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Developmental signal transduction pathways act diversely,with context-dependent roles across systems and disease
types. Glioblastomas (GBMs), which are the poorest prognosis primary brain cancers, strongly resemble develop-
mental systems, but these growth processes have not been exploited therapeutically, likely in part due to the
extreme cellular and genetic heterogeneity observed in these tumors. The role of Wnt/βcatenin signaling in GBM
stem cell (GSC) renewal and fate decisions remains controversial. Here, we report context-specific actions of Wnt/
βcatenin signaling in directing cellular fate specification and renewal. A subset of primary GBM-derived stem cells
requires Wnt proteins for self-renewal, and this subset specifically relies on Wnt/βcatenin signaling for enhanced
tumor burden in xenograftmodels. In an orthotopicWnt reportermodel,Wnthi GBMcells (which exhibit high levels
of βcatenin signaling) are a faster-cycling, highly self-renewing stem cell pool. In contrast, Wntlo cells (with low
levels of signaling) are slower cycling and have decreased self-renewing potential. Dual inhibition of Wnt/βcatenin
and Notch signaling in GSCs that express high levels of the proneural transcription factor ASCL1 leads to robust
neuronal differentiation and inhibits clonogenic potential. Our work identifies new contexts forWntmodulation for
targeting stem cell differentiation and self-renewal in GBM heterogeneity, which deserve further exploration
therapeutically.
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Many tumors contain a hierarchical structure reminis-
cent of a stem cell system, with more primitive and
more therapy-resistant cell types, called cancer stem cells
(CSCs), driving tumorigenicity and confounding thera-
peutic efficacy (Nguyen et al. 2012; Patel et al. 2014). In
addition to demonstrating intratumoral heterogeneity, tu-
mors from different patients also typically show specific
mutations, structural alterations, or transcriptional pro-
grams that define individual features that make finding

a unifying therapy for all patients within a given cancer
challenging (Lan et al. 2017).

Among tumors of the central nervous system (CNS),
glioblastoma (GBM) is the most malignant, with very
poor prognosis and severe limitations in treatment op-
tions, currently still restricted to radiation and chemo-
therapy using the alkylating agent temozolomide. GBM
follows a hierarchical structure, with a small population
of cells identified to have functional and phenotypic
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similarities to neural stem cells (Galli et al. 2004; Singh
et al. 2004; Tirosh et al. 2016; Lan et al. 2017) that are de-
fined asGBMstemcells (GSCs). GSCs are resistant to che-
motherapy and radiotherapy (Bao et al. 2006; Chen et al.
2012) and therefore contribute to tumor recurrence. It is
therefore fundamentally important to understand the un-
derlying biology of GSCs to develop new strategies to
eliminate them along with the bulk of the tumor.
During embryonic development and adult tissue ho-

meostasis, a recurrent number of signaling pathways con-
trolled by secreted growth factors such as Notch, Wnt,
Hedgehog, and TGFβ govern core processes in stem and
progenitor cells that include self-renewal, proliferation,
differentiation, and migration (Moore and Lemischka
2006; Clevers et al. 2014). Reactivation or subversion of
these pathways in cancer frequently contributes to tumor
progression as a result of uncontrolled growth, differenti-
ation failure, or invasion (Dreesen and Brivanlou 2007;
Azzarelli et al. 2018). Numerous studies, including fate
mapping of in vivo barcoded primary GBM cells (Lan
et al. 2017), strongly support the concept thatGBM is driv-
en by a growth process that is highly reminiscent of a
developmental hierarchy based on rare stem cells. Inter-
estingly, one of the biggest phenotypic differences with
normal neural stem cells appears to be the decreased dif-
ferentiation potential of GSCs following growth factor
withdrawal. Strategies that overcome differentiation fail-
ure in GBM to restrict uncontrolled expansion of GSCs
and favor generation of more mature cells with limited
proliferative capacity may therefore represent attractive
therapeutic opportunities. For example, we recently un-
covered that a subset of GSCs expressing a relatively
high level of the proneural transcription factor ASCL1
retains developmental neurogenic capacity (Park et al.
2017). We demonstrated that the latent neuronal differen-
tiation potential of ASCL1hi GSCs can be therapeutically
unmasked by modulating Notch signaling, using γ secre-
tase inhibitors, to promote neuronal differentiation,
decrease self-renewal, and restrict their tumorigenic po-
tential (Park et al. 2017).
In concert with Notch, Wnt/βcatenin signaling is a crit-

ical regulator of stem and progenitor cell populations dur-
ing embryonic development and adult tissue homeostasis.
Mutations or defects in genetic or epigenetic mechanisms
leading to dysregulated Wnt/βcatenin signaling are fre-
quent in human diseases and are at the root of a number
of cancers, including brain neoplasms (Korinek et al.
1997; Zurawel et al. 1998; Anastas andMoon 2013). In hu-
mans, the Wnt signaling pathway is comprised of a net-
work of 19 Wnt ligands and 10 Frizzled (FZD) receptors
and several coreceptors, including LRP5/6, ROR1/2,
PTK7, and RYK. When secreted Wnt proteins bind to the
FZD–LRP5/6 receptor complex on the cell surface of re-
ceiving cells, this interaction leads to activation of the
Wnt/βcatenin pathway, also known as the canonical Wnt
pathway, as this pathway was the first identified and is
the best-understood Wnt protein signaling cascade (Stein-
hart and Angers 2018). Activation of the Wnt/βcatenin
pathway results in βcatenin proteins accumulating and
translocating into the nucleus, where they interact with

the LEF/TCF family of transcription factors to regulate
context-dependent expression of Wnt target genes such
as AXIN2 andNKD1. In the developing brain, Wnt/βcate-
nin signaling promotesNSCself-renewal and proliferation
(Chenn andWalsh 2002; Lie et al. 2005; Kalani et al. 2008)
and regulates the anterior–posterior patterning of the ner-
vous system (Ciani and Salinas 2005). During later stages
of neurogenesis, Wnt/βcatenin signaling is required for
specification of neuronal subtypes (Israsena et al. 2004;
Kuwabara et al. 2009; Munji et al. 2011). Several studies
have implicated dysregulated Wnt signaling in GBM de-
spite the absence of genetic alterations within known
pathway components such as APC or βcatenin (Reya and
Clevers 2005). For example, the forkhead transcription fac-
tor FOXM1promotes thenuclear translocationofβcatenin
in GBM and contributes to pathway activation and GSC
self-renewal (Hodgson et al. 2009; Zhang et al. 2011). In
GSCs, Wnt signaling pathway components can be up-reg-
ulated indirectly due to genetic modifications in other
genes such as overexpression of PLAGL2, which is neces-
sary for self-renewal and can up-regulate Wnt signaling
pathway members (Zheng et al. 2010). In addition, aber-
rant regulation of a transcriptional network controlled by
ASCL1 represses DKK1 expression, a negative regulator
ofWnt/βcatenin signaling, and leads to increasedWnt sig-
naling in GBM (Rheinbay et al. 2013). Supporting a func-
tionally important role for the Wnt/βcatenin pathway in
GBM,smallmolecule inhibitors of theacyltransferasePor-
cupine (PORCN), which blocks the palmitoylation ofWnt
proteins and consequently their secretion and activity, in-
hibit the proliferation and clonogenic potential of GSCs in
vitro and tumor progression in vivo (Kahlert et al. 2015;
Huang et al. 2016). This finding was also supported by
the discovery that Wntless (WLS), which is also involved
in Wnt ligand secretion, is highly expressed in gliomas,
and knockout of WLS results in a reduction of prolifera-
tion, clonogenic growth, and invasion (Augustin et al.
2012).
In this study,we uncovered thatWnt/βcatenin signaling

is activated in a small proportion of cells in GBM that
match properties of GSCs such as sphere-forming poten-
tial and expression of SOX2. Although Wnt/βcatenin sig-
naling is activated in all GSC cultures examined, we
found that it was functionally important for self-renewal
in only a subset of GSCs that harbors a gene expression
profile matching the proneural GBM subgroup, which
also exhibits high expression of ASCL1. Strikingly, we
show that dual inhibition of Notch and Wnt signaling in
ASCL1hi GSCs accelerates the timing and extent of neuro-
nal differentiation, pointing to new combinatorial devel-
opmental therapeutic opportunities.

Results

Heterogeneous activation of Wnt/βcatenin signaling
in primary GBM tumors and GSCs

Developmental programs are frequently co-opted by can-
cer stem cells to stimulate their self-renewal, drive their
proliferative activity, and modulate their differentiation
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potential (Takebe et al. 2015; Azzarelli et al. 2018). Given
its pervasive roles in stem cell function and cancer, we set
out to define the role of the Wnt/βcatenin signaling path-
way for GSC self-renewal. We first studied primary hu-
man GBM samples, which are known to contain subsets
of tumor cells with tumor-propagating properties that
are positive for the neural stem cell marker SOX2 (Singh
et al. 2004; Pollard et al. 2009). Immunostaining of multi-
ple primary patient samples identified a subset of SOX2+

cells that was also positive for nuclear βcatenin staining,
a standard proxy of Wnt pathway activation (Fig. 1A,B;
Supplemental Fig. S1A). Notably, all nuclear βcatenin-
positive cells were also positive for SOX2, suggesting
that 1%–2% of SOX2-positive cells have active Wnt/βca-
tenin signaling. We next quantified expression of activat-

ed βcatenin by Western blot analysis of total protein
lysates from stem cell-enriched fractions of primary
GBM using an antibody specific for the dephosphorylated
Ser37/Thr41 form of activated βcatenin, which is a more
direct readout ofWnt pathway activity than nuclear stain-
ing. Freshly dissociated GBM cells enriched for CD15/
Lewis-x/SSEA-1 and CD133 (Son et al. 2009), which are
known to contain a higher proportion of GBM tumor-
initiating cells, had higher expression of activated βcate-
nin compared with the CD15- and CD133-negative cells
isolated from the same freshly dissociated primary sample
(Supplemental Fig. S1B). Together, these findings suggest
that within GBM tumors, Wnt/βcatenin activity is en-
riched in cells that have been previously defined to have
tumorigenic properties.

E

F
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G

Figure 1. Wnt activity is enriched in GSCs. (A) Immunohistochemistry of primary GBM tumors stained for the stem cell marker SOX2
and βcatenin. Scale bar, 20 µm. (B) Average of SOX2+ and nuclear βcatenin+ cells in five patient GBM tumor samples (GBM523, GBM799,
GBM859, GBM620, and GBM798). Error bars indicate mean± SD. (C, top) Diagram of a pBarVenus reporter construct in which synthetic
LEF–TCF-binding sites drive expression of Venus. (Bottom) A fuBarVenus construct in which the LEF–TCF-binding elements aremutated
was used as control. (D) Fluorescence of intracranial xenograft fromaGSC culture transducedwith pBarvenus reporter. Scale bars: 100 µm
(panels I,II,III); 50 µm (panel IV). (E) Fluorescence-activated cell sorting (FACS) analysis of pBarVenus intracranial xenografts. Wntneg,
Wntlo, and Wnthi cells were sorted and analyzed. (F ) In vitro LDA of freshly dissociated Wntneg, Wntlo, and Wnthi GSCs. Error bars in-
dicate estimated frequency +95% CI. (N.D) Not detected. (∗∗) P< 0.01; (∗∗∗) P< 0.001. (G) Population doubling times of Wntlo and Wnthi
cells. Error bars indicate mean±SD, unpaired t-test (∗) P<0.05; (∗∗∗) P< 0.001.

Rajakulendran et al.

500 GENES & DEVELOPMENT

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.321968.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.321968.118/-/DC1


Following these observations, we sought to more close-
ly study the intratumoral heterogeneity of βcatenin
activity in GBM.When plated in serum-free medium con-
taining EGF and FGF on a laminin substrate, a subpopula-
tion of human GBM cells are expanded, retain stem cell
phenotypes and functional properties, and are designated
as GSCs (Pollard et al. 2009). We established primary
GSC cultures expressing pBarVenus (Biechele et al.
2009), which has previously been described to faithfully
report on βcatenin transcriptional activity (Fig. 1C, top).
This reporter consists of synthetic LEF–TCF-binding sites
driving the expression of the Venus fluorescent protein.
As a control, we used fuBarVenus where the LEF–TCF-
binding elements are mutated (mTCF) and Venus expres-
sion is therefore dissociated from βcatenin activity (Fig.
1C, bottom). When pBarVenus cells and fuBarVenus
GSCs were treated with the GSK3 inhibitor BIO to acti-
vate Wnt–βcatenin signaling, an expected increase in
Venus expression was selectively detected in pBARVe-
nus-expressing GSCs (Supplemental Fig. S1C). We then
introduced pBarVenus-expressing GSCs, isolated from
three independent GBM patients, intracranially into
NOD-SCIDγ (NSG) immunodeficient mice and let tu-
mors develop until mice developed symptoms of tumor
burden requiring sacrifice. Examination of freshly isolated
GBM tumor cells from dissociated xenografts revealed
varying degrees of Venus expression, indicating heteroge-
neous activation of Wnt/βcatenin signaling (Fig. 1D; Sup-
plemental Fig. S1D), consistent with our observations in
freshly isolated primary human GBM tumors (Fig. 1A).
Using flow cytometry, we then sorted for Venus expres-
sion and isolated the top 10% (Wnthi), lowest 10% (Wntlo),
and negative (Wntneg) fractions and plated these cells into
limiting dilution analysis (LDA) to quantify the frequency
of sphere-forming cells (SFCs; as a surrogate assay for self-
renewal) and proliferation assays (Fig. 1E,F,G; Supplemen-
tal Fig. S1E). For all tested GSCs (G477NS, G523NS, and
G361NS), Wnthi cells had greater clonogenic potential
and shorter doubling time relative to Wntlo cells (Fig. 1F,
G). Wntneg cells did not proliferate once plated, and thus
a doubling time could not be calculated. In contrast, cells
isolated from control fuBarVenus-expressing xenografts
showed no difference in sphere-forming ability when sort-
ed for Venuslo and Venushi populations (Supplemental Fig.
S1E). Overall, our findings reveal heterogenous intratu-
moral activation of Wnt/βcatenin signaling in GBM,
where cells with the highest level of Wnt/βcatenin signal-
ing activity exhibit increased proliferation and higher SFC
frequency, consistentwith amore aggressive/tumorigenic
phenotype.

Wnt proteins are required for self-renewal of a subset
of GSCs

Having established that Wnt signaling is heterogeneously
activated in vivo, we set out to determine the role of Wnt
signaling pathway activation in early-passage GSC cul-
tures. In eight early-passage GSC cultures, we evaluated
the functional roles ofWnt proteins using the small mole-
cule Porcupine (PORCN) inhibitor LGK974, which blocks

PORCN-mediated palmitoylation of Wnt ligands, a post-
translational modification required for their secretion
and activity. In all GSC cultures, LGK974 treatment led
to decreased levels of the βcatenin target genes AXIN2
and NKD1 (Fig. 2A), indicating that most early-passage
GSCs exhibit ligand-dependent Wnt/βcatenin signaling
activity. To determine whether Wnt proteins were re-
quired for GSC clonogenic ability, we incubated GSC cul-
tureswith LGK974 for 1wk and then replated the cells in a
LDA in the presence of LGK974. Interestingly, four out of
eight primary GSC cultures tested showed a significant
reduction in SFC frequency with LGK974 treatment,
whereas four GSC cultures showed no effect (Fig. 2B) de-
spite the treatment leading to effective inhibition of
Wnt/βcatenin signaling response as demonstrated above
(Fig. 2A). Based on LGK974 sensitivity in these assays,
weclassifiedGSCcultures asWnt-dependentorWnt-inde-
pendent. Wnt-dependent GSCs showed a dose-dependent
decrease in SFC frequency when treated with LGK974
(Supplemental Fig. S2A) and also a statistically significant
increase in doubling time (Supplemental Fig. S2B), where-
as Wnt-independent GSCs showed no difference in dou-
bling time (Supplemental Fig. S2B). To further establish a
requirement for Wnt proteins for self-renewal in Wnt-de-
pendent GSCs, we conducted a secondary LDA in which
control cells and cells treatedwith LGK974 in the primary
LDA were harvested and replated in a secondary LDA in
the absence of LGK974. Treatment of twoWnt-dependent
GSC cultures (G477NS and G523NS) with LGK974 led to
significant reduction in secondary SFC frequency, demon-
strating long-term inhibition of GSC self-renewal follow-
ing PORCN inhibition (Fig. 2C). We also found a trend
for increased levels of activated βcatenin in Wnt-depen-
dent GSCs (Fig. 2D).

Wnt-dependent GSCs exhibit a proneural signature

Sincewe identified subsets ofGSC cultures asWnt-depen-
dent and Wnt-independent, we next used RNA-seq to
identify subset-specific gene expression signatures (Sup-
plemental Table S1). Hierarchical clustering of gene ex-
pression data of eight GSC cultures indicated that the
four Wnt-dependent GSC cultures clustered together
and separately from the four Wnt-independent GSC cul-
tures (Fig. 3A; Supplemental Fig. S3A). We identified sub-
sets of genes that were significantly up-regulated or down-
regulated in Wnt-dependent and Wnt-independent GCS
cultures (Fig. 3B; Supplemental Table S2) and describe a
gene signature that could be used to predict reliance on
Wnt ligands for self-renewal (Fig. 3A). Validation of five
genes up-regulated in the Wnt-dependent group using
qPCR confirmed the RNA-seq results (Fig. 3C; Supple-
mental Fig. S3B). Gene set enrichment analysis (GSEA)
identified the proneural, classical, Wnt canonical, and
Notch gene sets as enriched in Wnt-dependent GSCs
(Fig. 3D). In contrast, in the Wnt-independent GSCs, the
glioblastoma mesenchymal gene set was the top hit (Fig.
3C). Although the classical gene set was enriched in
Wnt-dependent GSCs, based on false discovery rate
(FDR) Q-value of our GSEA, we conclude that GSC
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cultures harboring the TCGA proneural gene expression
profile (FDR<0.0001) depend on Wnt proteins for self-re-
newal, whereas GSC cultures from the mesenchymal
group (FDR<0.0001) still exhibit activeWnt-βcatenin sig-
naling but are not functionally reliant on this develop-
mental pathway.

βcatenin-mediated transcriptional activity is required
for self-renewal of a subset of GSCs

SinceWnt ligands are known to regulate both βcatenin-de-
pendent and βcatenin-independent signaling pathways,
we next wanted to determine the requirement for βcate-
nin transcriptional regulation on GSC clonogenic poten-
tial. To do this, we interfered with the assembly of the
βcatenin transcriptional complex using an inhibitor of
βcatenin-responsive transcription (iCRT14), which blocks
the interaction between βcatenin and TCF7L2 (Gonsalves
et al. 2011). iCRT14 treatment reduced the expression of
Wnt target genes (Supplemental Fig. S4A) and led to de-
creased SFC frequency in Wnt-dependent GSCs (Fig.
4A). In support of these findings, we expressed a T-cell fac-
tor (TCF) dominant-negative protein (Vacik and Lemke

2011) that lacks the βcatenin-binding domain but main-
tains the DNA-binding domain (TCF7L2-DN) in GSC
cultures. Expression of TCF7L2-DN inhibited the Wnt-
mediated activation of a βcatenin-dependent luciferase re-
porter in HEK293 cells and GSCs (Supplemental Fig. S4B)
and reduced expression of the Wnt target genes AXIN2
and NKD1 in Wnt-dependent and independent GSCs
(Supplemental Fig. S4C). Consistent with a differential re-
liance on βcatenin signaling in Wnt-dependent versus
Wnt-independent GSCs, expression of TCF7L2-DN only
inhibited SFC frequency in Wnt-dependent GSCs (Fig.
4B). As an additional control, we also analyzed SFC fre-
quency in cells expressing wild-type TCF7L2 versus
TCF7L2-DN and had consistent findings where expres-
sion of TCF7L2-DN inhibited SFC frequency in Wnt-
dependent GSCs (Supplemental Fig. S4D).

We next set out to test the requirement ofWnt/βcatenin
signaling for GBM growth in vivo. We injected control or
TCF7L2-DN-expressing Wnt-dependent G523NS cells or
Wnt-independent G361NS cells subcutaneously into the
flanks of mice. The volume of the tumors was measured
over time, and the mice were sacrificed at either 66 d or
35 d after initial injection for Wnt-dependent and Wnt-

B
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C

D

Figure 2. A subset of primary GNS cell lines requires Wnt signaling for self-renewal. (A) qPCR analysis of Wnt target genes AXIN2 and
NKD1 in GSCs treated with the PORCN inhibitor LGK974 for 1 wk. Error bars indicate mean±SD. (∗) P <0.05; (∗∗) P <0.01; (∗∗∗) P<0.001.
(B) In vitro LDA of GSC cultures treated with 1 µM LGK974. Error bars indicate estimated frequency +95% CI. (∗) P< 0.05; (∗∗) P <0.01.
(C ) Post-LGK974 secondary in vitro LDA of GSC cultures after 1 wk of LGK974 treatment in 2D cultures and 1 wk of LGK974 treatment
in primary LDA. Error bars indicate estimated frequency +95%CI. (∗) P< 0.05; (∗∗) P<0.01. (D) Western blot analysis of activated βcatenin
in Wnt-dependent and Wnt-independent GSCs.
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independent cells, respectively. A significant reduction in
weight and volume of TCF7L2-DN-expressing G523NS-
derived (Wnt-dependent) tumors relative to control tu-
mors was observed (Fig. 4C; Supplemental Fig. S4E). In
contrast, no significant difference in tumor weight or
volume was observed between control and TCF7L2-DN-
expressing tumors (Fig. 4C; Supplemental Fig. S4F).
To further confirm the importance of βcatenin signaling

for the tumorigenicity of Wnt-dependent GSCs, we

performed orthotopic intracranial transplantations of
Wnt-dependent or Wnt-independent GSCs expressing
TCF7L2-DN or a control plasmid and assessed survival.
TCF7L2-DN expression conferred a significant survival
benefit for mice injected with equivalent number of
Wnt-dependent GSCs, whereas no significant difference
was observed for mice injected with Wnt-independent
GSCs (Fig. 4D). To confirm the on-target activity of the
TCF7L2-DN protein, decreased expression of βcatenin

B

A
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Figure 3. Classification of Wnt-dependent and Wnt-independent GSC cultures. (A) Heat map of differentially expressed genes in Wnt-
dependent and Wnt-independent GSC cultures. Genes overexpressed (left) and underexpressed (right) in Wnt-dependent GSC cultures
are shown. FDR<1%. (B) Volcano plot of differentially expressed genes in Wnt-dependent and Wnt-independent GSC cultures.
(C ) qPCR analysis of selected genes identified to be differentially expressed in Wnt-dependent and Wnt-independent GSC cultures.
Error bars indicate mean±SD. (D) GSEA of differentially expressed genes in Wnt-dependent and Wnt-independent GNS cultures using
RNA-seq.
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target genes in TCF7L2-DN-expressing GSCs was con-
firmed using qPCR prior to cell injection (Supplemental
Fig. S4G). We conclude that although βcatenin-mediated
transcriptional activation occurs in all GSC cultures ex-
amined, it is cell-autonomously required for the growth
of only a subset of patient-derived GSCs.

Dual Wnt and Notch signaling pathway inhibition
accelerates and potentiates GSC neuronal
differentiation

Since the results above indicated that inhibition of Wnt/
βcatenin signaling decreased self-renewal capacity in a
subset ofGSCs,wenext testedwhether thiswas accompa-
nied by increased GSC differentiation. Wnt-dependent
and Wnt-independent GSC lines were treated with
LGK974, and the percentage of GFAP-positive (astrocytic
marker) and TUBB3-positive (neuronal marker) cells was
quantified using immunofluorescence. We observed that
inhibition of Wnt secretion with LGK974 led to a small
but significant increase of GFAP-positive cells in two
Wnt-dependent GSC cultures but had no effect in Wnt-
independent cultures (Fig. 5A,B; Supplemental Fig. S5A,B).

We demonstrated previously that a subset of GSC lines
expresses high levels of Achaete–scute homolog 1
(ASCL1), a proneural transcription factor involved in nor-

mal neurogenesis (Park et al. 2017). Compared with
ASCL1lo GSCs, ASCL1hi GSCs display a latent potential
for terminal neuronal differentiation in response to inhibi-
tion of Notch signaling or following withdrawal of self-re-
newal growth factors. Given the common proneural gene
expression programs of ASCL1hi and Wnt-dependent
GSCs (Fig. 3A,B), we hypothesized that dual inhibition of
Wnt andNotch signalingmay synergize to promote differ-
entiation. Treatment of Wnt-dependent GSCs (ASCL1hi),
but not Wnt-independent GSCs (ASCL1lo), with LGK974
and the γ-secretase inhibitor (GSI) for a short period
(2 wk) led to robust increases in TUBB3 staining, whereas
GSI treatment alone was not sufficient to induce signifi-
cant staining at this time point (Fig. 5C,D; Supplemental
Fig. S5C,D). Furthermore, knockout ofASCL1 in ASCL1hi

GSCs inhibited the neuronal differentiation observedwith
the treatment (Supplemental Fig. S5E). Increasing the
treatment duration for a longer period (4 wk) led to sub-
stantial neuronal differentiationwithGSI treatment alone
in Wnt-dependent GSCs (Fig. 5D; Supplemental Fig. S5C,
D). Importantly, LGK974 treatment significantly inhibit-
ed cell cycling, as measured using Ki67 staining, but GSI
treatment had only a minimal effect in Wnt-dependent
GSCs during the short treatment (Fig. 5D; Supplemental
Fig. S5C–E). This synergy in the ability of Wnt and Notch
pathway inhibitors to potentiate neuronal differentiation

BA

C D

Figure 4. A subset of primary GSC cultures requires canonical Wnt signaling for self-renewal. (A) In vitro LDA of GSC cultures treated
with 1 µM iCRT14 for 1 wk in 2D cultures. Error bars indicate estimated frequency ±95%CI. (∗) P<0.05. (B) In vitro LDA of GSC cultures
transduced with control or TCF7L2-DN virus. Error bars indicate estimated frequency ±95%CI. (∗) P<0.05; (∗∗∗) P<0.001. (C, left) Quanti-
fication of tumor weights of subcutaneously transplanted Wnt-dependent G523NS-TCF7L2-DN (n =12) and control (n= 15) cultures.
Error bars indicate mean±SEM. (Right) Quantification of tumor weights for subcutaneously transplanted Wnt-independent G361NS-
TCF7L2-DN(n =10) andcontrol (n= 14) cultures.Errorbars indicatemean±SEM. (∗)P< 0.05,unpaired t-test. (D, left)Kaplan-Meier analysis
forWnt-dependentG477NScontrol (n=8) orTCF7L2-DN(n=8) cultures transplanted intracranially. (Right) Kaplan-Meieranalysis ofWnt-
independent G361NS control (n =8) or TCF7L2-DN (n =8) cultures transplanted intracranially. (∗∗∗) P<0.001, Mantel-Cox test.
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of Wnt-dependent/ASCL1hi GSC cultures translated to a
marked decrease in SFC frequency when compared with
the inhibitors used separately (Fig. 5E; Supplemental Fig.
S5F). This effect on SFC frequency also required ASCL1,
since treatment with LGK974 and GSI had no effect in
Wnt-dependent GSCs in which ASCL1 was knocked out

usingCRISPR–Cas9 (Supplemental Fig. S5F).Weconclude
that dual inhibition ofWnt andNotch signaling, which re-
sults in block of GSC clonogenic potential and increased
differentiation, respectively, accelerates the timing and
potentiates neuronal differentiation when compared
with GSI inhibitor alone.

E

BA

C D

Figure 5. Wnt and Notch signaling maintain GSC cultures in an undifferentiated state. (A,B, top) Immunohistochemistry of GFAP and
TUBB3 inWnt-dependent (A) andWnt-independent (B) GSC cultures following treatment with 1 µM LGK974 for 2 wk. Quantification of
GFAP+ or TUBB3+ GSCs is shown at the bottom. Error bars indicate mean±SD (∗∗) P <0.01, unpaired t-test. Scale bar, 50 µm. (C, left) Im-
munohistochemistry of TUBB3 in GSC cultures (G523NS) treated with 1 µM LGK974 and/or 5.5 µM γ secretase inhibitor GSI for 2 wk.
Quantification of TUBB3+ cells is shown at the right. Error bars indicate mean±SD. (∗∗∗) P< 0.001, one-way ANOVA. Scale bar, 50 µm.
(D) Immunocytochemistry of TUBB3 and Ki67 in GSC cultures (G523NS) treated with 1 µM LGK974 and/or 5.5 µM GSI for 2 wk (short
treatment) or 4 wk (long treatment). Quantification of TUBB3+ cells and Ki67+ cells is shown below. Error bars indicate mean±SD. (∗) P<
0.05; (∗∗) P <0.01; (∗∗∗) P <0.001, one-way ANOVA. Scale bar, 50 µm. (E) In vitro LDA of Wnt-dependent and Wnt-independent GSC cul-
tures treated with 1 µM LGK974 and/or 5.5 µM GSI. Error bars indicate estimated frequency ±95% CI. (∗∗) P <0.01; (∗∗∗) P<0.001.
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Discussion

Our findings support thatGBMs retain developmental sig-
naling axes that can be exploited to attenuate GSC self-
renewal and promote differentiation. Our data indicate
that although Wnt/βcatenin signaling is activated in all
primary GSC cultures analyzed, it is required for self-re-
newal in only a subset of GSCs. Gene expression analysis
revealed thatWnt-dependent GSCs have a transcriptional
program most similar to the proneural GBM subset,
whereas the Wnt-independent GSC cultures more closely
resemble the mesenchymal GBMs, consistent with a re-
cent report (Huang et al. 2016). Our own analysis of the
chromatin state of primary GBM GSC cultures supports
retention of developmental transcription factor networks
essential for functional responses to developmental sig-
naling modifiers (Lan et al. 2017), but, in this study, we
show only a GBM subset retains Wnt-responsiveness.

Functional association between the proneural factor
ASCL1 and Wnt signaling was uncovered previously,
where ASCL1 expression leads to activation of Wnt sig-
naling through repression of the negative regulator
DKK1 (Rheinbay et al. 2013). Interestingly, our group
has recently identified thatASCL1 expression inGBM fol-
lows a binary pattern of high and low expression (Park
et al. 2017). GSEA revealed that the ASCL1hi subgroup
is associatedwith the proneural GBMphenotype, whereas
the ASCL1lo is associated with the mesenchymal pheno-
type. ASCL1hi GSCs were found to exhibit a latent capac-
ity for neuronal differentiation in response to Notch
signaling inhibition, whereas ASCL1lo GSCs did not.

Together, our results therefore suggest that in ASCL1hi

GSCs, Wnt/βcatenin and Notch signaling cooperate and
contribute to tumor progression by promoting clonogenic
ability, stimulating proliferation, and inhibiting differen-
tiation. Consistent with this observation, we show that
combined treatment of this GSC subgroup with both
LGK974 and GSI results in more potent effects on clono-
genic potential and differentiation. We hypothesize that
ASCL1hi GSCs have preserved a requirement on develop-
mental signaling pathways to control the balance of clo-
nogenic potential and differentiation, whereas ASCL1lo

cells have escaped these developmental signals possibly
through acquisition of additional mutations or epigenetic
changes. Alternatively, the requirements on develop-
mental signals may reflect a distinct cell of origin or a
developmental memory for fate determination or a specif-
ic niche interaction that persists within the neoplastic
context. We do not exclude that other developmental
pathways (noncanonical Wnt or non-Notch) may be oper-
ative in the GBMs that show fewer proneural features.

These studies are also consistent with our recent ob-
servations that many GBMs pervasively maintain devel-
opmental hierarchies that cross-cut intratumoral or
intertumoralmutational complexity (Lan et al. 2017), sug-
gesting that broad developmental signaling pathwaysmay
be more important for patient targeting in this disease
than targeting one or several mutant proteins that are het-
erogeneously expressed within individual patient tumors.
Our results also predict that combining developmental

signaling modifications that target both self-renewal and
differentiation processes together, both of which are near-
ly universally altered in GBM, is likely to be a more suc-
cessful strategy than targeting one of these processes
alone, at least for a significant GBM subset, and we think
approaches such as this deserve more preclinical focus.

Materials and methods

Primary cell isolation and cell cultures

Primary cells from GBMs were isolated from newly diagnosed or
recurrent patient specimens following resection using an estab-
lished protocol (Singh et al. 2004). In brief, human GBM surgical
specimens were mechanically dissociated in artificial cerebrospi-
nal fluid and incubated in enzymes for 30–40 min at 37°C with
nutation in the presence of glass beads. After centrifugation,
the supernatant was removed, and the pellet was resuspended
in Dulbecco’s modified Eagle’s medium (Thermo Fisher). The
pellet was pipetted to mechanically separate cell aggregates and
passed through a 40-mm mesh followed by centrifugation for
5 min. Dissociated cells were plated and grown adherently on
poly-L-ornithine-coated (Millipore Sigma) and laminin-coated
(Millipore Sigma) primaria cell culture dishes (Corning) in Neu-
rocult NS-A basal medium (Stem Cell Technologies) supple-
mented with GlutaMAX (Thermo Fisher), B27 (Thermo Fisher),
N2 (Thermo Fisher), 150 µg/mL BSA (Thermo Fisher), 10 ng/
mL basic fibroblast growth factor (bFGF) (Thermo Fisher),
10 ng/mL recombinant human epidermal growth factor (rhEGF)
(Thermo Fisher), and 2 µg/mL heparin (Millipore Sigma) as de-
scribed previously (Pollard et al. 2009). Cells were dissociated us-
ing Accutase (Thermo Fisher). Where applicable, puromycin
antibiotic was used at 2 µg/mL. HEK293T cells were grown in
DMEM supplemented with 10% FBS. The following drugs,
when used, were dissolved in DMSO: (2′Z,3′E)-6-bromoindiru-
bin-3′-oxime (BIO, Millipore Sigma), LGK974 (AddoQ), and
iCRT14 (Millipore Sigma).

Animals—xenograft models

NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (NSG) female mice 5–8 wk
old from the Jackson Laboratory were used for all in vivo studies.
For subcutaneous xenograft studies, 1 million cells were dissoci-
ated and injected into flanks of NSG mice. Mice were sacrificed
once flank tumors reached a maximum diameter of 20 mm. Tu-
mors were removed and flash-frozen. For orthotopic transplanta-
tion, NSG mice were anesthetized using gaseous isoflurane and
immobilized using a Kofp stereotactic apparatus with a mouse
adapter. Following an incision at the midline, a 21-guage needle
was used to drill a borehole 1 mm lateral and 2 mm posterior to
bregma. Using a 27-guage needle Hamilton syringe, cells were in-
jected 2.5mmdeep from the surface of the skull slowly for 3min.
The needle was left for an additional 4 min to prevent reflux
and then slowly removed over a period of 3 min. Wax was used
to fill up the borehole, and the incision at the midline was closed
using sutures. Mice were observed daily for signs of neurological
deficits and sacrificed for up to 6mo. TheHospital for Sick Child-
ren’s Animal Care Committee approved all experiments and
procedures.

Transfections and lentiviral transductions

Lentiviral particles were produced in HEK293T cells. HEK293T
were cotransfected with 2 µg of vesicular stomatitis virus
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glycoprotein, 5 µg of psPAX2, and 5 µg of lentiviral vector in
30%–40% confluent cultures grown in 10-cm plates using calci-
um phosphate. Fresh medium was added 24 h later, and medium
containing viral particles was collected 48 h after initial transfec-
tion. Viral supernatant was collected and centrifuged briefly and
filtered through a 0.45-µm filter to remove cells and debris. Super-
natant was then mixed with Lenti-X concentrator and incubated
for a minimum of 2 h at 4°C. The sample was then centrifuged at
1500g for 45 min, and a high-titer virus-containing pellet was re-
suspended in 200 µL of DMEM/F12 (Thermo Fisher). GSCs were
transduced with virus in the presence of 0.8 µg/mL polybrene,
and viral medium was replaced with fresh medium containing
2 µg/mL puromycin when selection was possible.

Limiting dilution assay

In vitro sphere-forming ability was measured in a LDA where
cells were plated in nonadherent 96-well plates in a limited dilu-
tion (range of 3–2000) with or without drug treatment. After 1–2
wk, the number of wells with at least one positive sphere (top of
sphere contains five to eight cells) was counted, and the frequen-
cy of sphere-forming cells was determined by the inverse of the x
intercept of the regression between the number of wells negative
for spheres and cells seeded per well. Colony-forming ability was
quantified by Poisson statistics at 37% negative wells, and Ex-
treme limiting dilution analysis (ELDA) software (http://bioinf
.wehi.edu.au/software/elda) was used (Hu and Smyth 2009). All
LDA experiments shown are representative experiments and
were repeated a minimum of three independent times using ear-
ly-passage GSC lines.

TopFlash reporter assay

Stable HEK293T cells expressing the TopFlash βcatenin-depen-
dent luciferase reporter and Renilla luciferase (Lui et al. 2011)
were transfected with control or TCF7L2-DN plasmid using pol-
yethylenimine. Themediumwas replacedwith a 1:1 ratio of fresh
DMEM/Wnt3a orDMEM/control conditionedmedium, and cells
were assayed 24 h later using the dual-luciferase assay protocol
(Promega) using the Envision multilabel plate reader. All Top-
Flash assays are an average of three replicates.

Histology, immunofluorescence microscopy, and image acquisition

Cells were grown on coverslips and fixedwith 4%PFA for 10min.
Cells were washed with PBS, permeabilized with 0.4% Triton X-
100 in PBS for 15min, and blocked with 1% goat serum and 0.2%
Trion X-100 in PBS (blocking solution) for 1 h. The cells were in-
cubatedwith primary antibodies overnight at 4°C in blocking sol-
ution. Primary antibodies used in this study included TUBB3
(TU-20 mouse anti-Tubulin, β III isoform; 1:500; Millipore
Sigma), GFAP (1:500; DAKO), and Ki67 (SP6; 1:500; Thermo Fish-
er). The following day, the cells werewashed with PBS, incubated
with fluorophore-conjugated secondary antibodies for 1 h at room
temperature, washed with PBS, and mounted onto slides using
VectaShield mounting medium containing DAPI (Vector Labora-
tories). Images were acquired using a confocal microscope (Carl
Zeiss, LSM 700) operated with ZEN software. The fraction of
TUBB3-, GFAP-, or Ki67-positive cells was counted from five in-
dependent images from each condition. The average and standard
deviation were calculated from three biological replicates.
Tissue sampleswere fixed in 4%paraformaldehyde for 24 h fol-

lowed by paraffin embedding and sectioning. The sections were
deparaffinized and rehydrated using an alcohol gradient to water
for antigen retrieval in 10 mM citrate buffer (pH 6.0) in a micro-

wave pressure cooker. Sections were then treated with 3% (v/v)
peroxide inmethanol for 15min at room temperature to block en-
dogenous peroxide activity. Two percent (v/v) normal goat serum
or horse serum (Vector Laboratories) in PBS with 2% (w/v) BSA
was used to block nonspecific binding. Primary antibodies
SOX2 (1:1000; Abcam, ab97956) and βcatenin (1:200; BD Bio-
sciences, 610153) were incubated overnight at 4°C. Following
washes, samples were incubated with fluorophore-conjugated
secondary antibodies and imaged. SOX2- and/or βcatenin-posi-
tive cells were counted from five independent images from each
sample, and the average and standard deviation were calculated
from five different tumor samples.

Western blotting

Cellular protein from cultured cells and xenograft tumors were
homogenized in RIPA lysis buffer with a mixture of protease
(Roche) and phosphatase (Millipore Sigma) inhibitors. Protein
concentration was determined using the Bradford assay (Bio-
Rad), and samples were run on a 7% PAGE gel. Primary antibod-
ies usedweremouse antinonphosphorylated (Ser37/Thr41) βcate-
nin (8E&, 1:500; MilliporeSigma), mouse anti-β-actin (1:10,000;
MilliporeSigma), and β-Tubulin (E7, University of Iowa Develop-
mental Studies Hybridoma Bank). Membranes were probed with
horseradish peroxidase-linked donkey anti-mouse IgG (1:40,000;
Millipore Sigma), and detection of protein was conducted using
ECL Western blotting detection reagent (Thermo Fisher). All
Western blots are representative images fromaminimumof three
biological replicates.

Reverse transcription PCR, qPCR, and RNA-seq analysis

RNAwas isolated fromcells usingTRIzol (ThermoFisher) follow-
ing the manufacturer’s instructions. Two micrograms of total
RNAwas reverse-transcribed forcDNAsynthesisusing theSuper-
Script II reverse transcription kit (Thermo Fisher). Real-time PCR
wasconductedusingSyBrGreen (ThermoFisher) ina7900HTFast
real-time PCR system. The ΔΔCt normalized to cyclophilin
mRNA was used to quantify relative gene expression (Bookout
et al. 2006). The primer sequences used were as follows: CYCLO-
PHILIN (5′-GGAGATGGCACAGGAGGAA-3′ and 5′-GCCCGT
AGTGCTTCAGTTT-3′), NKD1 (5′-TGAGAAGAAGATGGAG
AGAGTGAGCGA-3′ and 5′-GGTGACCTTGCCGTTGTTGTC
AAA-3′), and AXIN2 (5′-CTCCCCACCTTGAATGAAGA-3′ and
5′-TGGCTGGTGCAAAGACATAG-3′).
All qPCR experiments are shown as an average of a minimum

of three replicates.
For generation of the RNA-seq library, RNAwas isolated using

TRIzol (Thermo Fisher), and 1 vol of 70% EtOH was mixed with
the aqueous phase. The sample was then passed through an
RNeasy column (Qiagen) and washed following the manufactur-
er’s instructions. RNA-seq librarieswere derived usingTruSeqV2
mRNA-enriched library kit (Illumina) following the manufactur-
er’s protocol. Librarieswere sequenced usingHiSeq 2500with 50-
bp single-end reads. RNA-seq reads were processed with the
RNA-seq bioinformatics pipeline of BCBIO toolkit (https://
github.com/chapmanb/bcbio-nextgen). Splicing-aware align-
ment was conducted using STAR (Dobin et al. 2013), and read
count calculation was performed with featureCounts (Liao et al.
2014). Differential expression analysis was performedwith edgeR
package (Robinson et al. 2010; McCarthy et al. 2012) in R accord-
ing to the user’s guide (https://bioconductor.org/packages/
release/bioc/vignettes/edgeR/inst/doc/edgeRUsersGuide.pdf).
The gene set enrichment analysis was performed with GSEA
(Mootha et al. 2003; Subramanian et al. 2005). The parameters
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usedwere as follows: gene set database: c2.cgp.v6.0.symbols.gmt;
permutation type: gene_set. Hierarchical clustering ofGSCRNA-
seq datawas performed using the pheatmap package in R. The top
500 most variably expressed genes by interquartile range were
used as input for average linkage clustering with Pearson correla-
tion distance measurement. This data set is available through
Gene Expression Omnibus (GEO; accession no. GSE126840).

In vitro cell proliferation assays

Proliferation assays were conducted in 24-well Primaria plates
(Corning). Cells were lifted using Accutase (Thermo Fisher),
and the number of live cells was quantified using Trypan Blue
dye exclusion assay. Cells were counted over 2–3 wk, population
doubling times were calculated using two time points during log-
arithmic growth phase, and the average was calculated from a
minimum of three biological replicates.

Flow cytometry

Immediately following tumor dissociation into single-cell sus-
pension, cells were fixed with 4% paraformaldehyde for 10 min,
permeabilized in 5% BSA and 0.1% saponin/PBS, and stained
for 30 min in 5% BSA, 4 mM EDTA, and 15 mM HEPES/PBS
with anti-CD15 (BD) and CD133 (Miltenyi Biotech). Flow was
performed on a BD LSR II analytical cytometer, and data were an-
alyzed with FlowJo 7.6.3 software. For live-cell sorting, after cells
were collected and dissociated into single cells by mechanical
and enzymatic dissociation, mouse cells were depleted using
themouse cell depletion kit (Miltenyi Biotec). Cells were then re-
suspended in Hank’s balanced salt solution (HBSS) calcium- and
magnesium-free containing 10 mM HEPES (pH 7.2) and 1 mM
EDTA. Live cells were selected using forward scatter (FSC) and
side scatter (SSC), and doublets were removed. Venus-null and
CFP-null cells were used for gating Venus- andCFP-positive cells.

Statistical analysis

Statistical details of experiments are in the figure legends and/or
the Materials and Methods. Unless indicated otherwise, all stat-
istical tests were performed using Graphpad Prism 5 and were
two-sided (GraphPad Software). Data are expressed as mean±
standard error unless stated otherwise. The results were analyzed
by Student’s t-test or ANOVA followed by post hoc analysis, as
appropriate. Survivals were analyzed using the Kaplan-Meier
method with the Mantel-Cox log-rank test. Significance was de-
fined at P< 0.05.
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