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Background. Glioblastoma (GBM) is the most lethal and
common type of primary brain tumor. Recent evidence
suggests that a subpopulation of GBM cells (glioblastoma
stem cells [GSCs]) is critical for tumor progression, inva-
sion, and therapeutic resistance. We and others have dem-
onstrated that MET, a receptor tyrosine kinase, positively
regulates the stemness phenotype and radioresistance of
GSCs. Here, we interrogated the downstream effector
pathways of MET signaling in GSCs.

Methods. We have established a series of GSCs and
xenograft tumors derived from freshly dissociated speci-
mens from patients with GBM and characterized a subpo-
pulation enriched with MET activation (MET"&Y™),
Through global expression profiling and subsequent path-
ways analysis, we identified signaling pathways that are
enriched in METM®"* populations, one of which is
Wnt/B-catenin signaling pathway. To determine molecu-
lar interaction and the biological consequences of MET
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and Wnt/B-catenin signaling, we used pharmacological
and shRNA-mediated genetic inhibition and performed
various molecular and cellular analyses, including flow
cytometry, immunohistochemistry, and clonogenicity
assays.

Results. We found that Wnt/B-catenin signaling is highly
active in MET™M&"* cells, compared with bulk tumor
cells. We also showed that Wnt/B-catenin signaling activ-
ities in GBM are directly modulated by the addition of
ligand-mediated MET activation or MET inhibition.
Furthermore, the ectopic expression of active-B-catenin
(S37A and S45Y) rescued the phenotypic effects caused
by MET inhibition.

Conclusion. These data suggest that Wnt/B-catenin sig-
naling is a key downstream effector of MET signaling
and contributes to the maintenance of GSC and GBM
malignancy.

Keywords: glioblastoma, glioblastoma stem cell,
hepatocyte growth factor, MET protooncogene, Wnt/-
catenin signaling.

lioblastoma multiforme (GBM) is the most ag-
Ggressive and common type of primary brain

tumor. Despite its maximal therapies consisting
of surgical resection followed by concurrent irradiation
and chemotherapy, the median survival among patients
with GBM is ~14.6 months, the worst one among all
human cancers.' Indeed, most patients with GBM
show a high degree of radio- and chemoresistance and
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almost all experience tumor relapse. There is thus an
urgent need to develop novel therapeutics for this devas-
tating disease.

A number of recent studies support the hypothesis
that a relatively small population of GBM has stem-like
characteristics and drives tumor propagation and recur-
rence against multimodal treatments (i.e., glioblastoma
stem cells [GSCs]).>~* We and others have identified
several GSC enrichment markers, including CD133,
CD15, integrin alpha 6, CD44, and MET.>* 10
Although many questions regarding the generality of
the proposed GSC surface markers, frequency of GSCs,
and reversible nature of cell status are insufficiently ad-
dressed, the concept of GSC has brought new insights
for understanding GBM initiation, progression, and re-
sistance to standard therapy.*'!

The MET receptor tyrosine kinase (RTK) was first iden-
tified as the product of a fusion oncogene TPR-MET.'*!?
Later, the full-length MET protooncogene was identified,
which encodes the cell surface receptor for a specific
ligand, hepatocyte growth factor (HGF), also known as
scatter factor.'” Ligand-dependent activation of MET
occurs via an autocrine loop (intratumoral HGF) or para-
crine loops (HGF produced by stromal and/or endothelial
cells).” MET activation leads to efficient induction of
downstream signal transduction pathways that include
the mitogen-activated protein kinase (MAPK) cascades,
the phosphoinositide 3-kinase-AKT (PI3K-AKT) axis,
and signal transducer and activator of transcription pro-
teins (STATs)."> All of these pathways positively control
MET-dependent cell proliferation, survival, and migra-
tion, although a few exceptions exist.

Genetic abnormalities of MET can cause the aberrant
activation of HGF/MET signaling, which can in turn
cause primary tumor progression and secondary metas-
tasis.'® In patients with GBM, gains of chromosome 7,
where MET is located, have been frequently report-
ed.'”'® Furthermore, focal genomic MET amplification
is found in 4% of patients with GBM."'” Indeed, MET is
one of the most highly amplified RTKs found in GBM,
along with EGFR and PDGFR.*® We and others have
shown that MET overexpression is associated with the
poor prognosis and invasiveness of GBM tumors.”' ~**
Thus, targeting the MET pathway will be a powerful
therapeutic approach that may potentiate the standard
treatments for patients with GBM.>*~2¢

Recently, we and others have suggested that MET sig-
naling plays a pivotal role in maintaining the GSC-like
characteristics.”'**” Li et al. reported that MET signal-
ing regulates the expression levels of stem cell marker
genes, such as SOX2, NESTIN, and NANOG, suggest-
ing that MET is critical for maintaining the stem-like
phenotype of GSC.” We have shown that a subpopula-
tion of cells expressing high levels of MET receptor
(MET"%%) cells has the enriched self-renewal potential
and capacity of tumor initiation, compared with the
bulk GBM cells, and that MET inhibition either by
shRNA-mediated knockdown or pharmacological
means effectively decreased clonogenicity and tumorio-
genicity in xenograft tumor models.'” However, our
understanding of the signaling cascades and/or
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transcriptional regulators that link MET signaling to
the stem-like properties of GSC is still limited.

Several developmental signaling pathways, including
Notch, bone morphogenetic protein, Wnt/B-catenin,
and Sonic hedgehog, have been identified as crucial for
the maintenance of stem-like properties and for treat-
ment resistance.”® 3! In this study, we have investigated
the potential crosstalk between MET and other signaling
cascades extending from the initial expression profiling
studies. Here, we provide the evidence supporting that
Wnt/B-catenin signaling is a key mediator of MET sig-
naling in GSCs.

Materials and Methods

Reagents and Plasmids

The MET inhibitors were purchased from Calbiochem
(SU11274, Germany), Tocris (PHA665752, United
Kingdom), and Selleckchem (SGXS523, USA). The
shRNA knockdown plasmid targeting MET was obtained
from Sigma (USA) and the pGreenFire™ TCF/LEF lenti-
viral reporter vector from System Biosciences (USA). The
expression vectors for the constitutively active forms of
B-catenins (S37A and S45Y) were kindly denoted by
Prof. Sung Hee Baek (Seoul National University, Korea).

Expansion and Neurosphere Culture of GBM
Patient-Derived Cells

After signed informed consent, tumor samples were pre-
viously obtained and GBM patient-derived cells were
isolated.®!%3273* The GBM cells used in this study
and detailed procedures were described in our prior pub-
lications.®'° For the in vivo expansion of the GBM cells,
one million of the patient-derived GBM cells were disso-
ciated, resuspended in Hanks’ balanced salt solution
(HBSS) medium, mixed with an equal volume of cold
Matrigel (BD Bioscience, USA), and then subcutaneous-
ly injected into the flanks of nude mice. When the size of
the xenograft tumor was already >1000 mm?, the
tumor mass was mechanically and enzymatically dissoci-
ated into single cells.'®*** For short-term in vitro ex-
pansion, both the primary and xenograft GBM cells
were cultured and passaged in Neurobasal A media
(Invitrogen, USA) supplemented with B27 and N2 sup-
plements (0.5X each; Invitrogen, USA) and recombinant
bFGF and EGF (20 ng/mL each; R&D Systems, USA).

Neurosphere Forming Limiting Dilution Assay

The cultured GBM cells were enzymatically dissociated
into single-cell suspensions, plated into 24 wells of
96-well plates with various seeding densities (2, 5, 10,
20, 50, 100, 200, and 500 cells per well, depending on
the experiments) and incubated at 37°C for 2-3
weeks. At the time of quantification, each well was ob-
served under a microscope for the determination of neu-
rosphere formation. For statistical analysis, the numbers



of responded events were plotted, and neurosphere fre-
quency was calculated using the Extreme Limiting
Dilution Analysis software.”®

Lentivirus Production and Transduction of the GBM
Cells

To generate recombinant lentivirus, a MET-targeting
shRNA vector or a pGreenFire™ TCF/LEF lentivirus re-
porter vector was cotransfected with lentiviral packaging
vectors (VSVG and PAX2) into HEK293FT cells
(Invitrogen, USA). Then, media supernatants were col-
lected 3 times (days 2, 3, and 4, respectively), and lentivi-
ruses were concentrated through ultracentifugation. For
the transduction of GBM cells, lentiviruses were added
into the culture medium in the presence of polybrene
(8 wg/mL). After 24 h, puromycin (1 pg/mL) selection
was performed to eliminate noninfected GBM cells.

Transient Transfection of the GBM Cells

Overexpression vectors for the mutated B-catenin (S37A
and S45Y) were transfected into GBM cells using
Neon™ electroporation system according to the manu-
facturer’s protocol (Invitrogen, USA). In brief, 10°
GBM cells were treated with double pulses of 1400 V
for 20 ms in a 100 pL electroporation tip. Transfection
efficiencies of 464T were about 50%—70%. After 24 h,
cells were counted and plated for limiting dilution assays.

FACS Analysis and Sorting

Patient-derived GBM cells were enzymatically disso-
ciated into single cells and then labeled with the follow-
ing antibodies: anti-HGFR/MET-biotin (BAF358;
R&D Systems, USA), streptavidin-APC (#17-4317-82;
eBioscience, USA), anti-CD133/2-APC (#130-090-
854; Miltenyi Biotec, Germany), anti-B-catenin-PE
(#6898S; Cell Signaling, USA), and TCF4 (ab60727;
Abcam, United Kingdom). MET and CD133 staining
were performed according to the manufacturer’s proto-
cols. Intracellular staining of B-catenin and TCF4 was
performed using the BD Cytofix/Cytoperm™ buffers
(BD Biosciences, USA). The stained cells were analyzed
on a FACS Calibur (for analysis) and a FACS Aria (for
sorting). The Flow]Jo™ program was used for the quan-
tification of the fluorescent cells.

RNA Isolation and Real-Time Quantitative Polymerase
Chain Reaction (PCR)

The total RNA was isolated with an RNeasy Mini Kit
(Qiagen, USA). Then, equal amounts of RNA were sub-
jected to cDNA synthesis using a SuperScript™ III
First-Strand ¢cDNA synthesis kit (Invitrogen, USA). The
relative amount of mRNA was evaluated using an
Applied Biosystems 7900HT Real-Time PCR System
(Applied Biosystems, USA) and was calculated following
normalization to B-actin mRNA. The primer sequences
that were used for the real-time quantitative PCR analy-
ses are available upon request.

Kim et al.: MET and Wnt/B-catenin signaling in GBM

Microarray Analysis

The global gene expressions of the METM&"*+ and
MET®Y/~ cells were analyzed using Affymetrix
GeneChip Human Gene 1.0 ST Array.'® Total RNA
was processed and hybridized to the array chip accord-
ing to the manufacturer’s manual (Affymetrix, USA).
CEL files were normalized using the MAS5.0 algorithm.

Immunohistochemistry

The isolated xenograft tumors were prefixed in 4% para-
formaldehyde overnight, cryoprotected in 25% sucrose
in PBS at 4°C, and cryo-embedded in OCT compound
at —42°C. The frozen tumor was sectioned in 8
micron thickness at —20°C, using cryostat, and the sec-
tions were dehydrated before refreezing at —20°C. The
sections were then rehydrated, and the OCT was
removed in 0.2% Tween-20 for 10 min at room temper-
ature. Slides were fixed in 4% paraformaldehyde for
10 min and were simultaneously permeablized and
blocked in 1% Triton X-100, 0.2% Tween-20, 5%
normal goat serum, and 1% normal horse serum in
PBS for 2 h at room temperature. The slides were incu-
bated with primary antibodies overnight at 4°C, were
subsequently labeled with 4.0 ng/pL Alexa Fluor anti-
bodies in a blocking buffer for 2 h at room temperature,
and were counterstained in DAPI (Invitrogen, USA).
Primary antibodies were prepared by diluting 2.5 ng/pL
anti-phospho-MET rabbit polyclonal IgG (Santa Cruz,
USA) and 5 ng/p.L anti-active B-catenin mouse monoclo-
nal IgG (Milipore, USA) in a blocking buffer. The stained
slides were mounted in a fluorescence mounting medium
(DAKO, Denmark), and the signals were revealed using
an LSM700 confocal microscope (Carl Zeiss, Germany).

Luciferase Assay

GBM cells from a reporter tumor were treated with
MET inhibitors (PHA665752 and SU11274) at various
concentrations (1, 2, and 4 puM, respectively). After
one day, total cell extracts were prepared with Glo
Lysis Buffer, and the luciferase activities were evaluated
using the Steady-Glo Luciferase Assay System, according
to the manufacturer’s protocol (Promega, USA). Each
value was normalized to the total protein amount.

Fractionation of Nuclear/Cytoplasmic Proteins and
Western Blotting

The patient-derived GBM cells (named as 131) were
treated with HGF or PHA665752 for 4 h. For the anal-
ysis of the B-catenin translocation, nuclear and cytoplas-
mic lysates were isolated using NE-PER Nuclear and
Cytoplasmic Extraction Reagents according to the man-
ufacturer’s protocol (Thermo Fisher Scientific, USA).
Each lysate was used for Western blotting analysis
with the following antibodies: phospho-MET, MET,
and B-catenin (Cell Signaling, USA); active B-catenin
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Fig. 1. Inhibition of GSC clonogenic growth by MET inhibition. The 464T GBM cells were cultured in the EGF/bFGF (A and B) or
HGF-containing media (C and D). (A and C) To determine the clonogenicity of GBM cells after MET inhibition, we performed
neurosphere-limiting dilution assays with (red line) or without (black line) MET inhibitors. MET inhibitors were added to the media with
the following concentrations: SU11274, 2 uM; PHA665752, 1 uM; and SGX523, 10 uM. (B and D) Neurosphere frequencies were
calculated using ELDA software and fold inhibition by MET inhibitor was denoted. (E) 827 GBM cells were infected with lentiviruses
carrying MET shRNA, and uninfected cells were selected out in the presence of puromycin (1 ug/mL) for 3 days. MET expression was
analyzed by Western blotting. Neurosphere-limiting dilution assays were conducted to evaluate the changes of clonogenicities in respond
to MET knockdown (F), and neurosphere frequencies were calculated (G).

and Histone H3 (Millipore, USA); phospho-Stat3 (Cell
Signaling, USA); and a-tubulin (Sigma Aldrich, USA).

Results

MET Inbibition Decreases GSC Clonogenicity

We previously showed that MET signaling is critical for
the maintenance of GSC stemness.”'’ To determine
whether the inhibition of MET signaling influences the
clonogenicity of GBM cells, we treated GBM cells with
several small-molecule MET inhibitors, such as
SU11274, PHA665752, and SGX523,'%%73% and evalu-
ated clonogenic potentials of these cells by limiting
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dilution clonogenic assay. As shown in Fig. 1A and B,
the treatments with MET inhibitors significantly sup-
pressed the clonogenicity of GBM cells in the EGF/
bFGF-containing culture condition. GBM cells cultured
in the presence of HGF without EGF/bFGF are also
highly clonogenic, similar to the cells cultured in EGF/
bFGF-containing media, suggesting that HGF-MET sig-
naling can sustain clonogenic growth of GBM cells.
When the cells were cultured in the presence of HGF
without EGF/bFGF, GBM cells responded more sensi-
tively to the MET inhibitors (Fig. 1C and D), and this
tendency was similarly observed in other GBM cells
(Supplementary material, Fig. S1). To verify this
finding, lentiviral shRNA knockdown system was
applied to exclude the possibility of potential off-target


http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/nos299/-/DC1

effect caused by chemical MET inhibitors. Trans-
duction with the lentivirus carrying MET-targeting
shRNA in GBM cells strongly decreased basal expres-
sion of MET (Fig. 1E) and decreased the clonogenic
growth of these GBM cells (Fig. 1F and G).

Next we investigated whether MET inhibition is asso-
ciated with the stem cell population of GBM cells. When
GBM cells were stained with CD133, which is a proto-
typic GSC marker,” CD133™" cell populations decreased
in response to the MET inhibitor treatment (Supple-
mentary material, Fig. S2). These results suggest that
pharmacological or genetic inhibition of MET in GBM
cells lead to the loss of clonogenicity and reduction of
the GSC population.

Wnt/B-catenin Signaling Activity Correlates with MET
Signaling Activity in GSCs

To obtain a clue for the potential signaling cascade that
links MET si%naling to the stemness of GSC, we have
isolated MET™#"/+ and MET'"/~ cells and examined
expression profiles of these subpopulations.'® The
MET"e"+ and MET'"Y/~ cells were sorted on the
basis of the surface expression of MET, and ¢cDNA mi-
croarray analysis was conducted.'” The MET expression
level was high in the MET™8"* cells, compared with
MET! "/~ cells, as expected. Expression levels of a
number of Wnt/B-catenin sj%naling target genes were
significantly high in MET"®"* cells (Supplementary
material, Table S1), compared with their counterpart
MET!*"/~ cells. Of note, there was no evident alteration
in the expression of Wnt ligands, Frizzled receptors, and
cellular mediators of Wnt/B-catenin signaling, such as
Axin and GSK3p (data not shown).

To determine whether MET and Wnt/B-catenin
signaling are closely associated at a single cell level, we
first performed dual FACS analysis using anti-MET and
anti-B-catenin or anti-MET and anti-TCF4 (a transcrip-
tional activator component of Wnt/B-catenin pathway)
antibodies in GBM cells.**=*' Under 2 different culture
conditions (EGF/bFGF and HGF), MET"" * subpopula-
tions expressed the relatively high levels of B-catenin
(Fig. 2A and B). Consistent with the B-catenin data,
TCF4"8h/+ cells were enriched in the MET" 8+ subpo-
pulation, compared with the bulk or MET"/~
cells (Fig. 2C), suggesting the enrichment of Wnt/
B-catenin-active cells in MET™&"+ GBM subpopulations.

Wnt/B-Catenin Signaling Activity Correlates with MET
Activation in Xenograft Tumor

We next investigated whether colocalization of Wnt/
B-catenin and MET signaling is also prevalent in a
GSC-derived GBM  xenograft tumor. Immunofluo-
rescence analysis was performed using phospho-MET
and activated B-catenin (ABC, a surrogate marker for
the activated Wnt pathway*?) antibodies on the sections
derived from xenograft tumors. Consistent with the in
vitro results, a small population of phospho-MET-

Kim et al.: MET and Wnt/B-catenin signaling in GBM

positive cells was costained with an ABC antibody, indi-
cating that the cells harboring a high level of
phospho-MET (p-MET) are also positive for activated
B-catenin signal (Fig. 3A).

To further explore the association between MET and
Wnt/B-catenin signaling in GBM, we generated the xe-
nograft tumor transduced with Wnt/B-catenin reporter.
These tumors expressed a GFP/luciferase reporter vector
driven by a minimal CMV promoter and TCF/LEF
binding sites (the transcriptional target sequence for
Wnt/B-catenin pathway).** To validate the fidelity of a
TCF/LEF reporter expressed in the xenograft tumor
cells, xenograft sections were stained with an active
B-catenin antibody (ABC). The cells that were positive
for ABC had a high GFP-intensity (Supplementary mate-
rial, Fig. S3). In addition, we isolated the tumor cells
from a GBM tumor having TCF/LEF reporter and per-
formed Wnt reporter assays with the addition of a Wnt
ligand, Wnt3a. The reporter activity was increased in
proportion to the concentration of the added Wnt3a
(Supplementary material, Fig. S4). Having confirmed
that Wnt/B-catenin reporter is a reliable readout for
the Wnt/B-catenin activity, we next performed immuno-
histochemistry analysis on the sections from these
reporter tumors using phospho-MET antibody. A
majority of the stained cells with a phospho-MET anti-
body revealed strong GFP-positivity (ie, active Wnt/
B-catenin signaling) (Fig. 3B and C). Together, these
data support the notion that MET and Wnt/B-catenin
signaling activities are colocalized within a small
subset of the GBM xenograft tumor.

MET Inbibition Decreases Wnt/B-catenin Signaling
Through Suppression of B-catenin Nuclear
Translocation

To determine whether MET signaling directly affects
Wnt/B-catenin signaling activity, we evaluated the
TCF/LEF-mediated transcriptional activity of GBM
cells after MET inhibition. Treatment with the MET in-
hibitors SU11274 and PHA665752 significantly attenu-
ated the TCF/LEF reporter activity of GBM cells in a
concentration-dependent manner, suggesting that Wnt/
B-catenin activity in GBM is concomitantly decreased
by MET inhibition (Fig. 4A and B).

To elucidate whether B-catenin is involved in
this process, we determined the status of nuclear translo-
cation of B-catenin in response to activation or inhibi-
tion of MET signaling. Phospho-MET was sharply
increased after the addition of HGF (Fig. 5A) and de-
creased after MET inhibition (Fig. 5B and C).
Similarly, an activated form of Stat3 (phospho-Stat3)
was clearly accumulated in the nucleus by the HGF
treatment and was decreased by MET inhibition.
Expression levels of both total B-catenin and ABC in
nucleus were significantly increased by HGF treatment
(Fig. 5A), whereas MET inhibition either by
PHA665752 or MET knockdown suppressed nuclear
translocation of B-catenin (Fig. 5B and C). Taken to-
gether, these data demonstrate that MET signaling
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Fig. 2. Enrichment of B-catenin™&" and TCF4"&"/* cells in the MET"8"* cells. (A) After the culture of the patient GBM cells (131) in EGF/
bFGF- and HGF-containing growth medium, the cells were costained with B-catenin and MET antibodies by FACS analysis. Representative

FACS images were shown. (B) 131 and 464T cells were costained with these antibodies, and the percentage of the B-catenin

high cells within

the whole tumor cells (i.e., bulk cells), the MET'®"/~, and MET"&"/* subpopulations were calculated. The relative enrichment scores were
shown as fold changes compared with the bulk or MET "/~ cells. (C) 131 and 464T cells were double stained with TCF4 and MET

antibodies, and the enrichment scores were presented.

directly influences Wnt/B-catenin signaling activity
through regulation of the active B-catenin and its
nuclear translocation.

Restoration of Wnt/B-Catenin Signaling Rescues MET
Inhibition-Mediated Loss of Clonogenicity of GBM
Cells

The above data indicate that MET inhibition decreases
the clonogenic growth of GBM cells and that
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Wnt/B-catenin signaling is a downstream effector of
MET signaling in GBM. To interrogate the significance
of Wnt/B-catenin signaling activity in MET-dependent
GSC self-renewal, we performed a functional rescue
experiment. We hypothesized that the restoration of
Wnt/B-catenin signaling might recover GSC clonogenicity
caused by MET inhibition. To test this hypothesis,
we overexpressed 2 mutated constructs of B-catenin
(S37A and S45Y) (Fig. 6A). These B-catenin mutants
could not be phosphorylated by GSK3, thereby escaping
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Fig. 3. Association of Wnt/B-catenin and MET signaling activities in the xenograft tumor. (A) Frozen sections of a xenograft tumor derived
from 464T GBM cells were costained with phospho-MET (p-MET; green) and active B-catenin (ABC; red) antibodies to represent the MET
and Wnt/B-catenin signaling activities (scale bar = 20 wm). The middle (#1 and #2) and right (#3 and #4) panels showed the areas with high
and low signal intensities, respectively. (B and C) Lentiviruses harboring a pGreenFire™ vector with TCF/LEF1-binding sites were used to
generate Wnt/B-catenin reporter tumor. The intensity of the green fluorescence reflected Wnt/B-catenin signaling activities. The
xenograft tumor sections from the (B) 464T and (C) 827 reporter tumors were stained with a phospho-MET antibody (p-MET; red) and
were visualized using confocal microscopy. The representative images with high or low signal intensities of MET and Wnt/B-catenin
signaling were shown (scale bar =20 wm). DAPI was used to visualize the nuclei.

from proteasomal degradation and resulting in the
constitutive activation of the downstream WNT target
genes.** Cells expressing either of these mutants re-
mained highly clonogenic, despite the fact that they were
treated with MET inhibitor (Fig. 6B and C), determined
by limiting dilution assay. The average size of neuro-
spheres in the mutant-expressing cells was much bigger
than in that of MET inhibitor-treated cells (Fig. 6D and
E). These results further support that Wnt/B-catenin sig-
naling positively regulates the clonogenicity of GBM
cells, at least in part, as a downstream mediator of MET.

Discussion

Wnt/B-catenin signaling plays important roles in main-
taining cancer stem cell stemness in various types of
cancer, such as colon, breast, and lung cancer, and hepa-
tocellular carcinoma.**~*’ In GBM, B-catenin expres-
sion is correlated with tumor malignancy, and it has
been proposed as a prognostic marker in GBM.%~°2
Of more importance, the accumulated evidence suggests
that Wnt/B-catenin signaling contributes to the

maintenance of stem-like cell properties, inhibition of
differentiation, the acquired radioresistance, and the de-
velopment of an invasive phenotype.?%35*

Here, we have unraveled a crosstalk between MET
and Wnt/B-catenin signaling as a critical molecular
network operating in GSC. We demonstrated that inhi-
bition of MET signaling concurrently suppressed
Wnt/B-catenin activity (Figs 4 and 5). Moreover, we
showed that ectopic expression of a constitutively
active form of B-catenin rescued the loss of clonogenicity
of GBM cells through MET inhibition (Fig. 6). In
support of this contention, we found that a small popu-
lation of GSCs residing in the tumor possessed high
levels of both MET and Wnt/B-catenin activities
(Figs 2 and 3). As previously elucidated, MET-positive
cells are dominantly positioned in the GSC niche and
have higher expression levels of stem cell-related
markers, such as CD133, Nestin, and Sox2.”° Our
data presented here support the notion that Wnt/
B-catenin signaling contributes to sustaining the GSC
stemness in conjunction with MET signaling.

MET and Wnt/B-catenin signaling pathways appear
to share similar functions in tumor growth and
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Fig. 4. Decrease of TCF/LEF promoter activity by MET inhibition in
GBM cells. GBM cells dissociated from Wnt/B-catenin
reporter-expressing tumors (derived from 464T cells [A] and 827
cells [B]) were treated with MET inhibitors (PHA665752 and
SU11274, concentrations of 1, 2, and 4 uM) for one day, protein
lysates harvested, and then the relative luciferase activities were
measured. Experiments were performed in triplicate, and error
bar represents standard deviation (SD).

metastasis.””>® For example, the association of MET and
Wnt/B-catenin signaling has been identified as a critical
factor for the aggressive phenotype of breast cancer cell
lines leading to bone metastasis’® and for the poor
outcome in patients with breast cancer.” Moreover, it
was reported that WINT /B-catenin signaling blockade by
a dominant-negative form of TCF4 diminished
HGF-induced gene expression profiles and the resulting
phenotypic changes.”” However, MET signaling leads to
the transformation of colon epithelial cells without an ab-
errant Wnt/B-catenin activity,”® suggesting that MET sig-
naling affect various cellular processes in both Wnt/
B-catenin-dependent and independent manner. Here, we
demonstrate that Wnt/B-catenin signaling is responsible
for connecting MET signaling to GSC biology, and
further studies are in process to reveal additional and
more detailed molecular network of MET and Wnt/
B-catenin signaling. In this regard, we postulated that
B-catenin formed a complex with MET and dissociates
from MET after HGF treatment.””~®" In preliminary
studies, we also found that MET inhibition attenuated
the phosphorylation level of low-density lipoprotein
receptor-related protein 6 (LRP6),°>%3 which is a
co-receptor of Wnt/B-catenin signaling (data not shown).

There are several non-mutually exclusive mechanisms
that link MET signaling to Wnt/B-catenin signaling, in-
cluding (1) the increased expression of Wnt/B-catenin
signaling components, such as Wnt7b and LEF1;°%%°
(2) the activation of cellular signaling pathways, includ-
ing GSK3 and Src;°®” and/or (3) the direct interaction
between MET and B-catenin.””’~°! In addition, EGFR
signaling can promote the Wnt/B-catenin signaling
through the stabilization and subsequent nuclear accu-
mulation of B-catenin, which depends on several media-
tors, such as caveolin-1, ERK, ERK/LRP6, and pyruvate
kinase M2.°*=7" MET is known to interact with EGFR
and acts as a compensatory pathway for EGFR signal-
ing, suggesting that they have substantially overlapped

Fig. 5. Regulation of B-catenin nuclear translocation by MET signaling. 131 GBM cells were grown in the presence and absence of a growth
factor overnight and were treated with (A) HGF (50 ng/mL) and (B) PHA665752 (5 M) for 4 h. The nuclear and cytoplasmic portions of
each sample were fractionated and submitted for Western blot analysis. (C) 131 GBM cells were infected with lentiviruses carrying MET
shRNA, and the nuclear/cytoplasmic portions were fractionated for Western blot analysis. Abbreviation: ABC, active 3-catenin.
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Fig. 6. Recovery of GBM clonogenicity by restoration of Wnt/B-catenin signaling. (A) The 464T GBM cells were transfected with
overexpression vector of mutated B-catenin constructs (S37A and S45Y). (A) After 2 days, the overexpression of each construct was
confirmed by real-time quantitative PCR. (B) The changes in clonogenicity were addressed via neurosphere-limiting dilution assay in the
presence of the MET inhibitor, SU11274 (2 uM). (C) The changes in the neurosphere frequency were calculated using ELDA software,
and the fold inhibition in response to MET inhibition was denoted. (D) After the treatment with the MET for 10 days (SU11274, 1 and
2 wM), microscopic images were taken, and the representative images obtained were shown here. (E) The average neurosphere size was

calculated. P < .01 compared with MOCK transfected cells.

downstream mediators.”>~”° Thus, it is also possible
that regulation of Wnt/B-catenin signaling by MET inhi-
bition might be caused by the similar mechanisms in the
downstream of EGFR, at least in part. Combinations of
several effectors are likely to be involved and cellular
context will be one of major determinants in the
MET-WNT signaling axis.

We have elucidated the biological effects of MET
activation via ether by the addition of HGF or over-
expression of a constitutively active form of MET
(TPR-MET”®) on Wnt/B-catenin signaling. In contrast
to HGF treatment (Fig. 5A), overexpression of
TPR-MET in GBM has a marginal effect on nuclear ac-
cumulation of total and activated B-catenin (data not
shown). These observations could be attributable to dif-
ferential signal transduction mechanisms between the
HGF-MET ligand-receptor signaling and ligand-
independent TPR-MET signaling. Alternatively, a high
level of MET receptor in GBM cells can potentially
mask the effect of TPR-MET.

Because the profound impact of MET signaling in
GSC has only just emerged, a more complete under-
standing of MET signaling will provide novel insights
about GBM growth and recurrence, which will eventual-
ly lead to the development of effective therapeutic
options and diagnostic markers. Here, we provide evi-
dence that Wnt/B-catenin signaling connects MET

signaling to the maintenance of GSC stemness, which
might be a crucial hallmark to understand the molecular
mechanism maintaining the GSC characteristics.

Supplementary Material

Supplementary material is available at Neuro-Oncology
Journal online (http://neuro-oncology.oxfordjournals.

org/).
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