indicate that the repressed WNT1
fused downstream to the WNT1 promoter was generated (Fig.  expression might be due to the binding of nucleolin to its pro-
3C). A mutant construct of three G to T mutations on the moter. Together our results indicate that BMVC and BMVC4
G-rich sequence was also generated to disrupt the G-quadru- repressed WNT1 expression through stabilizing the G-quadru-
plex structure formation (Wntl-m6). The expression of SEAP  plex structure formed at its promoter.
was used as the criterion for the measurement of wild-type and The Wntl-mediated Signaling Pathway Was Suppressed by
mutant WNT1 expression efficiency. Plasmid carrying wild-  G-quadruplex Stabilizers—In the canonical Wntl-mediated
type or the mutant was first transfected into H1299 cells, and  signaling pathway, binding of Wnt1 to its receptor prevents
analyzed for phosphatase activity. Similar luciferase activities B-catenin from degradation. The accumulated B-catenin then
were observed for both wild-type and the Wnt1-m6 promoters, enters the nucleus to drive expression of its downstream genes.
suggesting that the mutation did not affect the general tran- Here the downstream effect of Wnt1-mediated signaling path-
scriptional activity of the WNT1 promoter (Fig. 3D). Upon way by G-quadruplex stabilizers was also analyzed. Immuno-
treatment with BMVC, the expressions of SEAP from the wild-  fluorescence analysis of 3-catenin showed that both the total
type promoter were reduced (Fig. 3E). In contrast, the expres- and nuclear signals of B-catenin were decreased upon BMVC or
sion efficiency of mutant promoter did not respond to BMVC BMVC4 treatments (Fig. 44). Immunoblotting analysis further
treatments. Thus, formation of G-quadruplex structure is supported the observation that the B-catenin levels were
required for suppressing WNT1 expression by BMVC. decreased by BMVC and BMVC4 (Fig. 4B). The expression of
Nucleolin has been shown to bind to G-quadruplex structure  two downstream target genes, MAMP7 and survivin, was also
to activate or repress gene expression (28 —30). The binding of examined. Both the mRNA and protein levels of MMP7 and
nucleolin to the WNTI promoter was also tested to check survivin were reduced in BMVC-treated or BMVC4-treated
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FIGURE 5. BMVC and BMVC4 reduce the migration and invasion activities of H1299 cells. A, the migration ability of H1299 cells was suppressed by BMVC
and BMVC4. H1299 cells were incubated with 10 um DMSO or 3, 5, or 10 um BMVC or BMVC4 for 4 days, and then the treated cells were subjected for scratch
assays. Relative migration rates of H1299 cells were determined by migration distance over the time. The value of migration rate in DMSO-treated cells was
defined as 1. Asterisks indicate p < 0.05 (p = 0.006 and 0.003 for BMVC at 5 and 10 um; p = 0.020 and 0.002 for BMVC4 at 5 and 10 um, respectively). B, reduction
of invasion activity by BMVC or BMVC4. H1299 cells were incubated with 10 um BMVC or BMVC4 for 4 days then analyzed by invasion assays. The cells were
stained with crystal violet, dissolved in acetic acid, and quantified for absorption at A5, using a spectrophotometer. The results were expressed as relative
values using DMSO-treated cells as 1. Asterisks indicate p < 0.05 (p = 1 X 10 ?and 1 X 102 for BMVC and BMVC4, respectively). C,immunoblotting analysis
of Wnt1 and B-catenin in WNTT-overexpressing cells. H1299 cells were transfected with plasmid carrying CMV promoter-driven WNTT or vector plasmid. The
cells were incubated with 10 um BMVC or BMVC4 for 4 days and then examined by immunoblotting analysis using antibodies against Wnt1, B-catenin, or
GAPDH. D, WNTT overexpression reversed the migration inhibitory activity of BMVC and BMVC4. The relative migration rates were determined in 10 um BMVC-
or BMVC4-treated cells that overexpressing WNT1. The relative migration rate in DMSO-treated H1299 cells was defined as 1. Asterisks indicate p < 0.05 (p = 6 X

103 for BMVC and 1 X 10 * for BMVC4 in the vector control group, respectively).

cells (Fig. 4, C and D). Because the promoter regions of both
MMP7 and survivin do not have G-rich sequences, the inhibi-
tory effects of BMVC and BMVC4 are not likely to be caused by
direct repression of MMP7 and survivin by these two com-
pounds. On the other hand, c-myc is also a downstream target
gene of the Wnt/B-catenin pathway. Previously we demon-
strated that BMVC4 repressed the c-myc expression (19, 20).
Because a G-quadruplex forming sequence was also identified
at the promoter region of c-myc, it is likely that the repressing
effect of c-myc by BMVC4 might be through its own G-quad-
ruplex forming sequence directly and through repressing
WNT1 expressing indirectly. Nevertheless, our results indicate
that the Wntl-mediated signaling pathway was suppressed by
G-quadruplex stabilizers.

The Wntl-mediated signaling pathway was shown to have
an important role in cancer migration and invasion (1). The
cellular effects of suppressing WNT1 expression by G-quadru-
plex stabilizers were analyzed. Both BMVC and BMVC4
reduced the migration activity of H1299 cells in a dose-depen-
dent manner (Fig. 5A4). Similarly, the activity of invasive migra-
tion through the extracellular matrix was also decreased by

SASBMB

MAY 23,2014+VOLUME 289+-NUMBER 21

these two compounds (Fig. 5B). These results indicate that
BMVC and BMVC4 suppressed the expression of WNT1 and
subsequently inhibited the downstream cellular effects.

To show that the anti-metastatic effect of BMVC and
BMVC4 was through suppression of Wntl-mediated pathway,
we overexpressed WNTI in BMVC- or BMVC4-treated cells.
We expected that expressing of excess amount of Wnt1 should
reverse the anti-metastatic effect by BMVC or BMVC4. Plas-
mid construct harboring WNTI under the control of a CMV
promoter was transfected into H1299 cells. Immunoblotting
analysis indicated that the protein levels of Wnt1 and its down-
stream mediator 3-catenin were higher in WNTI-overexpress-
ing cells (Fig. 5C). Although the levels of Wntl and B-catenin
were suppressed upon BMVC or BMVC4 treatments, neither
was significantly reduced when WNT1 was overexpressed.
Consistent with the results from immunoblotting analysis, the
migration analysis also indicated that the inhibitory effects of
BMVC and BMVC4 were reversed in WNTI-overexpressing
cells (Fig. 5D). The results indicate that the migration inhibitory
effects of BMVC and BMVC4 were mediated through sup-
pressing the Wntl-mediated signaling pathway.
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FIGURE 6.BMVC and BMVC4 suppressed WNT1/$-catenin expression and
reduced cell migration in MCF7 and A549 cells. A, BMVC and BMVC4 sup-
pressed Wnt1/B-catenin-signaling pathway in MCF7 and A549 cells. MCF7 or
A549 cells were treated with 10 um BMVC or BMVC4 for 4 days. Total cell
extracts were prepared, and immunoblotting analysis was conducted using
antibodies against Wnt1, B-catenin, or GAPDH. B, reduction of MCF7 and
A549 migration by BMVC or BMVC4. The BMVC or BMVC4-treated MCF7 or
A549 cells were subjected to scratch assay. The value of migration rate in
DMSO-treated cells was defined as 1. Asterisks indicate p < 0.05 (for MCF7,p =
0.002 and 0.054 for BMVC and BMVC4, respectively; for A549,p = 4 X 10~ *for
BMVC4).

Suppression of Wntl-mediated Cell Migration by BMVC
and BMVC4 Was Not Limited to H1299 Cells—To test the
effects of WNT1 expression and migration upon BMVC and
BMVC4 treatments on other cancer cell lines, the MCF7
(breast cancer) and A549 (human lung adenocarcinoma) cells
were also tested. In MCF cells, both BMVC and BMVC4 effec-
tively repressed the expression of WNTI and B-catenin (Fig.
6A). As a result, the migration activity of MCF cells was
reduced by these two compounds (Fig. 6B). It was also noted
that the level of Wntl/B-catenin repression by BMVC and
BMVC4 correlated with their reduction in migration activ-
ity. Interestingly, although BMVC4 effectively repressed
the Wntl/B-catenin levels and the migration activity, BMVC
did not appear to cause an inhibitory effect in A549 cells
(Fig. 6). Thus, the cellular context might also have a role in
modulating the repressing effects of BMVC and BMVC4.
But the reason for the differential cellular responses by these
two compounds is unclear to us. Nevertheless, the correla-
tion between Wntl/B-catenin repressing and migration
inhibition by BMVC and BMVC4 provides a strong indica-
tion that these two compounds inhibit the metastatic activ-
ity of cancer cells through repressing the expression of
WNTI.
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DISCUSSION

G-rich sequences can fold into G-quadruplexes, and such
structures may play critical roles in biological functions (15-18,
30). It is further suggested that the G-quadruplex-forming
sequence might be a potential target for therapeutic interven-
tion (15, 31). However, the G-rich sequences containing four or
five consecutive guanines can easily form high order G-quadru-
plexes or multiple conformations in a K* solution, especially at
sufficient DNA concentrations in vitro (15, 32). Thus, verifica-
tion of the G-quadruplex structure is crucial not only for its
own biological importance but also for its potential usage as a
drug target. In this work we found the formation of G-quadru-
plex structures by the G-rich sequence located at the WNT1
promoter in vitro. We then introduced G-quadruplex stabiliz-
ers to elucidate the biological function of WNTI G-quadruplex
in vivo.

The WNTI G-rich sequence contains three G-tracks with
five consecutive guanines. Thus, it is likely that they could form
multiple G-quadruplex conformations by varying the position of
G-G base pairings within the oligonucleotide. We have provided
several lines of evidence to show that the WNT'I oligonucleotide is
capable of forming both intramolecular G-quadruplex structure
and high order structures through intermolecular interactions in
vitro. The conformational exchange is dependent on both the K™
and DNA concentrations. The observed CD and NMR spectral
features were similar to the G-rich sequence (bcl2mid) located
at the bcl2 promoter (32). It was found that a major intramo-
lecular component of bcl2mid exists at low K™ concentrations,
and an additional intermolecular component appears at high
K™ concentrations. These two components showed distinct gel
migration activities and can be separated by an emulsified
induced filtration method (33). The slow migration band in the
gel assay was the intermolecular conformers of bcl2mid. It
showed a broad feature in the imino proton NMR spectrum as
well as a strong positive 265-nm signal and a negative 240-nm
signal in the CD spectrum. The fast migration band is bcl2mid
monomer that is characterized by several defined chemical
shifts in the imino proton NMR spectrum and a positive
295-nm signal in the CD spectrum. Thus, the similarity of CD
and NMR spectra between bcl2mid and WNT1 oligonucleo-
tides suggests that the WNT1 oligonucleotide mainly forms
intramolecular G-quadruplex at low K™ and DNA concentra-
tion in vitro.

It has been shown that the G-quadruplex ligands can repress
the expression of c-myc oncogene by stabilizing the G-quadru-
plex structures (15). Here we show that two G-quadruplex sta-
bilizers, BMVC and BMVC4, increase the T, of the WNT1
oligonucleotide. Moreover, the CD spectra show no discernible
difference upon interaction with BMVC but some appreciable
difference upon interaction with BMVC4. The increase of the
292-nm CD signal suggests that BMVC4 can induce non-par-
allel G-quadruplex conformation. Although they show differ-
ent binding behaviors, it is of great interest to examine the
molecular details of how these two G-quadruplex stabilizers
perturb the structure of WNT1 G-quadruplex.

The Wntl/B-catenin pathway has been well recognized as
playing a major role in cancer progression (2). Several of the
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downstream target genes induced by this pathway are involved
in promoting tumor malignancies. For example, cyclin D1 (34),
c-myc (4), WISPI (35), MMP7 (6), and PAII (36) are involved in
cancer cell proliferation, invasion, and metastasis. Indeed, the
aberrant activation of WNTI has been observed in prostate,
lung, breast, liver, and colon tumors (4, 9, 37, 38). Moreover, the
Wntl level is significantly increased at the invasive front of
human prostate carcinoma tissues and the tumor metastasized
to lymph nodes and bone (9). Considering the important role of
Wnt pathway in cancer development, inhibitors have been
designed and developed to block the Wnt pathway (11, 39).
Small molecular compounds have been designed to target sev-
eral mediators of Wnt pathway (40-44). These compounds
affect the levels of B-catenin, interfere with the interaction
between -catenin and T-cell factor, increase the levels of axin
to destabilize -catenin, inhibit the kinase activity of CK1 to
prevent the phosphorylation of B-catenin, or block the Porc
activity to promote acylation of Wnt. Agents targeting Wntl
directly were also developed. The anti-Wnt1 antibody was used
to block the stimulation of Wntl downstream signaling path-
way. Treatment of anti-Wntl antibody was shown to reduce
the growth of HCC and colorectal cancer both in vivo and in
vitro (37, 38). Here we found that the G-quadruplex structure
formed by the G-rich sequence located at the promoter region
of WNT1 could be stabilized by BMVC and BMVC4 to repress
the expression of WNT1 and the downstream signaling path-
way. Significantly, the migration and invasion activities of can-
cer cells were also inhibited by these two G-quadruplex stabi-
lizers. Our results provide a novel mechanism to repress the
expression of WNT1 through stabilizing the G-quadruplex
structure located at its promoter. The finding of BMVC and
BMVC4 to down-regulate the expression of WNTI might offer
a potent and selective therapeutic strategy for the clinical man-
agement of cancer patients with WNTI overexpression.
Bioinformatic analysis has indicated that about 375,000-377,000
potential intramolecular G-quadruplex-forming sequences (QFSs)
could be identified within the human genome (45-47). These
QFSs are potential targets for G-quadruplex stabilizers that
equally exist in both normal and cancer cells. Thus, an important
issue faced by applying G-quadruplex stabilizers as anti-cancer
agents is the specificity. We consider that there are at least two
levels of specificities that make BMVC and BMVC4 potential
cancer-specific targeting agents. First, it was found that there is
a bias in the distribution of these putative QFSs as they are
preferentially located in proto-oncogenes (48). For example,
QFSs within the promoters of c-myc (15), c-kit (49 -51), KRAS
(52), HIF1 (53), Rb1 (54), VEGF (16, 55), hTERT (56), c-myb
(57), PDGFR-B (58), and PDGF-A (59) were found capable of
forming G-quadruplex structures, and their expressions were
affected by G-quadruplex stabilizers. Thus, although G-quad-
ruplex stabilizers could target multiple places within the
genome, the G-quadruplex stabilizers could still preferentially
affect oncogenes. Second, it was reported that whereas BMVC
is retained in the lysosomes of normal cells, it escapes lysosomal
retention and localizes to the nucleus of cancer cells (60). The
side-chain property of carbazole derivatives appears to have a
critical role in determining their cellular distribution by cancer
cells. The hydrogen-bonding capacity and the weak lipophilic-
SASBMB
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ity of side chains such as pyridine and pyrazine in BMVC and
BMVC4, respectively, direct them to escape from lysosomes
and enter the nucleus of cancer cells. These properties make
carbazole derivatives promising candidates for anti-cancer
chemotherapeutics.

Different G-rich sequences could form various types of
G-quadruplex structures and sequences that contain G-tracks
of four or five consecutive guanines can form multiple confor-
mations. Although the G-quadruplex structure is not precisely
defined in our current analysis, it will be interesting to know
what specific structure is responsible for repressing WNT1
expression by BMVC or BMVCA4. It is likely that BMVC or
BMVC4 might prefer a specific form of G-quadruplex structure
for binding. Moreover, because a transcription factor WiF-1
(Wntl-inducing factor-1) was reported to bind to the G-rich
region of WNT1 promoter (13), it will also be interesting to test
if BMVC or BMVC4 inhibit the binding of this factor to WNT'1
promoter.
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