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Glioblastoma (GBM) is composed of heterogeneous tumor cell populations, including those with stem cell properties,
termed glioma stem cells (GSCs). GSCs are innately less radiation sensitive than the tumor bulk and are believed to drive
GBM formation and recurrence after repeated irradiation. However, it is unclear how GSCs adapt to escape the toxicity
of repeated irradiation used in clinical practice. To identify important mediators of adaptive radioresistance in GBM, we
generated radioresistant human and mouse GSCs by exposing them to repeat cycles of irradiation. Surviving subpopulations
acquired strong radioresistance in vivo, which was accompanied by a reduction in cell proliferation and an increase in cell-cell
adhesion and N-cadherin expression. Increasing N-cadherin expression rendered parental GSCs radioresistant, reduced their
proliferation, and increased their stemness and intercellular adhesive properties. Conversely, radioresistant GSCs lost their
acquired phenotypes upon CRISPR/Cas9-mediated knockout of N-cadherin. Mechanistically, elevated N-cadherin expression
resulted in the accumulation of β-catenin at the cell surface, which suppressed Wnt/β-catenin proliferative signaling, reduced
neural differentiation, and protected against apoptosis through Clusterin secretion. N-cadherin upregulation was induced by
radiation-induced IGF1 secretion, and the radiation resistance phenotype could be reverted with picropodophyllin, a clinically
applicable blood-brain-barrier permeable IGF1 receptor inhibitor, supporting clinical translation.

Introduction

Glioblastoma (GBM) is an important health problem and major
clinical challenge. GBM is the most aggressive brain tumor in
adults, with a median overall survival of less than 2 years. Poor
prognosis of patients with GBM is due to tumor cells that survive
after repeated irradiation included in standard therapeutic regimens (5 days/week at 1–2 Gy/day, total 60 Gy). Prior studies have
revealed that radioresistant glioma cells are endowed with characteristics of stem cells, including relative slow growth and high
self-renewal capacity (1–3). Currently, there are no effective therapies to target radioresistant glioma stem cells (GSCs). Therefore,
deciphering the molecular pathways that underlie resistance is
critical to developing new effective therapies for GSCs.
Mitotic plasticity is an important mechanism of adaptive
therapeutic resistance in cancer. The effectiveness of radiation
therapy is dependent on the proliferation rate of irradiated cells
(4, 5). This effect provides the rationale for selective targeting of
fast-growing cancer cells over quiescent normal tissue. However,
a small fraction of cancer cells can acquire a state of reduced proliferation during repeated chemoradiotherapy (6, 7). Slower proliferation is an important property for the maintenance of neural
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stem cells (NSCs) (8, 9). As NSCs can serve as cells of origin for
GSC generation, the latter may coopt the dormancy pathways of
NSCs to achieve therapeutic resistance (1–3, 10). Recent singlecell RNA-seq analysis of human GBM samples has shown that
tumor cells with an elevated stem cell phenotype display slower
proliferation compared with neighboring cells (11). However, the
molecular mechanisms through which GSCs establish a state of
slow growth and maintain their stemness are poorly understood.
Cell-cell adhesion is a biological property that supports tumor
formation, and can participate in the induction of therapeutic
resistance (12). Recently, cell-cell and cell-matrix adhesion have
become recognized as necessary mechanical properties associated with the maintenance of the stemness properties of several
types of stem cells, including NSCs and cancer stem cells (13–15).
Cell-cell contact is especially important to keep NSCs close to
their niche, where they can receive instructive signals (16). The
epithelial to mesenchymal transition (EMT) is an important biological process that reprograms cell adhesion properties. Interestingly, recent studies have shown that GSCs with a mesenchymal phenotype display increased therapeutic resistance (17, 18).
However, the role of EMT-like signaling in therapeutic resistance
of GBM is unknown.
N-cadherin (N-cad) is a transmembrane adhesion protein
and marker of the EMT. It also functions as an important cell-cell
adhesion molecule in the brain (19, 20). Both glioma cells and
GSCs express N-cad (21–23), and N-cad has a role in brain tumor
invasion (23, 24). Recent studies have revealed an important role
1
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for N-cad in maintaining the quiescent status of NSCs (25, 26),
and quiescence can confer radioresistance (6, 7). However, the
role of N-cad in adaptive brain tumor radioresistance has not been
investigated to date.
Here we examined the role of cell-cell adhesion and N-cad
expression in adaptive radioresistance of GSCs and examined
whether the resistance pathways could unveil new therapeutic
approaches to resensitize radioresistant tumors.

Results

Radioresistant GSCs display increased cell-cell adhesion, slower proliferation, and an elevation of stemness properties. To unveil mechanisms underlying therapeutic resistance in GBM, we generated
mouse GSCs by transforming adult subventricular zone neural
stem/progenitor cells through Ink4a/Arf–/– loss and activation of
the ras pathway as occurs in human gliomas (27). The cells grow
as spheres in stem cell medium, so we called them mouse glioma
spheres (mGSs). We progressively adapted mGSs to irradiation
in vitro by exposing them to 12 doses of 5 Gy (60 Gy total; see
Methods). Comparison of parental (mGS) and radiation-adapted GSCs (mGSRRs) confirmed increased radioresistance of
mGSRR cells in vitro (Figure 1A). To analyze their in vivo radioresistance, we stereotactically injected 1000 mGS or mGSRR cells
into mice brains and performed repeated brain irradiation (2 Gy
× 5 days) starting from day 3 after tumor cell implantation, when
they already formed small tumors (Supplemental Figure 1; supplemental material available online with this article; https://doi.
org/10.1172/JCI136098DS1). mGS cells form aggressive tumors
that lead to demise of 90% of mice within 15 days. The tumors
are sensitive to irradiation, which extends life span up to 25 days.
In contrast, mGSRR form aggressive tumors that do not respond
to radiation therapy as evidenced by loss of survival benefit
(Figure 1B). These data demonstrate that in vitro adaptation of
GSCs to irradiation translates to in vivo radioresistance, suggesting mGS/mGSRR cells are a good experimental model to study
mechanisms underlying GSC adaptive radioresistance.
To initially establish whether defined cell properties cosegregate with adaptive radioresistance of GSCs, we compared
the biological characteristics of mGS and mGSRR cells. We found
that mGSRR cells grow slower than mGS cells (Figure 1C), and
their slow proliferation is stable even after repeated passages (7
tested so far). mGSRR cells also display higher self-renewal ability
as shown by sphere formation assays, which is an important characteristic of stem-like cells (Figure 1D). To further analyze their
stemness we examined the expression level of neural stem cell
and progenitor marker Olig2 and neuronal differentiation marker
Tuj-1 in response to repeated irradiation. Olig2 expression gradually increased while expression of Tuj-1 decreased (Figure 1E; see
complete unedited blots in the supplemental material). mGSRR
cells also express higher CD109 (Supplemental Figure 2), a known
GSC marker (28). These data indicate that during the adaptive
process, where GSCs progressively become radioresistant upon
repeated irradiation, they reduce their growth rate and increase
their stemness properties.
We also observed that mGSRR cells form tightly packed
spheres in 3D cell culture, while those of mGS cells remain much
looser (Figure 1F), suggesting a difference in adhesion phenotype.
2

To analyze the level of cell-cell adhesion, we incubated single cells
in culture medium in nonadhesive polypropylene tubes for 4 hours
at 37°C, and then separated attached from nonattached cells by
differential centrifugation. These analyses showed that mGSRR
cells display a higher level of cell-cell adhesion (Figure 1G). These
findings suggest that the progressive adaptation of GSCs to repeated irradiation is accompanied with an augmentation in their cellcell adhesive properties.
Fractionated irradiation increases N-cad expression in GSCs and
N-cad drives the radioresistance phenotype. To identify how GSC
adhesive properties are altered following adaptive radioresistance, we used microarray analysis to compare gene expression
between mGS and mGSRR cells, and identified 227 genes upregulated in mGSRR (Supplemental Figure 3A). Gene ontology analysis showed that gene sets related to cell adhesion were upregulated (Supplemental Figure 3B). A similar analysis on a published
microarray data set of primary and recurrent GBM (29) identified
77 upregulated genes related to cell adhesion in recurrent samples (Supplemental Figure 3, C and D). We then focused on the
expression level of cell-cell adhesion molecules known to play
a role in neural stem cell maintenance (25, 26), as these are the
presumed cells of origin for GSCs. We found that N-cad is gradually increased during repeated irradiation, while E-cadherin is
decreased (Figure 2A). Immunofluorescence confirmed increased
cell-surface N-cad expression in mGSRR cells (Figure 2B). To
determine whether N-cad upregulation is also related to radioresistance in human GSCs, we established radioresistant populations of MGG4 cells (30, 31) and found that repeated irradiation
also induced progressive N-cad elevation (Figure 2C).
To establish whether N-cad is simply a biomarker of aggressive growth or a genuine driver of the above radioresistance phenotype, we stably transfected mGS cells with an N-cad expression
vector (Supplemental Figure 4A). We observed increases in cellcell adhesion and self-renewal ability (Supplemental Figure 4, B
and C), a reduction in cell proliferation (Supplemental Figure 4D),
and enhanced radioresistance (Supplemental Figure 4E), akin to
mGSRR. Similarly, when we stably increased N-cad expression in
MGG4 cells, their stemness increased as seen by Olig2 and Tuj-1
markers (Figure 2D), their cell proliferation decreased (Figure 2E),
and their self-renewal ability and radioresistance increased (Supplemental Figure 4F and Figure 2F).
To further investigate the importance of N-cad for radioresistance in human GBM, we analyzed its expression in 4 matching
pairs of GBM patient-derived xenograft (PDX) models that we
adapted to irradiation in vivo (2 Gy × 6 = 12 Gy total over 2 weeks,
Figure 2G). The tumors were allowed to regrow and then passaged
to the next set of mice and subjected to the same protocol of irradiation. This was repeated up to 6 times to develop the radiationresistant models. In the resistant tumors of 2 of the models tested
(JX39 and JX14), N-cad and Olig-2 expression increased, whereas
Tuj-1 expression dropped (Figure 2H). These changes were not
observed in the other 2 models (Supplemental Figure 5). These
findings show that adaptation to irradiation can also be accompanied by N-cad increase in human GBM, while suggesting that
other adaptive pathways may also exist.
To determine whether elevated N-cad expression relates to
prognosis, we compared the outcomes of patients with GBM with
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Figure 1. Radioresistant GSCs display increased cell-cell adhesion, slower proliferation, and an elevation of stemness properties. (A) Clonogenic survival
assay for mGS and mGSRR subjected to irradiation (IR) or control without IR. Left: representative images of colonies formed by surviving cells 13 days after
a single dose (4 Gy) of irradiation are shown. Right: fraction of surviving cells after radiation doses of 1, 3, or 5 Gy. Scale bar: 10 mm. (B) Survival curves for
mice implanted with 1000 tumor cells (mGS or mGSRR) and subjected to whole-brain irradiation consisting of a daily dose of 2 Gy from days 3 to 7 after
cell implantation (10 Gy total). Log-rank test. (C) Cell proliferation analysis for mGS and mGSRR after 72 hours. (D) Self-renewal ability of mGS and mGSRR
as evaluated by sphere formation assay in soft agar. Scale bar: 10 mm. (E) Western blot showing expression of stem cell marker (Olig2) progressively
increases and neural differentiation maker (Tuj1) is decreased following repeated cycles of irradiation in mGS cells. All blots show representative images
(n = 3). (F) Representative images of mGS and mGSRR cells stably expressing a fluorescence marker (mCherry) and grown as spheres in neural stem cell
medium are shown. Scale bars: 200 μm. (G) Single-cell suspension of mGS and mGSRR cells were cultured for 4 hours, and then the number of nonattached cells determined by differential centrifugation. *P < 0.05, **P < 0.01, ***P < 0.001, 2-tailed Student’s t tests unless otherwise indicated.

high or low N-cad mRNA. We analyzed the outcomes in TCGA
data sets (32, 33) and found that N-cad expression associated with
poor prognosis (P = 0.005; Figure 2I). This correlation was retained
even after removal of patients with well-understood determinants
of survival (IDH-mut, MGMT methylation) (P = 0.028). These data

indicate that elevated N-cad predicts poor outcome in patients with
GBM, and may thus represent a therapeutic target.
Overall, these results indicate that N-cad upregulation accompanies mouse and human GSC adaptation to irradiation and is an
important driver of adaptive radioresistance.
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Figure 2. Fractionated irradiation increases N-cad expression in GSCs and N-cad drives the radioresistance phenotype. (A) Western blot showing expression of cell-cell adhesion molecules following 6 to 12 cycles of 5 Gy irradiation in mGS cells. (B) Fluorescence microscopy shows that N-cad expression is
increased on the cell surface of mGSRR cells (green). mGS and mGSRR cells are stably expressing mCherry (red). Nuclei were counterstained with Hoechst
33342 (blue). Scale bars: 25 μm. (C) Western blot showing expression of N-cad following 3 cycles of irradiation (1–2 Gy) in human GSCs, MGG4. (D) Western
blot showing expression of N-cad, Tuj1, and Olig2 in human GSCs (MGG4) transfected with either control (Ctrl) or human N-cad expression vectors (OE). (E)
Cell proliferation analysis for MGG4-Ctrl and MGG4 N-cad OE cells. (F) Clonogenic survival assay showing the surviving fraction of MGG4+/– N-cad cells after
radiation doses of 1, 3, or 5 Gy. (G) Schematic showing experimental design to establish radioresistant PDX models. Subcutaneous tumors were exposed to
repeated irradiation (2 Gy × 6 = 12 Gy total over 2 weeks). (H) Western blot showing expression of N-cad, Tuj1, and Olig2 in primary (P) or adapted to radiation therapy (RT) tumors of 2 PDX models. (I) Kaplan-Meier curve shows that increased N-cad mRNA expression is correlated with reduced survival in the
TCGA-GBM data set. Log-rank test. High and low are defined as the top and bottom 15%. All blots show representative images (n = 3 or more). *P < 0.05,
**P < 0.01, 2-tailed Student’s t tests unless otherwise indicated. The intensity of the immunoreactive bands was quantified in 3 independent experiments
and the average is indicated below the blot.

Knockout of N-cad in radioresistant GSCs annuls their radioresistance. To further establish that N-cad is inherently linked to
tumor formation and radioresistance of GSCs, we knocked out
the Cdh2 gene in mGS and mGSRR cells using the FokI/CRISPR/
Cas9 system (34). We verified our N-cad knockout clones (mGS
N-cad–KO #1 and #2, and mGSRR N-cad–KO) are devoid of N-cad
protein (Figure 3A and Supplemental Figure 6A) due to clonespecific deletions that induce frameshifts (Supplemental Figure 6B). mGSRR N-cad–KO cells lost their ability to form tightly
packed spheres (Figure 3B), grew faster than parental mGSRR cells
4

(Figure 3C), and had decreased self-renewal ability (Figure 3D),
similar to mGS cells. As anticipated, these phenotypic changes
were accompanied by decreased radioresistance in clonogenic
survival assays (Supplemental Figure 6C). Similarly, N-cad knockout in mGS cells induced faster cell growth (Supplemental Figure
6D) and reduced survival rate (Supplemental Figure 6E).
To verify that our findings were not clonal artifacts, we reintroduced N-cad expression in mGS and mGSRR N-cad–KO
cells (Figure 3, E and G). Similarly to mGS cells, N-cad–KO
mGS cells formed aggressive tumors in mice brains. Also, irra-
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Figure 3. Knockout of N-cad in radioresistant GSCs annuls their radioresistance. (A) Western blot showing expression of N-cad in mGSRR and mGSRR
with CRISPR/cas9-mediated knockout of CDH2 (N-cad–KO). (B) Representative neurospheres of mGSRR N-cad–KO cells expressing a fluorescence marker
(mCherry) grown in neural stem cell medium. Scale bar: 200 μm. (C) Cell proliferation analysis for mGS, mGSRR, and mGSRR N-cad–KO cells after 72 hours.
*P < 0.05, Tukey’s HSD test. (D) Self-renewal ability of mGS, mGSRR, and mGSRR N-cad–KO as evaluated by sphere formation assay. ***P < 0.001, Tukey’s
HSD test. (E) Western blot showing expression of N-cad in mGS N-cad–KO with or without N-cad restoration. (F) Survival curves for mice implanted
with 1000 cells (mGS N-cad–KO with or without N-cad restoration) and subjected to whole-brain irradiation consisting of a daily dose of 2 Gy from days 3 to
7 after cell implantation (10 Gy total). Log-rank test. (G) Western blot showing expression of N-cad in mGSRR N-cad–KO cells with or without N-cad restoration. (H) Survival curves for mice implanted with 1000 cells (mGSRR N-cad–KO with or without N-cad restoration) and subjected to whole-brain irradiation
(2 Gy × 5 days). Log-rank test. (I) Western blot showing expression of N-cad in JX39-RT cells transfected with control (Ctrl) or N-cad shRNAs (clones #1 and
#2). (J) Survival curves for mice implanted with 5 × 105 cells (JX39-RT with shCtrl or shN-cad #2) and subjected to whole-brain irradiation consisting of a dose
of 2 Gy every other day over 2 weeks (12 Gy total). Log-rank test. All blots show representative images (n = 3).

diation extended mice survival, showing tumor radiosensitivity
(Figure 3F, left panel). Overexpression of N-cad eliminated the
survival benefit, demonstrating that N-cad is sufficient to induce
radioresistance (Figure 3F, right panel). Conversely, mGSRR cells
devoid of N-cad lost their radioresistance, as evidenced by extended survival upon mice irradiation (Figure 3H, left panel). Exogenous restoration of N-cad eliminated the survival benefit, demonstrating restoration of radioresistance (Figure 3H, right panel).
To determine whether elevated N-cad expression also relates
to radioresistance in hGSCs, we first established hGSCs from primary (JX39P) and adapted to radiation therapy (JX39RT) PDX

tumors by growing them in neural stem cell medium. We then
stably transfected shRNA for N-cad in JX39RT GSCs and established 2 knockdown clones (Figure 3I). Clonogenic survival assays
showed an increase in JX39RT colonies compared with parental
JX39P, but their radioresistance was lost upon N-cad knockdown
(Supplemental Figure 7, A and B). Radiation therapy had a modest
effect (~25%) on survival time in mice injected with radioresistant
JX39RT cells (shCtrl) while it increased survival by approximately
60% in mice harboring N-cad knockdown tumors (Figure 3J, compare left and right panels). These data show that N-cad can also
induce in vivo radioresistance in human GSCs.
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In sum, these results demonstrate that N-cad expression is
dispensable for tumor formation but necessary for the maintenance of the radioresistance phenotype of GSCs, and that suppression of its expression leads to therapeutic radiosensitization.
Single-cell analysis of human GBM heterogeneity reveals
that N-cad expression associates with elevated stemness and lowproliferation gene expression signatures. To evaluate whether a
relationship exists between GSCs, N-cad expression, and rate
of proliferation, we interrogated a data set (GSE57872) that
contains individual gene expression profiles of single cells from
human GBM (11). As expected, there was an inverse correlation
between cells having elevated stemness or proliferation-related
genes. Interestingly, N-cad levels correlated with the stemlike nature of the cells (Supplemental Figure 8), in agreement
with our experimental findings that increased N-cad augments
stemness in GSCs.
Elevated N-cad increases cell-surface β-catenin, resulting in
suppression of Wnt/β-catenin–mediated proproliferative and neuronal differentiation signaling. To start investigating the mechanisms underlying N-cad–mediated radioresistance in GSCs,
we analyzed the expression levels of β-catenin, α-catenin, and
p120-catenin in mGS and mGSRR cells. N-cad has binding sites
for β-catenin and p120-catenin, while α-catenin is recruited to
β-catenin once it is bound to N-cad (35, 36). Expression levels of
α-catenin and total and unphosphorylated β-catenin were gradually increased in response to repeated irradiation, in parallel
with increased N-cad expression (Figure 4A). Free β-catenin is
short-lived in the cytoplasm because of its immediate phosphorylation by the β-catenin destruction complex, which leads to degradation (35, 37). Hence, the accumulation of unphosphorylated
β-catenin likely indicates that it binds to N-cad or accumulates
in the nucleus. Using immunofluorescence, we found β-catenin
accumulation at the cell surface, where N-cad is located (Figure 4B). Co-IP experiments also showed that N-cad binds to
β-catenin (Supplemental Figure 9).
To evaluate whether N-cad–mediated trapping of β-catenin
at the cell surface suppresses Wnt/β-catenin–mediated transcription, we used a TCF transcription factor–driven reporter.
We found that radioresistant mGSRR cells have reduced Wnt/βcatenin transcriptional activity compared with mGS cells (Figure
4C). Consistently, Wnt/β-catenin transcriptional activity was suppressed by N-cad overexpression in mGS cells and increased upon
N-cad knockout (Figure 4D). Consistently, mRNA expression of
multiple Wnt/β-catenin target genes shown by microarray analysis was downregulated in mGSRR versus mGS cells (Figure 4E).
To determine whether reduced Wnt/β-catenin transcriptional
activity underlies the higher stem-like phenotype in radioresistant
GSCs, we probed expression of neural differentiation markers
in mGS and mGSRR cells. Wnt-regulated master regulators for
neuronal differentiation NeuroD1, Ngn1, and Brn3a (38, 39) were
potently suppressed in mGSRR cells (Figure 4F). Similarly, overexpression of N-cad in mGS cells blocked Wnt signaling, as shown
by stabilized β-catenin with low c-Myc expression and reduced
expression of neural differentiation marker Tuj-1 (Figure 4G).
To further test whether the suppression of Wnt/β-catenin
signaling augments radioresistance in GSCs, we analyzed the
rate of surviving cells after treatment with 2 known Wnt acti6

vators by clonogenic survival assay. GSK3b inhibitors SB216763
and CHIR99021 both inhibited the phosphorylation of β-catenin within 2 hours after treatment (Supplemental Figure 10A)
and reduced the radioresistance of mGSRR cells (Supplemental
Figure 10, B and C).
In concert, these results indicate that upon elevation of N-cad
expression, Wnt/β-catenin signaling is suppressed through trapping of β-catenin at the cell surface, preventing its nuclear translocation. This reduces Wnt/β-catenin target gene expression, which
ultimately slows down GSC proliferation and suppresses their
neuronal differentiation, resulting in reduced radioresistance.
The CBR domain of N-cad is essential for radioresistance of
GSCs. To determine whether β-catenin binding to the intracellular
C-terminus of N-cad is important for radioresistance in GSCs, we
made an N-cad–expressing retroviral vector harboring a deletion
in the β-catenin binding region (ΔCBR, Figure 5A). We infected
N-cad knockout mGS cells with WT– or ΔCBR–N-cad–expressing
viruses and measured their in vitro growth rate, stemness markers, and radioresistance. Restoration of WT but not ΔCBR N-cad
expression led to cell-surface accumulation and stabilization of
β-catenin (Figure 5B), reduced expression of Wnt/β-catenin target
c-Myc and neural differentiation marker Tuj-1, and increased neural stem/progenitor cell marker Olig2 (Figure 5C). Importantly, in
contrast to WT–N-cad, ΔCBR–N-cad failed to restore radioresistance (Figure 5D and Supplemental Figure 11). This may relate to
incomplete suppression of TCF/β-catenin transcriptional activity
(Figure 5E). Compared with WT–N-cad, ΔCBR–N-cad only partially reduced cell proliferation (Figure 5F), which suggests that
N-cad may regulate cell growth through both CBR-dependent
and independent signaling. Overall, these results indicate that the
binding between N-cad and β-catenin is important for the induction of radioresistance, slow growth, and stemness properties via
Wnt/β-catenin signaling suppression.
N-cad elevation increases Clusterin expression resulting in
enhanced antiapoptosis function. To further unveil the downstream effectors of N-cad–induced radioresistance, we performed RNA-seq analysis in 6 GSC pairs with or without elevated N-cad. We identified 9 genes consistently increased in
N-cad–high GSCs and focused on CLU, which encodes Clusterin (Clu), as its expression most consistently related to N-cad
status in all clones analyzed (Figure 6A). Alternative splicing
can generate several Clu isoforms, but the main one functions
as a multifunctional chaperone that confers antiapoptosis, cell
growth, and metabolic changes in cancer cells (40–42). Our
query of the Human Protein Atlas (43) evidenced Clu upregulation in several cancers including malignant glioma (data
not shown). We confirmed Clu protein expression gradually
increased during repeated irradiation in parallel with N-cad
upregulation in both mouse and human GSCs (Figure 6, B and
C). In mGS cells, N-cad knockout suppressed, while N-cad
restoration increased Clu (Figure 6D). N-cad knockdown also
reduced Clu expression in the human PDX line JX39RT (Figure
6E). Furthermore, examination of CDH2 and CLU gene expression in the GBM TCGA data set showed a statistically significant correlation (Figure 6F).
Stable overexpression of Clu increased radioresistance in
mGS cells, while shRNA-mediated knockdown decreased radio-
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Figure 4. Elevated N-cad leads to increased levels of cell-surface β-catenin, resulting in suppression of Wnt/β-catenin–mediated proproliferative and
neuronal differentiation signaling. (A) Western blot showing expression changes of several N-cad binding catenins following 6–12 cycles of irradiation (5
Gy) in mGS cells. (B) Fluorescence microscopy shows that β-catenin (green) selectively coaccumulates with N-cad (red) on the cell surface of mGSRR but
not mGS cells. Nuclei were counterstained with Hoechst 33342 (blue). Scale bars: 25 μm. (C) Wnt/β-catenin regulated transcriptional activity in mGS and
mGSRR cells measured through transient transfection with a luciferase reporter driven by a WT (TOP) or mutant (FOP) TCF binding site. ***P < 0.001,
2-tailed Student’s t test. (D) TOP/FOP ratio showing Wnt/β-catenin activity in parental N-cad–overexpressing and N-cad–KO mGS cells. **P < 0.01, ***P
< 0.001, Tukey’s HSD test. (E) Microarray analysis showing that mRNA expression of multiple Wnt target genes is suppressed in mGSRR compared with
mGS cells. Each group contains 2 independent replicates (n = 2). (F) qRT/PCR showing that NeuroD1, Ngn1, and Brn3a mRNAs are reduced in mGSRR cells.
Two-tailed Student’s t test. (G) Western blot showing expression change of β-catenin (pan and non-phospho), c-Myc, and Tuj1 by N-cad–overexpressing
and N-cad–KO mGS cells. All blots show representative images (n = 3 or more).

resistance in mGSRR cells (Figure 6G). We analyzed the levels of
the secreted form of Clu in conditioned medium (CM), as it plays
an important role in antiapoptosis in cancer cells (40–42). We
found higher constitutive levels in CM of mGSRR compared with
mGS, and Clu concentration further increased after radiation
therapy (Figure 6H). Importantly, Clu secretion was dependent
upon N-cad expression, as N-cad knockout abrogated it (Figure

6H). To determine whether Clu synthesis protects radioresistant GSCs against apoptosis, we exposed mGSRR cells to acute
irradiation stress. Parental mGSRR cells were resistant to irradiation-induced PARP cleavage, while Clu knockdown and N-cad
knockout sensitized the cells (Figure 6I). Next, we examined
whether CLU gene expression related to patient survival, and
found patients with GBM with high expression had statistically
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Figure 5. The CBR domain of N-cad is essential for radioresistance of GSCs. (A) Diagram showing expression vectors for N-cad WT and ΔCBR, a mutant
lacking the β-catenin binding region (CBR). JM, p120-catenin binding site. (B) Fluorescence microscopy shows that β-catenin accumulates at the cell
surface of mGS N-cad–KO cells when reconstituted with WT N-cad, but not ΔCBR N-cad. Nuclei were counterstained with Hoechst 33342 (blue). Scale
bars: 25 μm. (C) Western blot showing that restoration of WT but not ΔCBR N-cad in GSCs knocked out for N-cad strongly stabilizes β-catenin expression,
which reduces the expression of Wnt/β-catenin target genes c-Myc and neuronal marker Tuj-1. All blots show representative images (n = 3). (D) Clonogenic
survival assay shows reconstitution with WT, but not ΔCBR N-cad increases survival in mGS-N-cad KO cells. **P < 0.01, ***P < 0.001, Tukey’s HSD test.
(E) Wnt/β-catenin transcriptional activity (TOP/FOP luciferase reporter ratio) is strongly suppressed in mGS N-cad–KO cells when reconstituted with WT
N-cad, but only partially with ΔCBR N-cad. *P < 0.05, **P < 0.01, ***P < 0.001, Tukey’s HSD test. (F) Cell proliferation analysis for mGS N-cad–KO, with or
without reconstitution with WT or ΔCBR N-cad. **P < 0.01, ***P < 0.001, Tukey’s HSD test.

worse outcomes (Figure 6J, P = 0.005). Altogether, these results
suggest that N-cad upregulates the synthesis and secretion of
Clu, which confers radioresistance by protecting tumor cells from
radiation-induced apoptosis.
IGF-1 augments N-cad expression after radiation therapy. To
identify a potential point of intervention for therapy, we next
focused on deciphering the upstream signaling underlying adaptive N-cad increase following repeated irradiation. RT-PCR
revealed transcriptional reprogramming with an increase of N-cad
and a concomitant decrease of E-cad mRNA expression in mGSRR
(Figure 7A), a result reminiscent of an EMT-like transition. EMT
is associated with radioresistance in epithelial cancers (44, 45),
hence, we examined involvement of EMT master transcription factors. Snail1, Slug, and Zeb1 were gradually increased by
repeated irradiation of mGS (Figure 7B). Congruently, microarray analysis indicated that expression of EMT target genes is
increased in mGSRR cells compared with mGS cells (Supplemental Figure 12A). Similarly, analysis of a microarray data set (29) of
human primary and recurrent GBM also showed that EMT target
genes increase in recurrent radiotherapy-resistant GBM (Supplemental Figure 12B).
8

To further confirm that EMT-like reprogramming can induce
N-cad upregulation and related radioresistance, we stably transfected Snail1 in mGS cells. Constitutive expression of Snail1
in mGS cells increased N-cad and Olig2 expression, reduced
Tuj1 levels (Figure 7C), and led to a dramatic drop in TCF/
β-catenin–driven transcription (Figure 7D), a phenotype reminiscent of mGSRR cells. Snail also rendered the cells as radioresistant
as mGSRR cells (Figure 7E).
Therapeutic treatments, including irradiation, can induce
changes in secreted growth factors (46–49), including IGF1
and TGF-β, which can trigger EMT (6, 50, 51). We found that
treatment of mGS cells with mouse rIGF1 (100 ng/mL; for 3
days) prominently increased the expression of N-cad and other
EMT transcription factors, while mouse rTGFβ1 (10 ng/mL; 3
days) had more modest effects (Figure 7F). Moreover, mGSRR
cells display increased Igf1 mRNA expression (Supplemental
Figure 13). Therefore, to directly analyze the role of IGF1 in
GSC radioresistance, we established mGS cells with IGF1 overexpression. The cells displayed elevation of N-cad, Zeb1, and
β-catenin (Figure 7G), and gained in vivo radioresistance (Figure 7H). These findings suggest that IGF1 is one of the driving
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Figure 6. Enhanced N-cad elevates Clusterin expression and protects against radiation-induced apoptosis. (A) Heatmap comparing 9 gene mRNA
expression measured by RNA-seq analysis in untreated mGS cells (Ctrl), in mGS cells after 6–12 cycles of fractionated irradiation with 5 Gy (Ct, 30 Gy, 45 Gy,
and 60 Gy total dose), in mGS or mGSRR N-cad–KO cells (mGS N-cad–KO #1, #2, and mGSRR N-cad–KO), with or without N-cad reconstitution (OE). Two
independent replicates per cell line (n = 2). (B and C) Western blot showing expression of N-cad and Clu are gradually increased following mouse GS (B) and
human MGG4 (C) adaptation to fractionated irradiation. (D) Western blot showing expression of Clu is suppressed by N-cad–KO and restored by stable N-cad
transfection in mGS cells. (E) Western blot showing expression of Clu is suppressed by shRNA-mediated knockdown of N-cad in JX39-RT radioresistant
PDX cells. (F) CDH2 and CLU mRNA expression correlate in GBM (TCGA database). (G) Clonogenic survival assay for mGS cells transfected with control or
Clu expression vectors and mGSRR cells transfected with shCtrl or shClu expression vectors with or without a single dose (3 Gy) of IR. Left: representative
images of colonies formed by surviving cells 13 days after irradiation. Scale bar: 10 mm. Right: quantification of the fraction of surviving colony-forming cells.
***P < 0.001, Tukey’s HSD test. (H) ELISA assay showing that Clu secretion is remarkably increased by mGSRR compared with mGS cells and this is strongly
suppressed by N-cad knockout. **P < 0.01, ***P < 0.001, Tukey’s HSD test. (I) Western blot showing that suppression of Clu expression by shRNA or as a
result of N-cad knockout increases PARP cleavage in mGSRR cells. (J) Kaplan-Meier curve shows that increased CLU mRNA expression is correlated with poor
outcome in the TCGA-GBM data set. High and low are defined as top and bottom 15%. All blots show representative images (n = 3).

growth factors that induce EMT and increase N-cad and radioresistance in GSCs.
Inhibitors of TGFβ1R and IGF1R are currently being tested
in clinical trials, so we evaluated their efficacy in preventing
N-cad–mediated acquired radioresistance in clonogenic survival assays (Figure 7I). We plated single mGS cells into 0.5%

agarose with or without inhibitors, performed repeated irradiation (4 Gy every 3 days; total 20 Gy), and counted the number
of surviving colonies. These experiments revealed that approximately 14% of mGS cells survived the irradiation protocol
(Figure 7I). To investigate how many of the resistant colonies
had activation of the N-cad pathway, we isolated 12 individ-
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Figure 7. IGF-1 augments N-cad expression after radiation therapy. (A) qRT/PCR showing that mGSRR cells display increased Cdh2 and decreased
Cdh1 mRNA expression compared with mGS. Two-tailed Student’s t test. (B) Western blot showing expression of Slug, Snail1, and Zeb1 are gradually
increased upon repeated irradiation in mGS cells. (C) Western blot showing that Snail overexpression induces elevation of N-cad, Olig2, and Zeb1,
and suppression of Tuj1 in mGS cells. (D) Wnt/β-catenin transcriptional activity is suppressed in mGSRR and mGS with Snail1 overexpression (OE)
compared with mGS cells. ***P < 0.001, Tukey’s HSD test. (E) Clonogenic survival assay shows mGS Snail1 OE cells have a higher survival rate than
mGS cells. Two-tailed Student’s t test. *P < 0.05, **P < 0.01. (F) Western blot showing increased N-cad, β-catenin, Slug, and Zeb1 expression 2 days
after mouse recombinant IGF1 (100 ng/mL), but not TGF-β1 (10 ng/mL) treatment in mGS cells. (G) Western blot showing IGF1 overexpression increases
N-cad, β-catenin, Zeb1, and IGF1R expression in mGS cells. (H) Survival curves for mice implanted with 1000 cells (GS with IGF1 expression vector) and
subjected to whole-brain irradiation (2 Gy/day, days 3 to 7, 10 Gy total). (I) Left: schematic showing experimental design for clonogenic survival assay
with repeated irradiation. Single mGS cells seeded in agarose medium were exposed to repeated irradiation (5 doses of 4 Gy, every 3 days) with or
without drug rescue. IGF1R (AEW541 0.5 μM; PPP 0.2 μM) and TGF-β1 (LY2157299 10 μM, SB431542 10 μM) inhibitors were used. Right: quantification
of percentage of surviving colonies shows that IGF1R inhibitors selectively decreased survival rate. Drugs alone had no effect on colony formation (data
not shown). ***P < 0.001, Dunnett’s test. (J) Mice implanted orthotopically with mGSRR cells had a survival benefit after whole-brain irradiation (2 Gy
× 5 days) with adjuvant PPP (15 mg/kg, i.p. twice a day from day 3–7) in contrast to vehicle control, only IR or PPP alone (8 mice/group; log-rank test).
All blots show representative images (n = 3 or more).

ual colonies and analyzed the expression level of N-cad and
related signals. All clones displayed increased β-catenin levels,
the majority of which had elevated Zeb1 and N-cad expression
(Supplemental Figure 14). Consistently, knockout of N-cad in
mGS led to less than 1% colonies, supporting a major role for
N-cad in acquired radioresistance of GSCs (Figure 7I). Importantly, emergence of the adaptive resistance phenotype could
be prevented, as inhibitors of IGF1 (AEW541 and picropodophyllin [PPP]) but not TGFβ1 (LY2157299 and SB431542) sig10

naling almost completely abrogated resistant colony formation
(Figure 7I; P < 0.001). To determine whether IGF1R inhibitor
effect depends on N-cad signaling, we performed colony survival assays with parental and N-cad knockout mGSRR cells
after irradiation with or without PPP. PPP treatment reduced
the number of surviving mGSRR colonies by approximately
80%, whereas it reduced GSRR N-cad knockout colony formation by only 25% (Supplemental Figure 15). These data indicate
that PPP mainly counteracts N-cad–mediated radioresistance,
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but may also have ancillary effects. To determine whether
these in vitro findings have therapeutic applicability in brain,
we tested whether PPP, which is blood-brain barrier permeable
(52), could resensitize radioresistant mGSRR tumors to radiation therapy. Adjuvant PPP combined with irradiation potently
radiosensitized mGSRR orthotopic mice xenografts and significantly extended mice survival versus irradiation only or
drug alone controls (Figure 7J; P < 0.001).
Altogether, these results suggest that N-cad upregulation
was induced by radiation-induced IGF1 secretion and the radiation-resistance phenotype could be reverted with PPP, a clinically
applicable blood-brain-barrier permeable IGF1 receptor inhibitor,
supporting clinical translation.

Discussion

In this study, we analyzed the adaptive radioresistance mechanisms induced in mouse and human GSCs during fractionated
radiotherapy. We found that repeated GSC irradiation caused
an increase in IGF1 secretion, leading to IGF1R-mediated intracellular EMT-like signaling and gradual upregulation of N-cad
expression, which ultimately suppressed Wnt/β-catenin signaling
by trapping β-catenin at the cell surface. This adaptation process
switches the biological state of the cells toward increased cell-cell
adhesion, augmented stemness and self-renewal capability, and
reduced proliferation rate. Furthermore, N-cad upregulation also
induced antiapoptotic signaling through an increase in secreted
Clusterin. Antiproliferation and prosurvival signaling are known
to confer radioprotection, explaining how through N-cad increase,
GSCs can adapt and form highly radioresistant tumors.
Recurrent GBM is a highly radioresistant tumor that cannot
be controlled by the highest dose (60 Gy) of fractionated radiation therapy safely tolerated by patients in clinical practice. To
tackle this problem, a number of potential mechanisms driving
radioresistance have been investigated (3, 53), but so far none
have translated into novel effective therapies to increase radiosensitivity in patients. Recent genomic and molecular analyses have revealed that GBM is the most heterogeneous among
all cancer types (54) and is composed of multiple tumor and
inflammatory cell populations, including GSCs, which are more
radioresistant than non–stem glioma cells. Prior studies have
also suggested that GSCs initiate recurrence of tumors after
standard therapy (6, 55).
Prior studies have revealed different mechanisms through
which GSCs can maintain radioresistance, including increased
DNA repair, antioxidative signaling, and antiapoptotic pathway
activation (3, 55). Targeting of such pathways has shown promise
in mouse models. However, none of these applications have so
far succeeded in clinical trials, suggesting the existence of additional aspects of radioresistance that require further study. Our
approach was to start with establishing radioresistance in human
and mouse GSCs in vitro and focus on the resulting molecular
alterations, which identified N-cad as a new driver of radioresistance. Rendering GSCs radioresistant is challenging due to
their slow growth (6, 56, 57), and our study is the first to succeed
in generating radioresistant human GSCs, which evidenced the
same N-cad–dependent adaptive radioresistance pathway as that
identified in mouse GSCs.

Our study reveals a major role for N-cad in establishing
radioresistance in mouse and human GSCs and further shows
that N-cad levels correlate with GBM patient survival. N-cad is a
transmembrane protein and among the most important cell-cell
adhesion molecules in the brain (19, 20). Glioma cells and GSCs
express N-cad (21–23), which has a role in tumor invasion (23, 24).
However, the role of N-cad as an effector of adaptive brain tumor
radioresistance had not been investigated to date. We found that
adaptation of GSCs to repeated irradiation occurs with stepwise
increase in N-cad expression, which augments cell-cell adhesion and localization of β-catenin at the cell surface. Trapping of
β-catenin by N-cad at the cell membrane stabilizes it, but at the
same time prevents its nuclear translocation, explaining reduced
TCF/β-catenin transcription, hindering c-Myc–driven proliferation, and preventing neural differentiation. Direct transfer of
N-cad to sensitive GSCs could make them radioresistant. Knockout of N-cad rendered them sensitive, showing therapeutic potential. Altogether, these data indicate that N-cad is a driver of tumor
resistance to radiation therapy, in part by maintaining the quiescent and stemness nature of GSCs, which has broad applicability
in oncology (6, 7). Interestingly, recent studies on neural stem cells
(NSCs), believed to be cells of origin for GSCs, have revealed an
important role for N-cad in maintaining the quiescent status of
NSCs (25, 26), suggesting that GSCs potentially hijack this mechanism toward radioresistance.
GSC radioresistance was accompanied by stabilization of
β-catenin and gene reprogramming toward a quiescent and stemness state. β-catenin is a key effector of the canonical Wnt pathway (35), and Wnt/β-catenin signaling can control neural development, tumor growth, and invasion of GSCs (1, 3). Cadherin
junctions mediate β-catenin function, and N-cad C-terminus
binds to β-catenin, α-catenin, and p120 catenin (35, 36, 58). Prior
studies revealed that increased expression of N-cad leads to the
accumulation of β-catenin at the cell surface, thereby reducing
nuclear Wnt/β-catenin signaling (59, 60). Consequently, alteration in N-cad expression is expected to modify the expression
of Wnt/β-catenin target genes that regulate the balance between
stemness/differentiation and cell growth/death. Our studies
demonstrate a new function for Wnt/β-catenin signaling as a
rheostat modulating radioresistance of GSCs.
Clu is a multifunctional glycoprotein that is normally secreted
in response to stress and regulates cell survival (40–42). Clu plays
an important role in antiapoptosis signaling in cancer and is overexpressed in several cancers, including malignant glioma, based
on the Human Protein Atlas (43). Our studies reveal a new role for
Clu in GSC radioresistance and establish what we believe is a novel relationship between Clu and N-cad expression. We found that
N-cad is a strong inducer of CLU transcription in GSCs, thereby
inducing an antiapoptotic state through elevation in Clu secretion. This innovative finding provides a new avenue for targeting
the N-cad/Clu survival signaling axis to reduce radioresistance in
GBM. Clu inhibitors are now being analyzed in clinical trials and
our study provides the rationale for testing them in conjunction
with radiotherapy to prevent the emergence of resistance.
We found that in response to fractionated irradiation, GSCs
produce increased amounts of IGF1, a growth factor that can
induce EMT-like signaling, including upregulation of N-cad.
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Moreover, we showed that antagonizing IGF1R signaling with
PPP, a small molecule IGF1R inhibitor, reversed radioresistance.
Overexpression of IGF1 and/or its receptor IGF1R has been
reported in several cancers including glioblastoma, and IGF1R
signaling is known to increase radio- and chemoresistance (6,
61–63), in part through Akt/Fox3a signaling (6). In the present
study, we show that IGF1 is significantly involved in radioresistance via N-cad. Past clinical trials with tyrosine kinase receptor
inhibitors (TKIs), including IGF1R inhibitors, have not resulted in
remarkable success for reasons such as tumor cell heterogeneity,
mutation of targeting site on receptor, or switch to alternative tyrosine kinase receptor signaling (64, 65). However, an appropriate
design for clinical trials with IGF1R inhibitor PPP based on our
findings could potentially lead to effective combination therapy
with radiation for patients with GBM as it is BBB permeable. Prior
trials using IGF1R inhibitors in patients with GBM showed their
safety. However, they were only tested in recurrent patients, who
do not receive radiation therapy. Our preclinical data in mice indicate that combination of IGF1R inhibitor and radiation therapy
suppresses radioresistance of GSC-derived tumors, providing the
rationale for new clinical trials in primary GBM.
In sum, our data reveal for the first time a role for N-cad–
mediated cell-cell adhesion in the radioresistance of GSCs, thus
connecting changes in mechanical properties with radiosensitivity. Our study deepens our understanding of adaptive radioresistance during repeated irradiation in GBM and validates the
IGF/N-cad/β-catenin/Clu signaling axis as a novel target for
radiosensitization, which has direct therapeutic applicability.

Methods

GSC generation and cell culture. Mouse GSCs were generated by transforming adult subventricular zone-derived stem/progenitor cells from
Ink4a/Arf–/– mice with human HRasV12 as previously described (6, 57),
except that we used pMXs retroviral expression vector for H-ras, which
yielded higher ras levels. The cells were subsequently implanted into
the brains of wild-type C57BL/6J Jms Slc mice (Sankyo Labo Service
Corporation), tumors harvested, and cells recovered and grown as mGS
in neural stem cell medium (NSM). mGS cells form more aggressive gliomas in mouse brain than our previously described TS cells (6, 57), and
1000 implanted mGS cells kill mice within 15 days. Human primary
GSC neurosphere cultures, MGG4 were provided by Hiroaki Wakimoto
(Harvard University, Cambridge, Massachusetts, USA). Mouse and
human GSCs were cultured in NSM, consisting of DMEM-F12 (MilliporeSigma, D8062) supplemented with recombinant human EGF (20
ng/mL) (PeproTech, AF-100-15), recombinant human bFGF (20 ng/
mL) (PeproTech, 100-18B), B27 supplement without vitamin A (Invitrogen, 12587010), heparan sulfate (200 ng/mL, MilliporeSigma,
H7640), penicillin, and streptomycin in a 5% CO2 incubator at 37°C as
described (66, 67). Cells were treated with recombinant mouse IGF1
(100 ng/mL, R&D Systems, #791-MG), recombinant mouse TGF-β1
(10 ng/mL, R&D Systems, #7666-MB), SB216763 (1–5 μM, Selleckchem, S1075), or CHIR99021 (1–5 μM, Selleckchem, S1263).
Generation of radioresistant GSCs. Radioresistant mouse and
human GSCs were established by progressive adaptation to irradiation
in vitro. Mouse GSCs were exposed to 5 Gy ionizing fractionated radiation every 3 to 4 days till 60 Gy total with the use of an x-irradiator
(X-RAD 320; Accela) at settings of 320 kV and 10 mA as described (6).
12

Human GSCs were exposed to lower doses (1 or 2 Gy) of ionizing radiation every 4 to 7 days for a total dose of 3–6 Gy. The culture medium
was replaced every 3 to 4 days, and the cells were passaged when confluent as needed.
Radioresistant PDX model. PDX were generated as previously
described (68, 69). Briefly, primary PDX (JX14, JX39, 1153, and 1066)
were established by growing patient-derived GBM subcutaneously in
nu/nu mice. To establish radioresistant PDX, tumors grown subcutaneously in mice were exposed 3 times per week for 2 weeks to 2 Gy
ionizing fractionated radiation (total 12 Gy). The tumors were then
allowed to regrow, passaged to a new set of mice, and the same protocol of irradiation repeated (68). This was done up to 6 times to develop
the radiation-resistant PDX models. hGSCs from primary and radioresistant PDX tumors were established by growing them in stem cell
medium as previously described (6, 57).
Generation of gene knockout cells with CRISPR/Cas9 system. To
knockout N-cad expression in mGS and mGSRR cells, the FokI
CRISPR/Cas9 system was used (34). Multiplex gRNA expression plasmid (Addgene, pSQT1313, #53370) and Fokl-dCas9 expression plasmid (pSQT1601, #53369) were provided by Keith Joung (Massachusetts General Hospital, Boston, Massachusetts, USA). We designed a
guide RNA targeting the mouse Cdh2 gene by using ZiFiT (http://zifit.
partners.org/ZiFiT/) and cloned it into pSQT1313 as described (34).
We targeted exon 5 because it encodes the first commonly used protein domain found in all splice variants of N-cad. We transfected the
Fokl-dCas9, guide RNA, and GFP expression plasmids into cells using
Lipofectamine 3000 Transfection Reagent (Thermo Fisher Scientific,
L3000001). We used FACS to isolate single cells expressing GFP,
grew them into clones, and tested them for knockout of Cdh2 expression using Western blotting and DNA sequencing.
Cell transfection and viral vectors. The following vectors were purchased from VectorBuilder: pMMLV-hCDH2 (human N-cadherin;
NM_001792.3), pMMLV-mCdh2 (mouse N-cadherin; ORF032915),
pMMLV-mSnail1 (mouse Snail1; NM_011427.2), pMMLV-mClu (mouse
Clusterin; ORF041885), pLV-shCtrl-Puro, pLV-shCDH2 #1-Puro and
pLV-shCDH2 #1-Puro. pMXs retroviral vector was provided by Toshio
Kitamura (Institute of Medical Science, University of Tokyo, Tokyo,
Japan) (70). Human IGF1 cDNA (NM_001111285.3) was cloned into
pMXs. Wild-type and mutant chicken N-cad expression vectors were
gifted by Fumio Arai (Kyushu University, Fukuoka, Japan). All retroviral vectors were introduced into Plat-E (Cellbiolabs) or GP2-293
(Takara) packaging cells by transfection for 24 hours with the use of
the Fugene HD reagent (Roche). The virus-containing culture supernatants were passed through a 0.45-μm cellulose acetate filter, and the
filtrate was collected for infection. Cells were seeded in 6-well dishes
coated with poly-l-lysine (MilliporeSigma, P4707), infected, and subjected to selection with 10 μg/mL puromycin (InvivoGen). The retroviral expression vector pSuper (OligoEngine) was used to introduce
shRNA into cells. The sequences of the sense oligonucleotides were
as follows: 5′-GGAGATTCAGAACGCCGTC-3′ for mouse Clusterin
shRNA and 5′-CGTACGCGGAATACTTCGA-3′ for luciferase (nonspecific control) shRNA. The lentiviral expression vector pLV was used
to introduce shRNA into JX39 cells. The sequences of the sense oligonucleotides were as follows: 5′-GGAACGCTGCAGATCTATTTA-3′
(#1) and 5′-GTGCAACAGTATACGTTAATA-3′ (#2) for human
N-cadherin shRNAs and 5′-CCTAAGGTTAAGTCGCCCTCG-3′ for
scramble (nonspecific control) shRNA. Cells were infected with the
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retroviral (71) and lentiviral (72) vectors as described and were then
subjected to selection in the presence of puromycin as above.
Cell-cell adhesion assays. To analyze the level of cell-cell adhesion,
we placed a suspension of single cells in culture medium (1 × 105 cells/
mL) in nonadhesive polypropylene microfuge tubes and incubated
them for 4 hours at 37°C without agitation, and then quantified the
remaining number of nonattached cells by differential centrifugation. Percentage of attached cells was calculated as 1 minus the ratio
of remaining nonattached cell density over initial cell density.
Cell proliferation assays. Cell proliferation was analyzed with the
use of a WST-8 assay kit (Dojindo Laboratories) as described (6). Briefly, cells were plated at a density of 4 × 103 per well in a 96-well plate
and incubated in NSM for 48 or 72 hours, after which WST-8 reagents
were added accordingly.
Sphere formation assays. Sphere formation assays were performed
as described (6). Briefly, single cells were suspended in 0.5% agarose
to prevent aggregation and plated in 6-well plates. The solidified cell
layer was then covered with NSM and the medium was changed every
3 to 4 days. At 2 weeks (mGSCs) or 4 to 5 weeks (hGSCs) after plating,
cells were fixed with 4% paraformaldehyde and stained with toluidine
blue O (MilliporeSigma, T3260). The wells were photographed and
spheres containing more than 100 cells were counted manually.
3D Clonogenic survival assays to measure radioresistance. Cells were
embedded in 0.5% agarose as for the sphere formation assay, but at
densities adjusted to result in a number of colonies approximately
equal to that formed by the control group after 2 weeks (mGSCs) or
4 weeks (hGSCs). Twenty-four hours later, the cells were subjected to
irradiation and returned to the incubator with medium changes every
3 to 4 days. Colonies were stained and counted after 2 weeks (mGSCs)
or 4 to 5 weeks (hGSCs) as described above. To evaluate the radiosensitivity for repeated irradiation in vitro (Figure 7I), we performed
additional repeated irradiation (4 Gy × 5, 3-day interval) for cells surviving after single dose of irradiation. Culture medium was replaced
every 3 days. IGF1R inhibitors PPP (0.2 μM, Santa Cruz, sc-204008)
and AEW541 (0.5 μM, Active Biochemicals, A-1911), or TGF-β1
signaling inhibitor LY2157299 (10 μM, Santa Cruz, sc-391123A),
and SB431542 (10 μM, Selleckchem, S1067) were added into the
medium 24 hours before irradiation.
Immunofluorescence. Cells were cultured on glass-bottom plates
(ibidi, #81506) coated with Matrigel (Becton Dickinson, 356234).
GSCs were fixed with 4% paraformaldehyde for 10 minutes, and then
permeabilized with 1% Triton X-100 for 10 minutes, blocked with
3% BSA in PBS for 1 hour, and incubated overnight with anti-mouse
N-cadherin antibody (1:500, Becton Dickinson, 610920) or anti–
β-catenin antibody (1:500, Cell Signaling, #8480). Cells were examined using a confocal microscope (Leica, SP-8). Nuclei were counterstained with Hoechst 33342 (Invitrogen, H3570).
Western blot. Western blots were performed as described (73)
using antibodies targeting the following proteins: Olig2 (1:1000, Millipore, AB9610), Tuj1 (1:1000, Biolegend, 801202), β-actin (1:2000,
Santa Cruz, sc-69879), CD109 (1:100, Santa Cruz, sc-271085), mouse
N-cadherin (1:500, Becton Dickinson, 610920), human N-cadherin
(1:500, Santa Cruz, sc-7939), E-cadherin (1:1000, Cell Signaling,
#3195), VE-cadherin (1:500, Santa Cruz, sc-9989), VCAM1 (1:250,
Santa Cruz, sc-8304), Talin1 (1:500, Cell Signaling, #4021), Tensin2 (1:500, Cell Signaling, #11990), Vinculin (1:500, Cell Signaling, #4650), FAK (1:500, Cell Signaling, #3285), β-catenin (1:500,

Becton Dickinson, #610193), pan β-catenin (1:500, Cell Signaling,
#8480), non-phospho β-catenin (1:500, Cell Signaling, #8814),
phospho- (S33/S37/T41) β-catenin (1:500, Cell Signaling, #9561),
p120-catenin (1:500, Becton Dickinson, 610133), c-Myc (1:1000,
Cell Signaling, #5605), cleaved PARP (1:500, Cell Signaling, #9544),
mouse Clusterin (1:500, R&D, AF2747), human Clusterin (1:500,
Santa Cruz, sc-5289), Snail1 (1:500, Cell Signaling, #3879), Slug
(1:500, Cell Signaling, #9585), Zeb1 (1:1000, Cell Signaling, #3396),
and IGF1R (1:500, Cell Signaling, #3018). Coimmunoprecipitation
experiments were performed with a Dynabeads protein A immunoprecipitation kit (Invitrogen, 100006D).
WNT/β-catenin reporter assays. Luciferase reporter gene transfections were performed with lipofectamine using a reporter gene
construct driven by a TCF binding site (M50 Super 8x TOP Flash,
Addgene, #12456) and a negative control with a mutant TCF binding site (M51 Super 8x FOP Flash, Addgene, #12457), which were
provided by Randall Moon (University of Washington, Seattle,
Washington, USA). After 48 hours, cells were lysed and luciferase
activity was quantified with the Dual-Luciferase Reporter Assay
System (Promega).
Radiation cell survival assays. Cells were plated at a density of 4 ×
103 per well in a 96-well plate 24 hours before irradiation (5 Gy). After
48 hours, WST-8 reagents were added according to the manufacturer’s instructions.
Animal experiments. Orthotopic implantation of cells was performed as described (6, 57). For radiation experiments, 1000 viable mouse GSCs or 500,000 viable human GSCs were injected into
the right forebrain of C57BL/6 mice (Charles River, age 5–6 weeks,
female) or homozygous outbred athymic nude mice (J:NU, Jackson
Laboratories, stock no: 007850, age 5–6 weeks, female). The animals
received daily whole-brain irradiation (2 Gy) from days 3 to 7 after
mGSC implantation. For hGSCs, the mice received a total 12 Gy radiation (from day 3, 2 Gy/day, every other day, 3 times per week for 2
weeks). Radiation was confined to the brain by protection of the body
with a lead shield. Mice were observed daily and killed when moribund. PPP (15 mg/kg, Santa Cruz, sc-204008) was injected i.p. twice
a day from days 3 to 7 in an aqueous solution containing 0.9% DMSO
(MilliporeSigma), 7% N-dimethylacetamide (MilliporeSigma), and
10% Cremophor EL (MilliporeSigma). Control mice were treated
with vehicle only. Tumor size at irradiation start time was estimated
by bioluminescence imaging (IVIS Spectrum, PerkinElmer).
Bioinformatics. We performed microarray and RNA-seq analyses on mouse GSCs as described (74). Published microarray data
including 70 primary GBM and 10 recurrent GBM were obtained
from GEO data set GSE7696 (29) and analyzed as described (74).
Briefly, raw expression data (CEL files) were summarized and
normalized using the Robust Multi-array Average algorithm and
the Bioconductor package affy (http://www.bioconductor.org/
packages/2.0/bioc/html/affy.html). The Cancer Genome Atlas
(TCGA) GBM data set was analyzed using GlioVis (http://gliovis.
bioinfo.cnio.es). To perform RNA-seq analysis of single cells from
primary GBM we used GEO data set GSE57872 (11). The Spotfire
software package (TIBCO Software) was used to generate a heatmap with sample values.
qRT-PCR. We performed real-time quantitative reverse transcription PCR (qRT-PCR) as described (75). Briefly, total RNA was
isolated using the RNeasy Mini Kit (Qiagen). Reverse transcriptase
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reaction was performed with PrimeScript RT reagent kit with gDNA
eraser (Takara) according to the manufacturer’s instructions. qRTPCR was performed in triplicate using SYBR Green reagent (Applied
Biosystems). Gapdh qRT-PCR was set as an internal control. The
following primer sets were used: NeuroD1 (5′-AAGCCATGAATGCAGAGGAGGACT, 5′-AGCTGCAGGCAGCCGGCGACC), Ngn1
(5′-TCGGCTTCAGAAGACTTCAC,
5′-GTGGTATGGGATGAAACAGG), Brn3a (5′- CTCACGCTCTCGCACAAC, 5′-AGAGCTCCGGCTTGTTCAT), Cdh1 (5′-TTGAGGCCAAGCAGCAATACATCC,
5′-AGATGTGATTTCCTGACCCACACC), Cdh2 (5′-TTGCTTCTGACAATGGAATCCCGC, 5′-AAGGAAAGATCAAACGCGAACGGC),
Gapdh (5′- GTGAAGGTCGGTGTGAACG, 5′-GACCATGTAGTTGAGGTCAATG), and for Igf1 (5′- CTACAAAAGCAGCCCGCTCT,
5′-CTTCTGAGTCTTGGGCATGTCA).
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