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Abstract
Mechanistic insight into signaling pathways downstream of surface receptors has been revolutionized with integrated cancer
genomics. This has fostered current treatment modalities, namely immunotherapy, to capitalize on targeting key oncogenic
signaling nodes downstream of a limited number of surface markers. Unfortunately, rudimentary mechanistic understanding of
most other cell surface proteins has reduced the clinical utility of these markers. CD133 has reproducibly been shown to correlate
with disease progression, recurrence, and poor overall survivorship in the malignant adult brain tumor, glioblastoma (GBM).
Using several patient-derived CD133high and CD133low GBMs we describe intrinsic differences in determinants of stemness,
which we owe to a CD133-AKT-Wnt signaling axis in which CD133 functions as a putative cell surface receptor for AKT-
dependent Wnt activation. These findings may have implications for personalized oncology trials targeting PI3K/AKT or Wnt as
both pathways may be activated independent of their canonical drivers, leading to treatment resistance and disease relapse.

Introduction

Contemporary frameworks for studying tumorigenesis con-
sider the process as development gone awry. Cell surface
markers have traditionally been used to characterize the

continuum of cellular phenotypes generated in ontogeny and
carried forward into oncology as tumor-initiating cells (TICs).
CD133 was originally identified as a marker of self-renewing
hematopoietic [1] and neural stem cell [2] populations. Sub-
sequently, it has been used to characterize cells capable of
tumor initiation and maintenance in a variety of human can-
cers [3–6], including the most malignant adult brain tumor,
glioblastoma (GBM) [6]. With few markers of clinical utility
in adult GBM, CD133 has reproducibly been shown to cor-
relate with disease progression, recurrence, and poor overall
survivorship [7, 8] but insight into its function remains lim-
ited. Given the activation of AKT signaling in ~50% of
GBMs secondary to EGFR amplification and/or over-
expression, activating mutations in PI3K, or inactivating
mutations in PTEN [9], emerging studies have suggested
CD133 to function as a novel receptor for the PI3K/AKT
pathway [10]. Although CD133 is the first identified member
of the Prominin family of pentaspan membrane glycoproteins,
with an implied role in cell signaling, the mechanism by
which it regulates stemness to bridge developmental and
oncogenic cellular programs has not yet been described.

The Wnt signaling pathway promotes the expansion of
neural stem cells (NSCs) in the forebrain during fetal
development [11, 12] and its components, namely
β-catenin, are persistently overexpressed in GBM [13, 14].
Interestingly, unlike colorectal cancer or pediatric
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medulloblastoma in which elevated β-catenin expression is
attributed to stabilizing mutations in CTNNB1 [15] or
inactivating mutations in APC [16], GBM has not been
shown to contain recurrent mutations in the Wnt pathway
[9, 17–25]. With recent data independently illustrating
CD133-mediated [15] or AKT-dependent [26] activation of
β-catenin, a context-dependent cross-talk pathway may be
implicated in the overexpression of β-catenin seen in GBM.

We have used several primary patient-derived CD133high

and CD133low GBM lines to describe intrinsic differences in
determinants of stemness. With the aim of identifying the
cellular machinery that drives self-renewal downstream of
CD133, we have used small molecule inhibitors that target
several components of this pathway. The use of Wnt
reporters has enabled us to further illustrate a mechanism by
which CD133 may contribute to the genetic and phenotypic
diversity seen in GBM. Our work establishes a CD133-
AKT-Wnt signaling axis in which CD133 functions as a
putative cell surface receptor for AKT-dependent activation
of Wnt signaling. These findings may have implications for
personalized oncology trials targeting PI3K/AKT or Wnt as
both pathways may be activated independent of their
canonical drivers, leading to treatment resistance, disease
relapse, and poor overall survival.

Results

CD133high GBMs contain elevated levels of
endogenous Wnt activity when compared with
CD133low GBMs

As recent single-cell sequencing studies have highlighted the
immense level of genetic and phenotypic diversity present in
GBM [27, 28], we initially screened our GBM BTIC lines to
assess the variability in CD133 cell surface protein expression
(Supplementary Fig. 1). In keeping with the current literature
on cellular diversity in GBM [27, 28], our samples displayed
a range in their CD133 expression from elevated levels
similar to those observed in NSCs to near negligible values
(Fig. 1a). As established in recent literature, CD133 expres-
sion in our samples correlated with their self-renewal potential
(Supplementary Fig. 2). To determine the extent of down-
stream Wnt activation, we measured endogenous levels of
Wnt pathway activity using the TCF reporter assay. Wnt
reporter activity closely resembled the trend observed with
CD133 expression, as BTIC lines either contained elevated
Wnt levels mirroring those in NSCs or displayed very mini-
mal reporter activity (Fig. 1b). These results were validated
with Axin2 transcript expression (Fig. 1c). To appreciate the
marked difference in downstream Wnt activation based on
CD133 cell surface expression, we compared TCF reporter
activity (Fig. 1d) and Axin2 expression (Fig. 1e) in CD133high

and CD133low BTIC lines. Both comparisons yielded a sig-
nificant enrichment in overall Wnt pathway activation in
CD133high GBMs compared with CD133low samples. These
findings support a correlative effect on stemness in a subset of
GBMs where both CD133 and the Wnt pathway are enriched
to maintain a BTIC state.

CD133 activates Wnt/β-catenin signaling through
AKT

In order to validate the functional significance of CD133 as
a modulator of stemness, we generated stable BTIC lines by
ectopically expressing CD133 in BTICs with negligible
levels of CD133 on the cell surface (Supplementary Fig.
3a). A significant increase in the proliferative (Fig. 2a) and
self-renewal (Fig. 2b, Supplementary Fig. 3b) potentials
were observed following CD133 overexpression. To
determine the effect of CD133 expression on endogenous
Wnt activity, we compared TCF reporter levels in control
and CD133 overexpressed samples and noted a significant
increase in Wnt reporter activity with CD133 over-
expression (Fig. 2c). With the surmounting evidence in
support of a functional and mechanistic association between
CD133 and AKT in gliomas [10, 29–31], little work has
been done to understand the process by which this inter-
action may promote a BTIC phenotype. Given that activated
AKT may phosphorylate GSK-3 on Ser9 [32], leading to
the inactivation of GSK-3, we surmised that AKT-
dependent β-catenin stabilization may drive downstream
Wnt signaling and promote self-renewal in GBM. Western
blots of multiple BTIC lines comparing control and CD133
overexpression identified a marked increase in pAKT
(Ser473), pGSK-3 (Ser9), and β-catenin following CD133
overexpression (Fig. 2d). In fact, the treatment of BTICs
with WNT inhibitor XAV939 led to an opposite trend, with
decreases observed in pAKT (Ser473) and surface
CD133 surface expression (Fig. 2e, f). Therefore, while
CD133 may promote the proliferation and self-renewal of
BTICs, this process may be through a novel context-specific
Wnt pathway activation through AKT.

Inhibition of CD133 or AKT impairs downstream Wnt
activity in BTICs

To further characterize the CD133-AKT-Wnt signaling
axis, we targeted both CD133 (Supplementary Fig. 4a, b)
and AKT (Supplementary Fig. 4c, d) with small molecule
inhibitors and assessed their downstream effects on Wnt
signaling. By using RW03, a novel anti-CD133 monoclonal
antibody, we have been able to further validate CD133 as a
putative functional BTIC surface receptor. Treatment with
RW03 resulted in down regulation of surface CD133
expression (Fig. 3a, Supplementary Fig. 5), self-renewal
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potential (Fig. 3b), and a significant decrease in TCF
reporter activity (Fig. 3c) in multiple independent BTIC
lines when compared with controls. We then assessed the
functional and mechanistic effects of AKT inhibition on
GBM BTICs. Treatment with the small molecule pan-AKT
inhibitor, MK-2206, reduced the proliferative (Fig. 3d) and
self-renewal capacity (Fig. 3e) of CD133hi BTICs. In fact,

self-renewal capacity of BTICs with low surface CD133
expression was sensitized to AKT inhibition following
ectopic CD133 expression (Supplementary Fig. 4e, f). TCF
reporter assays confirmed the downstream inhibition of Wnt
activity following AKT inhibition (Fig. 3f), which provided
additional data in support of a context-specific role by
which AKT may regulate Wnt/β-catenin signaling.

Fig. 1 CD133 expression correlates with Wnt activity in GBM. GBMs
display differential CD133 cell surface protein expression (n= 3,
independent experiments per GBM line). b TCF reporter analysis
identifies GBMs with low and high endogenous Wnt activity (n= 3,
independent experiments per GBM line). c Axin2 is differentially

expressed across several GBM samples (n= 3, independent experi-
ments per GBM line). CD133high (n= 3) GBMs have higher d TCF
reporter activity (p < 0.0001) and e Axin2 transcript levels (p < 0.0001,
all samples normalized to GAPDH) when compared with CD133low

GBMs (n= 3)
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GBM BTICs with endogenous Wnt activity promote
tumorigenesis

Given the significant level of genetic intratumoral hetero-
geneity in GBM and having recognized the variable expres-
sion of CD133 and Wnt activity across several BTIC lines,
we aimed to validate the functional importance of our novel

CD133-AKT-Wnt signaling axis on perpetuating a malignant
phenotype. After confirming endogenous CD133 expression
(Supplementary Fig. 6a), BTICs were transduced with a
lentiviral Wnt reporter construct (7XTCF-GFP) [33], allowing
us to isolate and compare BTICs based on their endogenous
levels of Wnt activation. GFP+ (referred to as TGP+) and
GFP− (referred to as TGP−) cell populations were isolated

Fig. 2 CD133 regulates Wnt through AKT. a Proliferation (BT618:
p= 0.0016, BT778: p= 0.0083) and b self-renewal capacity (BT618:
p= 0.0073, BT778: p= 0044) of GBM cells are significantly
enhanced following CD133 overexpression (n= 3, independent
experiments per GBM line). c A marked increase in TCF reporter
assay following CD133 overexpression indicates an increase in
endogenous Wnt activity in response to CD133 overexpression
(BT618: p < 0.0001, BT778: p < 0.0001, n= 3, independent

experiments per GBM line). d Protein levels of putative CD133-AKT-
Wnt signaling axis indicating an increase in pAKT, pGSK, and
β-catenin following the ectopic expression of CD133 in two inde-
pendent GBM lines (n= 1). e Protein levels of putative CD133-AKT-
Wnt signaling axis indicating a decrease in pAKT after treatment of
BT935 GBM BTICs with 1 µM XAV939 for 5 min (n= 3). b Flow
cytometric characterization of surface CD133 levels in BT935 GBM
BTICs after inhibition of Wnt signaling using 1 µM XAV939 for 24 h
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using flow cytometric cell sorting (Supplementary Fig. 6b).
The enhanced Wnt activity in TGP+ cells compared with
TGP− cells was validated with the TCF Wnt reporter assay
(Fig. 4a). In vitro functional characterization of TGP+ and
TGP− cells demonstrated a significant increase in the pro-
liferative (Fig. 4b) and self-renewal (Fig. 4c) capacity of TGP
+ compared with TGP− cells. To determine if the observed

differences in in vitro functional assays may be in part due to
an AKT-dependent activation of the Wnt signaling pathway
in TGP+ cells, we assessed the protein levels of pAKT
(Ser473), pGSK (Ser9), and β-catenin in TGP+ and TGP−
cells (Fig. 4d). Given that all proteins were enriched in TGP+
cells when compared with TGP− cells, our analysis con-
firmed the role of this novel signaling cascade in regulating

Fig. 3 Upstream inhibition of CD133 or AKT impairs downstream
Wnt activity. Treatment of CD133high GBM lines, GBM87 and
BT428, with the CD133 monoclonal antibody RW03 (50 nM) reduces
a surface CD133 expression (GBM87: p < 0.0001, BT428: p < 0.0001)
(n= 3, independent experiments per GBM line), b self-renewal
potential (GBM87: p < 0.0001, BT428: p < 0.001), and c TCF repor-
ter activity (GBM87: p= 0.0027, BT428: p= 0.0023) (n= 3,

independent experiments per GBM line). AKT inhibition using the
small molecule MK-2206 (5uM), significantly reduces d proliferation
(GBM87: p= 0.0010, BT428: p= 0.0072), e self-renewal (GBM87: p
= 0.0003, BT428: p= 0.0044), and f TCF reporter activity (GBM87:
p= 0.0012, BT428: p= 0.0028) in CD133high GBM cells when
compared with control (n= 3, independent experiments per GBM line)
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Wnt activity and further illustrated how this pathway may
contribute to intratumoral heterogeneity at the protein level in
GBM. We then assessed the tumor-initiating capacity of TGP
+ and TGP− cells and wondered if TGP+ cells formed more
aggressive tumors in vivo. Xenografts were generated with
orthotopic injections of TGP+ or TGP− cells. Overall tumor
burden was increased in TGP+ xenografts compared with
mice with TGP− cells (Fig. 4e, f). A reduced survival
advantage was also seen in TGP+ xenografts, which had a
median survival of 25.0 days compared with 32.5 days in
TGP− xenografts (Fig. 4g). These data highlight the func-
tional significance of a signaling nexus in which CD133
enhances Wnt pathway expression through AKT and further
illustrate the importance of addressing the proteomic

heterogeneity that may further contribute to treatment failure
and poor patient outcome in GBM.

Discussion

The advent of molecular diagnostics and large-scale inte-
grated genomic analyses of tumors have reconceptualized our
understanding of the biology of many cancers, including
GBM [9, 27, 28]. While these studies have uncovered several
actionable therapeutic targets, their clinical utility has been
inadequate with no improvements in overall survivorship
[34, 35]. This may in part be due to the limited efficacy of
monotherapy trials and our poor understanding of cross-talk

Fig. 4 Endogenous Wnt active BT241 GBM cells display enhanced
tumorigeneicity. a TGP+ cells contain enhanced TCF reporter activity
when compared with TGP− cells (p= 0.0010) (n= 3, independent
experiments). b Proliferative (p= 0.0080) and c self-renewal capacity
(p= 0.0075) of TGP+ cells are significantly increased when compared
with TGP− cells (n= 3, independent experiments). d Protein levels of
putative CD133-AKT-Wnt signaling axis indicating an increase in
pAKT, pGSK, and β-catenin in TGP+ cells compared with TGP−

cells (n= 1). e Representative histology images illustrating increased
tumor burden in TGP+ (n= 10) compared with TGP− xenografts (n
= 10). f Xenografts generated from TGP+ cells (n= 10) contain larger
tumor volumes when compared with TGP− xenografts (n= 10) (p=
0.0036). g TGP+ xenografts (n= 10, median survival 25.0 days)
display a significant decrease in overall survival when compared with
TGP− xenografts (n= 10, median survival 32.5 days) (p= 0.0009).
Histology image scale bar= 5000 μm
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and convergence among cell signaling pathways [34–36]. The
identification of context-specific signaling mechanisms as in
the case of AKT-mediated activation of Wnt signaling may
have therapeutic implications as downstream pathways may
converge on common nodes of integration, which may be
missed by current integrated genomics that lack correspond-
ing proteomic data [36].

Insight into the function of CD133 has been limited to
the discovery of a single-nucleotide frameshift mutation in
the CD133 gene, leading to an autosomal-recessive retinal
degenerative disease [37]. While these findings establish a
role for CD133 in retinal development, they have not been
carried forward into identifying the functional significance
of CD133 in oncology. Through functioning as a cell sur-
face marker for TIC populations that have been shown to
interact with the PI3K/AKT pathway [10], CD133 may be a
novel cell surface receptor for several oncogenic pathways
that converge on common signaling nodes of interaction.
Although the pool of GSK-3 phosphorylated by activated
AKT has historically not been associated with Wnt/
β-catenin signaling [38], emerging data have implicated an
alternative pathway by which AKT may activate the Wnt/
β-catenin pathway [39]. Earlier work has indicated growth
factor signaling through AKT to phosphorylate GSK-3 and
thereby inhibit substrate accessibility to GSK-3. The sub-
sequent stabilization of substrates normally phosphorylated
by GSK-3 remains controversial and context-dependent
[40]. One determining factor for when AKT may not sta-
bilize GSK-3 substrates may be in the presence of activating
mutations in components of GSK-3-mediated pathways
[38]. In contrast, since recurrent mutations of the Wnt/
β-catenin pathway have not been identified in GBM, AKT
may stabilize and enhance β-catenin expression to maintain
developmental signaling programs in BTIC populations.

By modulating CD133, AKT, and Wnt/β-catenin with a
variety of targeted approaches, we have provided evidence
in support of a CD133-AKT-Wnt pathway in human GBM.
Specifically, this work illustrates an emerging paradigm in
Wnt biology in which functions of the pathway may be
elicited by non-canonical receptors and upstream activators.
Using our TIC models, we have validated the clinical
relevance of this pathway in its ability to drive GBM growth
and lead to poor overall survivorship. The identification of
GBM cells with endogenous Wnt activity having enhanced
expression of our signaling axis further signifies the
importance of clonal dynamics and the advantages of
single-cell proteomics when functionally interrogating het-
erogeneous cell populations for unique vulnerabilities. As
molecularly-based clinical oncology trials continue to
expand, novel approaches to overcome the dependence of
tumors on malignant pathways are warranted such that
common nodes of interaction within divergent cell signaling
pathways may be targeted by multiple treatment modalities.

Materials and methods

Culture of primary GBM samples

Primary human GBMs (Supplementary Table 1) and whole
13- or 14-week fetal brain samples were obtained from
consenting patients and families as approved by the
Hamilton Health Sciences/McMaster Health Sciences
Research Ethics Board. Samples were dissociated in PBS
containing 0.2 Wünsch unit/mL of Liberase Blendzyme 3
(Roche), and incubated at 37 oC in a shaker for 15 min. The
dissociated tissue was filtered through a 70 μm cell strainer
and collected by centrifugation (1500 rpm, 3 min). GBM87
was a kind gift from Dr. Hiroaki Wakimoto (Massachusetts
General Hospital, Boston, MA, USA). Tumor cells and
human NSCs (hNSCs) from fetal brain were resuspended in
a serum-free brain tumor-initiating cell (BTIC) enrichment
media, and replated on ultra-low attachment plates (Corn-
ing). BTIC enrichment media was composed of NeuroCult
complete media (StemCell Technologies), 10 ng/mL bFGF,
20 ng/mL EGF, and 2 μg/mL heparin.

Flow cytometric analysis and cell-sorting

Tumorspheres were dissociated and single cells resuspended
in PBS +2mmol/L EDTA. For total (internal and surface)
characterization of CD133 levels, cells were fixed using
Fixation/Permeabilization Solution Kit (BD). Cells were
stained with APC-conjugated anti-CD133 or a matched iso-
type control (Miltenyi) and incubated for 30–40min on ice.
Samples were run on a MoFlo XDP Cell Sorter (Beckman
Coulter). Dead cells were excluded using the viability dye
7AAD (1:10, Beckman Coulter) or using a near IR Live/Dead
fixable staining kit (Life Technologies). Compensation was
performed using mouse IgG CompBeads (BD). CD133 or
GFP expression (for endogenous Wnt active cells) were
defined as positive or negative based on the analysis regions
set on the isotype control or untransduced cells respectively.
GFP+ and GFP− cells were sorted into tubes containing
1mL BTIC enrichment media and small aliquots of each sort
tube were analyzed to determine the purity of the sorted
populations. Cells were allowed to equilibrate at 37 oC for a
few hours prior to experimentation.

Wnt/TCF reporter assay

GBM cells were cotransfected with the constructs 8XTOPFlash
(1.8mg), driving firefly luciferase, and pRL-CMV (0.2mg),
driving the expression of Renilla luciferase for normalization
(Promega). After 24 h, GBM cells were supplemented with
BTIC enrichment medium. Cells were washed twice with PBS
24 h following medium change and were lysed with passive
lysis buffer (Promega). The luciferase reporter activities were
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measured using a luminometer as per the manufacturer’s
instructions (Promega Dual-Light System).

Quantitative real-time polymerase chain reaction

Total RNA was extracted using the Norgen Total RNA
isolation kit and quantified using a NanoDrop Spectro-
photometer ND-1000. Complementary DNA was synthe-
sized from 0.5–1 μg RNA using the qScript cDNA Super
Mix (Quanta Biosciences) and a C1000 Thermo Cycler
(Bio-Rad) with the following cycle parameters: 4 min at
25 °C, 30 min at 42 °C, 5 min at 85 °C, hold at 4 °C. qRT-
PCR was performed using the Perfecta SybrGreen (Quanta
Biosciences) and CFX96 instrument (Bio-Rad). CFX
Manager 3.0 software was used for quantification of gene
expression and levels were normalized to GAPDH expres-
sion with secondary validation normalized to Actin
expression. Primers include: Actin (F: 5’-TATCCCTGTA
CGCCTCT-3’; R: 5’-AGGTCTTTGCGGATGT-3’), Axin2
(F: 5’-TGGAGCCGGCTGCGCTTTGAT-3’; R: 5’-CTGG
GGTCCGGGAGGCAAGTC-3’), GAPDH (F: 5’-TGCA
CCACCAACTGCTTAGC-3’; R: 5’-GGCATGGACTGT
GGTCATGAG-3’).

Lentiviral studies

OE-Ctrl and OE-CD133 vectors were purchased from
Genecopoeia. TGP endogenous canonical Wnt reporter (8X
TOPFlash TCF reporter) (#24305) was purchased from
Addgene. Replication-incompetent lentiviruses were pro-
duced by cotransfection of the expression vector and
packaging vectors pMD2G and psPAX2 in
HEK293FT cells. Viral supernatants were harvested 72 h
after transfection, filtered through a 0.45 μm cellulose
acetate filter, and precipitated with PEGit (System Bios-
ciences). The viral pellet was resuspended in 1.0 mL of
DMEM media and stored at −80 °C. Stable cell lines were
generated by transduction followed by maintenance of
cultures with puromycin or flow cytometric cell sorting for
GFP+ and GFP− cells.

Cell proliferation assay

Single cells were plated in 96-well plates, at a density of
1000 cells/200 μL per well in quadruplicate for each sample
and incubated for four days. 20 μL of Preso Blue (Life
Technologies), a fluorescent cell metabolism indicator, was
added to each well ~4 h prior to the readout time point.
Fluorescence was measured with a FLUOstar Omega
Fluorescence 556 Microplate reader (BMG LABTECH) at
an excitation and emission wavelength of 540 and 570 nm,
respectively. Readings were analyzed using the Omega
software.

Self-renewal analysis

GBM BTIC tumorspheres were mechanically dissociated
with a 1000 μL pipette tip or enzymatically disassociated
using Liberase (Roche) and DNase. To conduct a secondary
sphere formation assay, cells were plated at 200 cells per
well in 200 μL of BTIC enrichment media in a 96-well
plate. Cultures were left undisturbed at 37 oC with 5% CO2.
After 3 days, number of secondary spheres per well was
counted and used to estimate the mean number of spheres/
2000 cells. To conduct a limiting dilution assay, dissociated
cells were plated at dilutions from 512 to 2 cells per well.
After 7 days, the absence or presence of secondary spheres
in each well was noted and used to determine stem cell
frequency [41].

Western immunoblotting

Denatured total protein (10 μg) was separated using 10%
sodium dodecyl sulphate-polyacrylamide gel electrophoresis
and transferred to polyvinylidene fluoride membrane. Wes-
tern blots were probed with the following primary anti-
bodies: AKT (rabbit; 1:1000; Cell Signaling #4691), pAKT
(mouse; 1:1000; Cell Signaling #4051), β-catenin (mouse;
1:10,000; BD Biosciences #610154), GSK-3 (mouse;
1:2000; Sigma #44–610), pGSK-3β-Ser9 (rabbit; 1:1000;
Cell Signaling #5558), GAPDH (mouse; 1:50,000; Abcam
#ab8245), and βtub (rabbit; 1/500; Abcam #ab6046). The
secondary antibody was horseradish peroxidase-conjugated
goat anti-mouse IgG (Bio-Rad). The bands were visualized
using an Immobilon Western kit (Millipore) and Chemidoc.

Small molecule inhibitors

The CD133 monoclonal antibody, RW03, developed by our
collaborator Dr. Jason Moffat (University of Toronto) was used
to inhibit CD133 signaling at the receptor level. GBM BTICs
were treated with RW03 at concentrations of 10, 25, and
50 nM. PBS or control IgG were used as control. Changes in
endogenous Wnt activity were then assessed using the Wnt/
TCF reporter assay. Wnt signaling was inhibited using
XAV939 at a concentration of 1 µM. DMSO was used as a
control. The pan-AKT inhibitor, MK-2206 was used to inhibit
AKT signaling at concentrations of 1, 5, 10 μM. DMSO was
used as a control. Functional assays (proliferation, self-renewal)
and Wnt/TCF reporter assays were performed on pretreated
GBM BTICs using 50 nM RW03 and 5 μM MK-2206.
Treatments were not maintained for the length of the assay.

In vivo experiments

All in vivo studies were performed according to
McMaster University Animal Research Ethics Board
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approved protocols. Intracranial injections were per-
formed as previously described [6] using human GBM
BT241. Briefly, the appropriate number of live cells
determined by Trypan Blue exclusion were resuspended
in 10 μL of PBS. NOD-SCID mice were anaesthetized
using isofluorane gas (5% induction, 2.5% maintenance)
and cells were injected into the frontal lobe using a 10 μL
Hamilton syringe. Tumor-initiating capacity, histological
differences in tumor size, and survival analysis of BT241
TGP+ (endogenous Wnt active cells, n= 10) compared
with BT241 TGP− (endogenous Wnt inactive cells, n=
10) were performed using 5 mice per dilution at dilutions
of 1.0 × 105 and 5.0 × 104. All mice were sacrificed at
endpoint, brains were harvested, formalin-fixed, and
paraffin-embedded for hematoxylin and eosin (H&E)
staining. The sample size was determined based on prior
experiments, which yielded significant differences in
survival and tumor size. Mice were randomly selected for
injected cell type but investigators were not blinded to
treatment group. Images were taken using the Aperio
Slide Scanner and analyzed using ImageScope
v11.1.2.760 software (Aperio). Tumor volume was
assessed using the area of tumor present on 4–6 coronal
sections of the mouse brains stained with H&E. Given the
heterogeneity in the location and pattern of tumor growth
as some lesions tracked in the ventricular and extra-
parenchymal spaces rather than invasively through the
brain, our tumor volume analysis is a gross approximation
but reliably trends with in vivo survival analysis.

Statistical analysis

At least three biological replicates were performed for each
experiment. Data represent mean ± standard error (mean)
with n values listed in figure legends. Student's t-test ana-
lyses were performed using GraphPad Prism™ with sig-
nificance set to P < 0.05. Kaplan–Meier survival curves
were visualized using GraphPad Prism™.
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