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1  | INTRODUC TION

GBM is the most malignant brain tumor in humans. Despite aggres-
sive treatment, including surgical resection, irradiation, and che-
motherapy, the overall survival of patients with GBM is typically 

14.6-16.0 mo post-diagnosis, and has not improved significantly 
for decades.1 The poor prognosis is due not only to the invasive-
ness and chemo- and radio-resistance of GBM, but also to its cel-
lular heterogeneity.2,3 Accumulating evidence suggests that GBM 
is initiated by GSCs, which have the potential to self-renew and are 
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Abstract
Notch signaling plays a pivotal role in many cancers, including glioblastoma (GBM). 
Recombination signal binding protein for immunoglobulin kappa J region (RBPJ) is a 
key transcription factor of the Notch signaling pathway. Here, we interrogated the 
function of RBPJ in GBM. Firstly, RBPJ expression of GBM samples was examined. 
Then, we knocked down RBPJ expression in 2 GBM cell lines (U251 and T98) and 
4 glioblastoma (GBM) stem-like cell lines derived from surgical samples of GBM 
(KGS01, KGS07, KGS10 and KGS15) to investigate the effect on cell proliferation, 
invasion, stemness, and tumor formation ability. Expression of possible downstream 
targets of RBPJ was also assessed. RBPJ was overexpressed in the GBM samples, 
downregulation of RBPJ reduced cell proliferation and the invasion ability of U251 
and T98 cells and cell proliferation ability and stemness of glioblastoma stem-like 
cells (GSC) lines. These were accompanied by reduced IL-6 expression, reduced ac-
tivation of STAT3, and inhibited proneural-mesenchymal transition (PMT). Tumor 
formation and PMT were also impaired by RBPJ knockdown in vivo. In conclusion, 
RBPJ promotes cell proliferation, invasion, stemness, and tumor initiation ability in 
GBM cells through enhanced activation of IL-6-STAT3 pathway and PMT, inhibition 
of RBPJ may constitute a prospective treatment for GBM.
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resistant to current therapies.4-6 Therefore, targeting GSCs could 
improve the prognosis of GBM. GSCs share some characteristics 
with neural stem and progenitor cells (NSPCs) such as expression 
of stem-associated markers, self-renewal, and multilineage differ-
entiation potential.5,7,8 Signaling pathways that inhibit neuronal 
differentiation and sustain NSPC populations during develop-
ment, including Notch, BMP, NF-κB, and Wnt signaling, are also 
activated in GSCs.2 Identifying the signaling pathways that drive 
GSCs is fundamental to understanding the progression of GBM 
and to developing new treatments.

Notch signaling is highly conserved and plays a key role in the de-
velopment of many different cell types and tissues, including neurons 
in the central nervous system.9,10 Its ligands, receptors, and target 
genes are frequently overexpressed in cancer tissues and cell lines, 
such as GSCs, conferring increased tumorigenicity and therapeutic 
resistance.11,12 Hence, Notch signaling may be a promising target for 
new GBM treatments. RBPJ, the chief transcription factor of Notch 
signaling, is required for all canonical Notch pathways; it also functions 
beyond Notch signaling.13-15 RBPJ expression is increased in brain tu-
mors where it may contribute to resistance to anti-Notch drugs.16,17

In this study, we evaluated the effect of RBPJ knockdown on the 
proliferation, invasion, stemness, and tumor initiation ability of 2 gli-
oma cell lines (U251 and T98) and 4 patient-derived GSCs (KGS01, 
KGS07, KGS10 and KGS15) and investigated the underlying molec-
ular mechanisms.

2  | MATERIAL S AND METHODS

2.1 | Surgical specimens

Matched samples of glioma and adjacent non-cancerous brain tis-
sue were collected from patients undergoing resection at the 
Department of Neurosurgery, Kanazawa University Hospital, with 
the approval of the human genome/genetic analysis research eth-
ics committee (Approval Number: 209) and the medical ethics com-
mittee (Approval Numbers: 2080, 2188) of Kanazawa University. 
Histological diagnosis of each tumor was based on the World Health 
Organization (WHO) criteria.18 Proteins were extracted from fresh-
frozen samples for western blotting, while formalin-fixed, paraffin-
embedded tissue sections were prepared for immunostaining.

2.2 | Cell culture

HEK293 cells and human GBM cell lines U251 and T98 were pur-
chased from the American Type Culture Collection. The cells were 
cultured at 37°C in a 5% CO2 in air incubator, and maintained in 
Dulbecco's modified Eagle's medium (DMEM) supplemented with 
10% heat-inactivated fetal bovine serum (FBS).

To prevent culture-induced drift, patient-derived GSCs were 
generated from the surgical samples of primary GBM (Figure S1). 
Cells were cultured in serum-free DMEM/F12 supplemented with 

B21, 1% GlutaMAX™-I, 20 ng/mL of epidermal growth factor, and 
20 ng/mL of b-FGF, as previously described.19

2.3 | Vectors and lentiviral transduction

Cells (20 × 104 cells) were seeded into 6-well plates and exposed 
to 1 of the 2 RBPJ-targeting shRNA lentiviral particles (shRBPJ1, 
sc270318-v; Santa Cruz Biotechnology; shRBPJ2, Sigma-Aldrich) or 
non-targeting control (sc108080; Santa Cruz Biotechnology) shRNA 
lentiviral particles. After 3 d of incubation, puromycin dihydrochlo-
ride (sc-108071, Santa Cruz Biotechnology) was used to select sta-
bly transduced cells. Puromycin selection was applied for at least 
72 h, and RBPJ knockdown was verified by western blotting. RBPJ-
silenced (shRBPJ1 and shRBPJ2) and control (shCONT) cells were 
expanded for subsequent experiments.

2.4 | Western blotting

Cells and surgical specimens were lysed in a lysis buffer (Sigma-
Aldrich) containing a mixture of protease and phosphatase inhibi-
tors (Sigma-Aldrich). Then, cellular proteins were extracted and 
cleared by centrifugation (20 600 g) at 4°C for 10 min. The samples 
were analyzed for the proteins of interest using standard western 
blotting techniques,20 using antibodies against RBPJ, phosphoryl-
ated STAT3 (Y705), total STAT3, CD44, PDGFRα (Cell Signaling 
Technology), IL-6 (Abcam), CD133 (R&D Systems), GFAP (Dako), 
YKL-40 (Quidel Corporation), OLIG2 (IBL), and SOX2 (GeneTex).

2.5 | Immunohistochemistry

Paraffin-embedded glioma samples were cut into 4-μm thick sections. 
Samples were deparaffinized in xylene, rehydrated, then autoclaved 
in TRS (pH 6.0) at 120°C for 10 min to retrieve antigens. Endogenous 
peroxidase activity was blocked by treatment with 3% hydrogen 
peroxide in methanol for 20 min. Subsequently, the sections were 
blocked with 5% skimmed milk in TBS-T for 30 min, and then incu-
bated overnight at 4°C with the primary antibodies. The next day, the 
sections were washed with TBS-T 3 times and incubated for 1 h at 
room temperature using an Envision + kit (Dako, K4001) for second-
ary antibody. The reaction was visualized with 3,3′-diaminobenzidine 
tetrahydrochloride for 5 min before the sections were counter-
stained with hematoxylin. Antibodies against the following antigens 
were used: RBPJ, PDGFRα, CD44 (Cell Signaling Technology), Ki-67 
(Thermo Scientific), YKL-40 (Quidel Corporation), and OLIG2 (IBL).

2.6 | Immunofluorescence

The tissue sections were treated as for immunohistochemistry. For 
cells, coverslips were coated with 30-50 μL of laminin (50 μg/mL) to 
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allow the cells to adhere as uniform monolayers. Subsequently, the 
cells were fixed in 4% paraformaldehyde for 15 min, permeabilized, 
blocked in 5% skimmed milk in TBS-T, and incubated overnight with 
antibodies against the following antigens: RBPJ, CD44 (Cell Signaling 
Technology), CD133, TUJ-1 (R&D Systems), SOX2 (Gene Tex), GFAP 
(Dako), and OLIG2 (IBL).

After incubation with the primary antibodies, the tissue sections 
and coverslips were probed with a fluorescent anti-rabbit antibody 
or a fluorescent anti-mouse antibody for 1 h at room temperature 
in the dark. Finally, the sections were mounted using a mounting 
medium containing DAPI (Santa Cruz Biotechnology). Images were 
acquired using a BZ-X700 microscope (Keyence) and digitally pro-
cessed with Keyence analysis software (Keyence).

2.7 | Cell proliferation assay

Alamar blue assay (Biosource) or CCK-8 assay (Dojindo) was per-
formed to measure cell proliferation. For the Alamar blue assay, cells 
treated with different shRNAs or drugs were seeded into 96-well 
plates at a density of 1 × 103 cells/well. Alamar blue solution (20 
μL) was added to each well before the plate was read on a micro-
plate reader (measurement, 590 nm; reference, 540 nm) at 0, 24, 48, 
72, and 96 h (or longer if the cells grew slowly). Absorbance values 
from 6 wells were averaged and plotted. For the CCK-8 assay, cells 
were seeded at a density of 5 × 103 cells/well and the absorbance at 
450 nm was measured 4 h after CCK-8 was added to each cell every 
24 h for 3 d.

2.8 | Invasion assay

Invasion assay was performed using the transwell system with a 
Matrigel-coated membrane, as previously described.19 Migrated 
cells were counted in 6 random high-powered fields.

2.9 | Sphere-forming assay

Sphere-forming assay was performed to evaluate the stemness of 
each GSC line, as previously described.21 Briefly, GSC spheres were 
dissociated into single cells using StemPro Accutase (Gibco/Life 
Technologies). Then, 1 × 103 single cells were seeded into a 96-well 
Costar ultra-low attachment plate (Corning) in 200 μL neurosphere 
medium supplemented with 1.0% methylcellulose. After 7 d of incu-
bation, the tumor spheres with a diameter larger than 50 μm were 
counted.

2.10 | Intracranial tumor formation in vivo

To evaluate tumor initiation ability of GSCs, we carried out 
animal experiments, as described previously.22 Healthy female 

nude mice (BALB/cSlc-nu/nu, Charles River Laboratories) aged 
4-5 wk were obtained and maintained in a pathogen-free fa-
cility at the Institute for Experimental Animals of Kanazawa 
University. Mice were housed in a temperature-controlled room 
with a 12-h : 12-h, light : dark cycle, and provided free access 
to water. For the xenograft experiments, mice were randomly 
divided into 2 groups (4 per group). Viable GSCs (1 × 104/animal) 
that were transduced with shCONT or shRBPJ1 were engrafted 
intracranially into the brains of nude mice that were anesthetized 
using 5% pentobarbital sodium (Koritsu Seiyaku Corporation). 
The experiment was repeated 2 times to evaluated survival 
and tumor growth respectively. For the survival experiments, 
the animals were maintained until manifestation of neurologi-
cal symptoms, or for 150 d. To assess tumor growth, mouse 
brains implanted with GSCs expressing shRBPJ1 or shCONT 
were harvested on day 50 after GSC implantation. Animals were 
anesthetized using 5% pentobarbital sodium before they were 
euthanized via cervical dislocation, then brains were collected. 
The brain tissues were dissected, embedded in paraffin, and 
then cut into 4-μm serial coronal sections for H&E staining, im-
munohistochemical staining, and immunofluorescent staining. 
The project was approved by Institute for Experimental Animals 
of Kanazawa University advanced research center (approval 
numbers: 163758, 163761), and all animal experiments were 
carried out in accordance with the Guidelines for the Care and 
Use of Laboratory Animals at Kanazawa University that covers 
the national guideline.

2.11 | Statistical analyses

All grouped data were presented as mean ± standard deviation (SD). 
For the proliferation assay, repeated-measures ANOVA was used to 
compare the groups. For other in vitro assays, differences between 
groups were assessed by one-way ANOVA. All in vitro experiments 
were repeated at least 3 times. For the in vivo experiments, log-rank 
survival analysis was performed. P-values < .05 were considered to 
indicate statistically significant differences. SPSS software (version 
20) was used for all statistical analyses.

2.12 | Ethics approval and consent to participate

Approval: All experimental protocols including animal experi-
ments were approved by the human genome/genetic analysis 
research ethics committee (Approval Number: 209), the medical 
ethics committee (Approval Numbers: 2080, 2188), and Institute 
for Experimental Animals of Kanazawa University (Approval 
Numbers: 163758, 163761). Accordance: All methods including 
animal experiments were carried out in accordance with relevant 
guidelines and regulations. Informed consent: Written informed 
consent was obtained from all participants or their representative 
related to this research.
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3  | RESULTS

3.1 | RBPJ is differentially expressed in GBM and 
non-tumor brain tissue

Western blotting of proteins extracted from surgical specimens of 
GBM and paired non-tumor brain tissue showed that RBPJ was over-
expressed in tumor tissue (Figure 1A). All GBM samples displayed 
high levels of the protein, and 1 case of WHO grade III glioma had 
low RBPJ levels; RBPJ expression was not observed in WHO grade II 
glioma (Figure 1B). Moreover, immunohistochemical staining showed 
that RBPJ expression was derived from GBM cells in the nucleus, while 
normal brain cells did not express the protein (Figure 1C and Figure S2).

3.2 | RBPJ knockdown suppresses proliferation and 
invasiveness of GBM cell lines

Expression of RBPJ in U251 and T98 cells was confirmed by western 
blotting, with HEK-293 cells acting as a positive control (Figure 2A).23 To 

assess the function of RBPJ in GBM cells, we knocked down its expres-
sion in U251 and T98 cells using lentiviral shRNA constructs (Figure 2B). 
Downregulation of RBPJ levels decreased proliferation (Figure 2C) and 
significantly suppressed invasiveness of both cell lines (Figure 2D).

3.3 | RBPJ downregulation suppresses 
proliferation and stemness of GSCs

As Notch signaling is important for maintaining stemness of 
GSCs,2,21,24 RBPJ, as the cardinal transcription factor of the Notch 
signaling pathway, may be instrumental for proper GSC function. 
To investigate this, we first confirmed that RBPJ was expressed 
in GSCs (Figure 3A). Next, we examined RBPJ levels in matched 
samples of GSCs and FBS-differentiated GBM cells to determine 
whether RBPJ could be a stem-associated marker. In each matched 
set, GSCs displayed higher RBPJ levels than differentiated GBM 
cells (Figure 3B). Differentiation was confirmed by detection of 
CD133 (a stem-associated maker) and GFAP (a differentiation 
marker). As RBPJ is preferentially expressed in GSCs, we used GSC 

F I G U R E  1   RBPJ expression in 
surgical glioblastoma (GBM) specimens. 
A, RBPJ levels in GBM tissue and paired 
normal brain tissue (NB), as assessed by 
western blotting. β-Actin was used as 
a loading control. B, RBPJ expression 
in gliomas of different WHO grades. 
C, Hematoxylin and eosin staining 
and immunohistochemistry of RBPJ in 
surgical specimens of GBM and NB. Scale 
bars, 100 μm
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lines to examine whether RBPJ played a role in their prolifera-
tion and stemness maintenance. RBPJ was successfully knocked 
down in all the 4 GSC lines used (Figure 3C). Cells transduced 
with both shRBPJ1 and shRBPJ2 proliferated at a lower rate than 
those transduced with shCONT (Figure 3D). To assess the effect 
of RBPJ on self-renewal, the main characteristic of stem-like cells, 
we performed the sphere-forming assay. GSCs transduced with 
shRBPJ1 and shRBPJ2 formed fewer neurospheres than control 
cells (Figure 3E and Figure S3).

3.4 | RBPJ knockdown inhibits the 
activation of STAT3

To elucidate the molecular mechanisms mediating the above ef-
fects, we studied changes in expression of downstream targets of 
RBPJ that may be related to proliferation, invasiveness, or stemness 
of cancer cells such as HES1, p-AKT/AKT, p-ERK/ERK, p-STAT3/
STAT3, and p-mTOR. Among the proteins we investigated, the level 
of phosphorylated STAT3 (p-STAT3 [Y705]) was decreased after 
RBPJ knockdown in all GBM cell lines and GSC lines used, whereas 
the expression of total STAT3 remained unaltered (Figure 4A). It is 
reasonable to speculate that RBPJ did not regulate STAT3 expression 

directly as a transcription factor, rather it regulates STAT3 activa-
tion through other factors. Excessive STAT3 activation occurs in 
response to cytokines, including IL-6,25 therefore we assessed 
IL-6 expression using western blotting. IL-6 levels were reduced by 
RBPJ knockdown, suggesting that RBPJ influenced STAT3 activa-
tion through IL-6 (Figure 4A). To confirm if IL-6 was a main cause of 
STAT3 activation, we treated the cells with a neutralizing antibody 
targeting IL-6 (Abcam). STAT3 activation was evaluated using west-
ern blotting 72 h after administration of the antibody. The result 
showed that blockade of IL-6 caused decreased STAT3 activation, 
as shown by the level of phosphorylated STAT3 (Y705) (Figure 4B). 
Rescue experiments were also performed using recombinant human 
IL-6 (Oriental Yeast Company, Japan). Decreased proliferation, inva-
sion, and sphere-forming ability of the cells caused by RBPJ knock-
down were rescued by IL-6 administration (Figure S6). Furthermore, 
the inhibitory effect of RBPJ knockdown on STAT3 activation was 
attenuated by IL-6 administration (Figure S7A).

3.5 | RBPJ is related to PMT

To explain the effect of RBPJ knockdown on stemness maintenance 
of GSCs, we assessed the expression of putative stem-associated 

F I G U R E  2   Effects of RBPJ knockdown 
on the proliferation and invasiveness of 
glioblastoma (GBM) cells. A, Expression of 
RBPJ in 2 GBM cell lines (U251 and T98), 
as evaluated by western blotting. HEK293 
cells served as a positive control for RBPJ 
expression. B, Decreased RBPJ protein 
level in cells transduced with both RBPJ-
targeting small hairpin RNA (shRNA)1 
and 2 compared with the control in GBM 
cells. C, Proliferation assay using Alamar 
blue. Both shRBPJ1 and 2 suppressed 
proliferation ability of GBM cells. Data 
are presented as the mean ± standard 
deviation (SD) (n = 6). *P < .05; ** 
P < .01, ***P < .001. D, Invasiveness of 
RBPJ-silenced and control GBM cells, as 
assessed by transwell assay. Invasiveness 
of RBPJ-silenced GBM cells was reduced 
compared with that of control cells. The 
bars represent mean cell counts from 
at least 6 high-powered fields (HPF). 
*P < .05; ** P < .01, ***P < .001
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markers CD133 and SOX2 using western blotting. Levels of neither 
marker were significantly altered (Figure S5). Interestingly, expres-
sion of the mesenchymal marker CD4426,27 was decreased in both 
the 2 GSC lines that expressed it (KGS01and KGS15), while that of 
the proneural marker OLIG226 was increased in all GSC lines used 
(Figure 5). These findings led us to hypothesize that RBPJ promotes 
PMT. Further, we observed the expression of YKL-4026 (mesenchy-
mal marker) and PDGFRα27 (proneural marker). As expected, YKL-40 
was downregulated in all 4 cell lines. Notably, PDGFRα was upregu-
lated in all cell lines used (Figure 5). This could be reversed by admin-
istration of IL-6, indicating that RBPJ regulated PMT at least partially 
through IL-6 (Figure S7B).

3.6 | Targeting RBPJ suppresses GSC growth and 
increases survival of mice bearing intracranial 
GBM xenografts

The most important property of GSCs is their ability to induce 
the reappearance of tumors in xenografts, even in low numbers. 
As RBPJ is required for maintaining the tumorigenic potential of 
GSCs, we investigated whether RBPJ knockdown could affect the 
growth of GSC-initiated tumors in vivo. GSCs transduced with 
shRBPJ1 or shCONT were transplanted into brains of nude mice 
(4 mice for each group); RBPJ expression in shRBPJ1-transduced 
cells was confirmed by immunofluorescence (Figures 6A and S9A). 

F I G U R E  3   RBPJ expression in glioblastoma stem-like cells (GSCs) and the effect of RBPJ knockdown on the proliferation and self-renewal 
of GSCs. A, RBPJ expression in GSC lines, as assessed by western blotting. HEK293 cells served as a positive control for RBPJ expression. 
B, RBPJ expression in GSCs and FBS-differentiated GBM cells derived from the same patients. RBPJ protein expression of all GSCs we used 
were significantly higher compared with FBS-differentiated GBM cells. Stemness and differentiation were confirmed by positive CD133 and 
glial fibrillary acidic protein (GFAP) staining, respectively. C, RBPJ protein levels in cells transduced with control and RBPJ-targeting shRNAs, 
as examined by western blotting. RBPJ protein level was decreased in cells transduced with both shRBPJ1 and shRBPJ2 compared with 
control for all GSCs. D, Proliferation assay using Alamar blue. RBPJ suppression inhibited the proliferation of all GSCs. Data are presented 
as means ± SD (n = 4). *P < .05; ** P < .01, ***P < .001. E, Effects of RBPJ knockdown on GSC tumorsphere formation. Numbers of tumor 
spheres formed by both shRBPJ1 and shRBPJ2 cells were decreased compared with shCONT cells. Data are presented as means ± SD 
(n = 3). *P < .05; ** P < .01, ***P < .001

F I G U R E  4   RBPJ regulated IL-6 and phosphorylated STAT3. A, Protein levels of IL-6 and p-STAT3 (Y705) after RBPJ knockdown. Protein 
levels of both IL-6 and p-STAT3 (Y705) were decreased in glioblastoma (GBM) cell lines and GBM stem-like cells (GSCs) transduced with 
both shRBPJ1 and shRBPJ2 compared with control cells. B, The protein level of p-STAT3 (Y705) in cells treated with a neutralizing antibody 
targeting IL-6. p-STAT3 (Y705) was decreased with the administration of the neutralizing IL-6 antibody in all GBM cell lines and GSCs
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Ki-67 staining was performed to reveal the tumor area (Figures 6A 
and S9A). Animals bearing shRBPJ1-expressing GSCs displayed 
reduced tumor formation (Figures 6A and S9A) and longer over-
all survival (Figures 6B and S9B) compared with those bearing 
shCONT-expressing cells. YKL-40 levels were lower, while those 
of OLIG2 were higher in tumors formed by KGS10 shRBPJ1 cells 
than in those derived from KGS10 shCONT cells (Figure 6C). 
CD44 was not expressed in KGS10 cells originally and the level of 
PDGFRα did not differ between the 2 groups (Figure 6C). In mice 
transplanted with KGS01 cells, CD44 expression was significantly 
lower, and that of OLIG2 was higher in tumors formed by shRBPJ1 
cells (Figure S9C). This indicated that PMT was also inhibited in 
vivo after RBPJ knockdown.

4  | DISCUSSION

Our data showed that RBPJ was more highly expressed in GBM than 
in normal brain tissue or low-grade gliomas, and that it promoted 
cell proliferation, invasion, and stemness maintenance in GBM 
cells. Interestingly, RBPJ levels were markedly higher in GSCs than 
in differentiated GBM cells, suggesting that RBPJ could be used as 
a stem-associated marker along with CD133. RBPJ promoted GBM 
progression in vitro through activation of the IL-6/STAT3 pathway 
and induction of PMT. RBPJ knockdown also suppressed PMT in 
vivo, attenuating tumor progression. This study is the first to show 
that RBPJ activates STAT3 and PMT in GBM cells.

Multiple factors contribute to the malignancy of glioma such 
as mutation of oncogenes or tumor suppressors and dysregulation 
of signaling pathways, metabolism, or the tumor microenviron-
ment.28,29 We showed that RBPJ expression was higher in GBM tis-
sues than in healthy brain tissues or low-grade gliomas. Thus, RBPJ 
concentration appeared to be correlated with the degree of glioma 
malignancy. A previous report based on The Cancer Genome Atlas 
(TCGA) data concluded that RBPJ mRNA was expressed at a higher 
level in GBM than in healthy brain, and that upregulation of RBPJ 
might be associated with poor prognosis in GBM.30 Our in vivo find-
ings supported the potential role of RBPJ as a prognostic marker for 
GBM. Notably, another report utilizing TCGA data showed that RBPJ 

mRNA levels were not always higher in GBM than in WHO grade I-III 
gliomas,31 and was in contrast with our observations. The cause of 
this discrepancy may be that mRNA and protein levels do not always 
match.32 Our study was in accordance with a previous study that 
compared RBPJ protein expression in gliomas and healthy brain tis-
sue.33 Based on our data, we propose that RBPJ levels are strongly 
related to glioma malignancy and that RBPJ is a promising molecular 
target for GBM.

RBPJ regulates self-renewal and proliferation of cancer stem-
like cells in solid tumors, including GBM.30,31 However, there have 
only been 2 reports on RBPJ in GSCs.30,31 Here, RBPJ knockdown 
inhibited stemness and decreased cell proliferation in all 4 pa-
tient-derived GSC lines, which was in line with previous reports. 
Our results supported the idea that GSC function is regulated by 
RBPJ. Moreover, we showed that differentiated GSCs had lower 
levels of RBPJ and CD133, and higher levels of GFAP than undif-
ferentiated cells. CD133 is a putative cell surface marker for cancer 
stem-like cells whose validity remains controversial.34 In our study, 
in some GSC lines, RBPJ expression was reduced to a higher extent 
than that of CD133. This suggests that, in GBM, RBPJ is a more ro-
bust stem-associated marker than CD133. A previous study identi-
fied GSCs with activated Notch signaling (Notchhi GSCs), and those 
GSCs with high CD133 expression (CD133hi GSCs), such as het-
erogeneous populations in GBM. Notchhi GSCs have the potential 
to generate CD133hi lineages, but the inverse is not possible, and 
Notchhi GSCs can regulate microvascular niches in GBM.35 As RBPJ 
is strongly associated with the activation of Notch signaling,35 tar-
geting RBPJ may be a viable approach for the elimination of GSCs.

RBPJ knockdown reduced STAT3 phosphorylation in all cell lines 
used in this study. STAT3 signaling promotes self-renewal and pro-
liferation of GSCs, and regulates the tumor immune-environment in 
GBM.36,37 Therefore, STAT3 in GSCs is a potential molecular target 
for treatment of GBM.19,38,39 Stemness maintenance and cell pro-
liferation were impaired by RBPJ suppression through diminished 
STAT3 phosphorylation. We also administered DAPT, an inhibitor of 
Notch, to all cell lines. The results showed that GBM cells treated 
with DAPT had decreased proliferation, invasion, and sphere-form-
ing ability compared with cells with RBPJ knockdown (Figure S8A-
D). The expression level of p-STAT3 (Y705) was decreased in all 

F I G U R E  5   RBPJ may be related to 
proneural-mesenchymal transition (PMT). 
RBPJ knockdown decreased CD44 
expression of the 2 cell lines that originally 
expressed it (KGS01 and KGS15). Similarly, 
YKL-40 expression was decreased in all 
glioblastoma stem-like cells (GSCs) by 
RBPJ suppression. RBPJ suppression 
increased OLIG2 and PDGFRα expression 
of all GSCs. These results suggested that 
RBPJ is involved in PMT
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F I G U R E  6   RBPJ knockdown in glioblastoma stem-like cells (GSCs) suppressed tumor growth and increased survival of animals bearing 
intracranial GBM. A, Hematoxylin and eosin staining, immunofluorescence staining of RBPJ and immunohistochemistry of Ki-67 for mouse 
brain tissue implanted with KGS10-shRBPJ1 or KGS10-shCONT. The tumor area of KGS10-shRBPJ1 was clearly smaller than that of the 
control. Scale bars, 200 μm. B, The Kaplan-Meier curve of KGS10-shRBPJ1 group and shCONT group. The survival time of KGS10-shRBPJ1 
group was significantly longer than that of KGS10-shCONT. C, Immunohistochemical staining showing the expression of CD44, YKL-40, 
OLIG2 and PDGFRα. Expression of YKL-40 was decreased, while that of OLIG2 was increased in tumors formed by KGS10-shRBPJ1 cells. 
CD44 was not originally expressed in KGS10 cells and the levels of PDGFRα were not significantly changed. Scale bars, 100 μm
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GBM cells treated with DAPT (Figure S8E). The effects of DAPT 
treatment on GBM cells were similar to that of RBPJ knockdown. 
This indicated that the effects of RBPJ suppression might be at least 
partially Notch-dependent. RBPJ is a nuclear protein that transduces 
the activity of Notch signaling.13,14 Therefore, targeting RBPJ may be 
a useful strategy for eliminating GSCs.

STAT3 is activated by IL-6 signaling in GBM,25 where it is im-
plicated in cell invasion, tumor progression, and resistance to 
radio- and chemotherapy.40,41 Protein levels of both IL-6 and phos-
phorylated STAT3 were decreased in all RBPJ-silenced GBM cell 
lines we used. Further, RBPJ regulated IL-6 transcription by binding 
to the promoter region of the IL-6 gene in some cells of the immune 
system.42-44 ChIP-seq data (GSM1922946 and GSM1922947)45 
obtained from the Cistrome database (http://cistr ome.org/) also 
demonstrated a binding site of RBPJ on the promoter region of the 
IL-6 gene (Figure S4). This provided the clue that RBPJ may regulate 
expression of IL-6 directly as a transcriptional factor. Blockade of 
IL-6 caused STAT3 dephosphorylation, this finding was consistent 
with that of a previous study.46 Additionally, IL-6 administration 
could rescue the inhibitory effect on STAT3 activation caused by 
RBPJ knockdown, suggesting that RBPJ could regulate activation of 
STAT3, at least in part through the autocrine effect of IL-6. Taken 
together, these findings suggested that a RBPJ-IL-6-STAT3 axis ex-
ists in GBM cells. To our knowledge, the current study is the first to 
propose the existence of an RBPJ-IL-6-STAT3 axis and implicate it in 
tumor progression and stemness maintenance of GSCs.

Glioblastomas were classified by genetic background into 4 sub-
types, such as proneural, neural, classical, and mesenchymal sub-
types.47 Among these subtypes, the mesenchymal subtype is the 
most aggressive and strongly associated with a poor prognosis.48 
While GSCs are mainly divided into proneural-like GSCs and mesen-
chymal-like GSCs based on genetic and molecular signatures.49-51 It 
has been reported that there is a transition of phenotypes in GSCs 
caused by tumor microenvironment and radiotherapy.51 Here, we 
demonstrated that RBPJ suppression is related to upregulation of 
proneural markers and downregulation of mesenchymal markers, 
indicating that RBPJ may be a regulating factor for PMT. Recently, 
it has been reported that GSCs with mesenchymal signatures were 
generated from GSCs with proneural signatures.27 However, it is still 
uncertain whether GBMs initiate as proneural tumors and evolve to 
gain more mesenchymal phenotypes or that some GBMs initiate as 
mesenchymal tumors. The suppression of RBPJ caused a transition of 
phenotype from mesenchymal to proneural in GSCs, leading to slower 
tumor progression. Therefore, it is considered that inducing this kind 
of phenotype transition may also be an effective method to improve 
the prognosis of GBM patients. Some signaling pathways and factors 
are hijacked by GBM to regulate PMT, including STAT3, C/EBP, TAZ, 
NF-κB pathways and so on.50,52 Administration of IL-6 could reverse 
the effect on PMT caused by RBPJ suppression, and indicated that 
RBPJ might regulate PMT through an IL-6-STAT3 pathway.

In conclusion, RBPJ can promote tumor progression in GSCs 
through activation of the IL-6/STAT3 pathway and PMT induction 
(Figure S10). Therefore, RBPJ is a promising therapeutic target for 

GBM. Our study provides an essential foundation for the develop-
ment of RBPJ inhibitors for anti-GBM therapy.
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