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Abstract
Glioblastoma multiforme (GBM), a lethal brain tumor developing in the white mat-
ter of the adult brain, contains a small population of GBM stem cells (GSCs), which 
potentially cause chemotherapeutic resistance and tumor recurrence. However, the 
mechanisms underlying the pathogenesis and maintenance of GSCs remain largely 
unknown. A recent study reported that incorporation of ribosomes and ribosomal 
proteins into somatic cells promoted lineage trans-differentiation toward multi-
potency. This study aimed to investigate the mechanism underlying stemness ac-
quisition in GBM cells by focusing on 40S ribosomal protein S6 (RPS6). RPS6 was 
significantly upregulated in high-grade glioma and localized at perivascular, perine-
crotic, and border niches in GBM tissues. siRNA-mediated RPS6 knock-down signifi-
cantly suppressed the characteristics of GSCs, including their tumorsphere potential 
and GSC marker expression; STAT3 was downregulated in GBM cells. RPS6 overex-
pression enhanced the tumorsphere potential of GSCs and these effects were at-
tenuated by STAT3 inhibitor (AG490). Moreover, RPS6 expression was significantly 
correlated with SOX2 expression in different glioma grades. Immunohistochemistry 
data herein indicated that RPS6 was predominant in GSC niches, concurrent with 
the data from IVY GAP databases. Furthermore, RPS6 and other ribosomal proteins 
were upregulated in GSC-predominant areas in this database. The present results 
indicate that, in GSC niches, ribosomal proteins play crucial roles in the development 
and maintenance of GSCs and are clinically associated with chemoradioresistance 
and GBM recurrence.
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1  | INTRODUC TION

Glioblastoma multiforme is the most aggressive type of brain 
tumor,1 with a mean survival of 14.6 mo.2,3 Standard therapies for 
GBM include surgical resection and chemoradiotherapy.3 Despite 
several therapeutic strategies, the prognosis for patients has not 
improved sufficiently over the past 3 decades. GBM usually re-
curs around the cavity of the resected tumor, even upon complete 
surgical resection of enhanced mass lesions detected by magnetic 
resonance imaging. Part of the reason for its chemoradioresis-
tance is the presence of a small population of cells with stem cell-
like characters, so called GBM stem cells (GSC) in GBM.4 GSCs are 
generally present in a special microenvironment, the GSC niche, 
and retain their potential for self-renewal, chemoradioresistance, 
and tumorigenicity.5 Despite different types of GSC niches, such 
as perivascular, perinecrotic, and border niches,6,7 the mecha-
nisms underlying the promotion of stem cell-like features in glioma 
cells by these niches remain largely unknown. Therefore, to im-
prove survival of GBM patients, it is important to understand the 
detailed mechanism underlying GSC development and to develop 
new therapeutic strategies targeting GSCs.

Ribosomal proteins participate in numerous biological phenom-
ena, primarily including protein synthesis.8 Ribosomes are comprised 
of two subunits, small and large, which synergistically function and 
translate mRNA into a polypeptide chain during protein synthe-
sis.8,9 Ribosomes contain approximately 80 ribosomal proteins, 
which contribute to tumorigenesis, immune signaling, development, 
and several diseases.10 Ribosomal incorporation into somatic cells 
reportedly promoted lineage trans-differentiation toward multipo-
tency, and these cells differentiated into different germ layer-de-
rived cells upon induction with respective media, such as adipocytes, 
osteocytes, and chondrocytes.11-13 These reports suggest that levels 
of ribosomal proteins influence the induction and maintenance of 
stem cell-like features.

Ribosomal protein S6, a component of the 40S ribosomal sub-
unit,14 plays important roles in cell proliferation and DNA repair.15 
shRNA-mediated knock-down of RPS6 reportedly suppressed 
cancer cell proliferation and metastasis in lung cancer,16 and RPS6 
phosphorylation is important for pancreatic cancer pathogenesis.17 
However, the mechanism of action of RPS6 in GBM and whether 
it induces malignant characters in GBM cells remain unclear. This 
study aimed to investigate the effect of RPS6 on stemness induction 
in GBM.

2  | MATERIAL S AND METHODS

2.1 | Antibodies and reagents

Rabbit polyclonal anti-RPS6 antibody was obtained from Abcam. 
Mouse polyclonal anti-β-actin antibody, rabbit polyclonal anti-
STAT3, rabbit polyclonal anti-p-STAT3(Tyr705), and rabbit polyclonal 
anti-SOX2 were purchased from CST. Rabbit polyclonal anti-glial 

fiblirally acidic protein (GFAP) antibody was obtained from DAKO. 
Rabbit polyclonal anti-Olig2 antibody was obtained from IBL. Mouse 
polyclonal anti-MAP2 was obtained from Sigma and mouse mono-
clonal anti-Nestin antibody was obtained from MERCK. AG490 was 
obtained from Sigma and dissolved in 50 µmol/L DMSO (Sigma) and 
then diluted in culture medium.

2.2 | Patients, tissue specimens, and 
immunohistochemistry

For western blot analysis, resected glioma tissues were harvested 
from 12 patients (seven males, five females, low-grade: six cases, 
high-grade: six cases) at Kumamoto University Hospital, Japan, 
after having obtained informed consent from the patients and in 
accordance with the guidelines of the Research Ethics Committee 
(Kumamoto University Hospital No. 1470). All samples were rapidly 
frozen after surgery and stored at − 80°C. Demographic data of the 
patients are provided in Table 1.

For immunohistochemical analysis, tumor tissues were fixed in 
formalin overnight, embedded in paraffin, and then cut into 3-μm-
thick sections. The following antibodies were used to detect anti-
gens: rabbit anti-RPS6 (1:100; Abcam), rabbit anti-GFAP (1:4000; 
DAKO), rabbit anti-SOX2 (1:100; CST), rabbit anti-Nestin (1:200; 
Merck), rabbit anti-Olig2 (1:100; IBL), and mouse anti-MAP2 
(1:5000; Sigma) antibodies. Reactions were visualized using a diami-
nobenzidine substrate system (Nichirei).

2.3 | Cell lines and cell culture

The human GBM cell line U251MG was obtained from the Japanese 
Collection of Research Bio Resources Cell Bank. Cells were cultured 
in Dulbecco's modified Eagle's medium and Ham's medium (GIBCO) 
with 10% FBS in an atmosphere containing 5% CO2 in air at 37°C.

TA B L E  1   Demographic data of the patients

Patient Grade Age Sex Diagnosis

1 1 29 y M Pilocytic astrocytoma

2 1 6 y M Pilocytic astrocytoma

3 1 9 y F Pilocytic astrocytoma

4 2 60 y F Astrocytoma

5 2 48 y M Astrocytoma

6 2 10 mo F Astrocytoma

7 3 49 y F Anaplastic astrocytoma

8 3 35 y M Anaplastic 
oligoastrocytoma

9 3 58 y M Anaplastic astrocytoma

10 4 74 y M GBM

11 4 58 y M GBM

12 4 69 y F GBM
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2.4 | Sphere-formation assay

U251MG cells (104 cells/100 µL/well) were cultured in NSC culturing 
condition (serum-free medium supplemented with growth factors, 
as recently reported18,19) using a 96-well plate (Corning) for 3 d. The 
spheres (size >50 µm) were enumerated using a microscope. Upon 
transfection of plasmid-DNA or siRNA, U251MG cells were cultured 
in NSC medium.

2.5 | Western blot analysis

Cells were lysed in ice-cold lysis buffer containing phosphatase 
inhibitor (CST). Whole patient tissues and proteins from cultured 
cells were extracted using cell lysis buffer in accordance with the 
manufacturer's instructions (CST). Proteins were separated through 
SDS-PAGE in a 10% resolving gel and electrotransferred onto poly-
vinylidene difluoride membranes (Merck).

Membranes were blocked in 3% skim milk (GE Healthcare) with 
TBS-T at ambient temperature for 1  h with agitation and incubated 
with the following primary antibodies overnight at 4°C: rabbit poly-
clonal anti-RPS6 antibody (1:1000), mouse polyclonal anti-β-actin anti-
body (1:1000), rabbit polyclonal anti-STAT3 (1:1000), rabbit polyclonal 
anti-p-STAT3 (Tyr705) (1:1000), rabbit polyclonal anti-SOX2 (1:1000), 
and mouse monoclonal anti-Nestin (1:1000) antibodies. After three 
washes, the membranes were incubated with horseradish peroxi-
dase-conjugated secondary antibody (rabbit: GE Healthcare, mouse: 
GE Healthcare) with 3% skim milk for 1  h. Finally, immunoreactive 
protein bands were visualized using ECL select detection reagents (GE 
Healthcare) and detected using LAS4000EPUVmini (GE Healthcare).

2.6 | siRNA transfection

U251MG cells were incubated in 6-well plates (Corning) (1.0 × 105 
cells/2  mL/well) for 24  h and transiently transfected with RPS6-
specific siRNA (10  nmol/L), using Lipofectamine 2000 (Invitrogen) 
in accordance with the manufacturer’s protocol. After transfection 
and incubation for 48  h, experiments were performed. Silencer 
Negative Control siRNA (Applied Biosystems, Life Technologies) 
was used as the control. The RPS6-specific siRNA sequences 
were 5-GAAGCGUAUGGCCACAGAAtt for the top strand and 
5-UUCUGUGGCCAUACGCUUCtc for the bottom strand (Thermo 
Fisher Scientific).

2.7 | Transfection with plasmid-DNA

U251MG cells were incubated in 12-well plates (Corning) (1.6 × 105 
cells/mL/well) for 24  h and transiently transfected with plasmid-
DNA (pcDNA3.0-RPS6; Addgene) and negative control (pcDNA3.0) 
at 1 µg/mL each, using Lipofectamine 2000 (Invitrogen) in accord-
ance with the manufacturer’s protocol.

2.8 | Analysis of the GBM database

To analyze the publicly available GBM database, we analyzed IVY 
GAP databases.20 Patient clinical data were obtained from a previ-
ous study.20 RNA sequencing (RNA-seq) data were obtained from 
the Ivy GAP database20 made publicly available by the Allen Institute 
(©2015 Allen Institute for Brain Science. Ivy Glioblastoma Atlas 
Project2). We compared the expression levels of ribosomal proteins 
including RPS6 within the tumor mass (CT zone) with those in zones 
predominantly containing GSC-like cells (PAN, MVP, LE, and IT iden-
tified through hematoxylin and eosin staining). In total, 122 RNA 
samples were generated from 10 tumors. Samples from the anatomic 
structures were harvested through laser microdissection and se-
quenced to a depth of ~30 million reads (~15 million mapped reads). 
Sets of genes specific to or enriched in CT, MVP, and PAN were iden-
tified. In particular, genes meeting the following statistical criteria 
were included in the initial list of potential marker genes (https://
ivygap.swedi​sh.org/home). RNA-seq data for anatomic structures 
and putative cancer stem cell clusters were obtained via laser micro-
dissection. Tumorigenesis was assessed using the IVY GAP database 
(http://gliob​lasto​ma.allen​insti​tute.org/ish). Fragments per kilobase 
of exon per million mapped fragments (FPKM) values were averaged 
across replicates within regions to generate single values for each 
sample within a particular region.

2.9 | Statistical analysis

Data are expressed as mean  ±  standard deviation values. Student 
t test was used to assess differences between the two groups. P-
values <.05, **P mean <.01, and ***P mean <.001 were considered 
statistically significant.

3  | RESULTS

3.1 | RPS6 expression in glioma tissues

RPS6 is upregulated and contributes to malignancy in several can-
cers such as lung cancer and renal cell carcinoma16,21; however, its 
role in glioma remains unclear. To assess the role of RPS6 in GBM 
cells, we evaluated RPS6 expression in GBM tissues. We performed 
immunohistochemical staining of GBM tissue samples with RPS6 
polyclonal antibody. Strong immunostaining of RPS6 was detected 
in the tumor area; however, weak immunostaining was detected in 
areas containing lesser tumor cells (Figure 1A). Furthermore, to eval-
uate RPS6 expression in gliomas of different grades, tissues of GBM 
and PA were used. RPS6 immunoreactivity in PA was weaker than 
that in GBM (Figure 1B). Moreover, we assessed the expression of 
SOX2 and Nestin, GSC markers; GFAP, an astrocyte marker; MAP2, 
a neuronal marker; and Olig2, an oligodendrocyte progenitor cell 
marker. Both SOX2 and Nestin were upregulated in the area where 
RPS6 was detected. GFAP and Olig2 but not MAP2 were detected 

https://ivygap.swedish.org/home
https://ivygap.swedish.org/home
http://glioblastoma.alleninstitute.org/ish
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in the tumor area (Figure 1C). Immunofluorescent double staining of 
GBM tissues showed that the majority of RPS6-positive cells were 
positive for Nestin (99.3%), Olig2 (89.5%), and SOX2 (86.0%) (Figure 
S1). These immunohistochemistry results indicate that RPS6 expres-
sion is strongly associated with the primitive feature and malignant 
phenotype of gliomas.

3.2 | RPS6 knock-down suppressed the sphere-
forming potential and GSC marker expression in 
GBM cells

To investigate whether RPS6 expression is associated with stemness 
properties in glioma cells, the sphere formation assay was performed 
using the GBM cell line U251MG. RPS6 was strongly inhibited in 

U251MG cells upon transfection of RPS6-specific siRNA (siRPS6) com-
pared with that in cells transfected with control siRNA (siCont) (de-
creased by 54%) (Figure 2A). Cells transfected with both siRPS6 and 
siCont were cultured in NSC medium for 3 d and their sphere-forming 
potential was assessed by enumerating spheres larger than 50 μm in di-
ameter. The sphere-forming potential of siRPS6 was significantly lower 
than that of siCont (decreased by 6%, P < .05) (Figure 2B), and the av-
erage size of spheres decreased (Figure S2A). To confirm this result, 
we performed the same experiment using U87MG cells and obtained 
similar results (Figure S4A). Furthermore, stemness-related proteins 
Nestin and SOX2 were strongly suppressed in cells transfected with 
siRPS6 rather than with siCont (Nestin: decreased by 8%, P  <  .05, 
SOX2: decreased by 10%, P < .05), as revealed through western blot-
ting (Figure 2C). These results were confirmed in experiments using 
another RPS6-specific siRNA (siRPS6#2) (Figure S3). These results 

F I G U R E  1   Ribosomal protein S6 (RPS6) expression in glioma tissues. Representative images of hematoxylin and eosin (HE) and 
immunohistochemical staining. A, Images showing positive RPS6 immunoreactivity in tumor areas and lesser tumor cells in glioblastoma 
multiforme (GBM). B, Images showing RPS6 expression in GBM and pilocytic astrocytoma. C, Images showing immunoreactivity of GFAP, 
MAP2. RPS6, SOX2, Nestin, and Olig2, which are markers of stem and progenitor cells, in GBM tissue containing tumor cells. Scale bars, 
100 µm
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suggest that RPS6 downregulation by siRPS6 clearly diminished the 
stemness properties in GBM cells.

Conversely, to investigate the effect of RPS6 in GBM cells, a 
plasmid vector expressing RPS6 was transfected into U251MG 
cells (OE-RPS6). RPS6 was consequently upregulated by 1.7-fold 
in OE-RPS6 in western blots, the sphere-forming potential was 

significantly increased by 1.5-fold (P < .05) (Figure 2D), and the av-
erage size of spheres was increased (Figure S2B). To confirm these 
results, we performed the same experiments using U87MG cells and 
obtained similar results (Figure S4B). These data indicate that RPS6 
plays important roles in the acquisition of stem cell-like characters 
in GBM cells in vitro.

F I G U R E  2   Ribosomal protein S6 (RPS6) knock-down suppressed the sphere-forming potential and expression of glioblastoma multiforme 
(GBM) stem cell (GSC) markers in glioma cells. A, GBM cells (U251MG) were transfected with control siRNA (siCont) or siRNA specific 
for RPS6 (siRPS6). RPS6 expression was confirmed at the protein level upon western blotting. B, RPS6 knock-down experiments; sphere-
forming potential in GBM cell line (U251MG) cultured in 10% FCS and NSC medium. Graph showing the number of spheres (>50 µm). C, 
Western blot data showing that RPS6 knock-down affected the expression of GSC markers Nestin and SOX2 in GBM cell line (U251MG) 
cultured in neural stem cell (NSC) medium. A graph showing the expression of Nestin and SOX2 in siRPS6-transfected cells or siCont-
transfected cells. D, Empty control vector (Control) or RPS6-expressing plasmid vector (OE-RPS6) was transfected into GBM cell line 
(U251MG). Images displaying sphere formation by OE-RPS6. Graph showing the number of spheres (>50 µm) in NSC medium (values are 
presented as means ± SD of triplicate samples, *P < .05 siCont vs siRPS6 and Cont vs OE-RPS6). Scale bar, 100 µm 
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3.3 | RPS6 regulates the stemness of GBM cells via 
STAT3 signaling

To determine the pathway involved in the acquisition of stemness prop-
erties, we assessed phosphorylated STAT3 (pSTAT3) levels because 
pSTAT3 is critical for chemoradioresistance, anti-apoptosis, stemness, 
and tumorigenesis.5,22,23 STAT3 is reportedly upregulated in several 
cancers including glioma.24-26 Furthermore, this signal is increased in 
high-grade glioma.25 First, STAT3 and pSTAT3 expression was evaluated 
in GBM cells. However, pSTAT3 was downregulated in siRPS6 rather 
than in siCont conditions (Figure 3A). This result was confirmed in the 
experiment using another RPS6-specific siRNA (siRPS6#2) (Figure S3C). 
Relative protein expression of pSTAT3/STAT3 in the siRPS6 condition 
was significantly decreased by 22% in comparison with that in the si-
Cont condition (P <  .05) (Figure 3A). To confirm the actual effects of 
STAT3, we performed a sphere formation assay using GBM cells treated 
with JAK-STAT inhibitor (AG490) in NSC culture medium. The sphere-
forming potential of GBM cells was suppressed through treatment 

with 10 µmol/L (P < .05) and 25 µmol/L (P < .01) AG490 (Figure 3B). 
Furthermore, the sphere-forming potential was suppressed by 67% 
upon AG490 treatment (25 µmol/L) compared with that of mock-OE-
RPS6 upon RPS6 overexpression (Figure 3C and Figure S2C). To confirm 
these results, we performed the same experiments using U87MG cells 
and obtained similar results (Figure S4C). Thus, the sphere-forming po-
tential of GBM cells was enhanced upon RPS6 overexpression, however 
it was attenuated upon treatment with AG490. Expression of Nestin 
and SOX2 was also decreased by treatment with AG490 (Figure S5B). 
These results suggest that RPS6 is partially involved in STAT3 signaling 
to regulate stem cell-like characters in GBM cells.

3.4 | RPS6 expression was correlated with SOX2 
expression in glioma tissue

In vitro experiments revealed the roles of RPS6 in inducing stem 
cell-like features in GBM cells. To determine whether the expression 

F I G U R E  3   Ribosomal protein S6 (RPS6) regulates stemness in glioblastoma multiforme (GBM) cells via STAT3 signaling. A, Western 
blot showing the expression of pSTAT3 and STAT3 in GBM cell line (U251MG) transfected with siRPS6 or siCont in neural stem cell (NSC) 
medium. Graph showing relative protein expression of pSTAT3/STAT3 (B) Treatment with 10 and 25 µmol/L of AG490 (JAK-STAT inhibitor) 
affected the sphere-forming potential of GBM cell line (U251MG) relative to the control. C, Images and graphs showing the sphere-forming 
potential of GBM cell line (U251MG) and the number of spheres (>50 µm). Values are presented as mean ± SD of triplicate samples; *P < .05, 
**P < .01. Scale bar, 500 µm
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pattern of RPS6 was correlated with that of SOX2, a stemness marker, 
western blotting was performed using glioma tissues at different 
grades. We assessed tissue samples from 12 glioma patients (seven 
males, five females; low-grade: six cases, high-grade: six cases, 
Table  1). Consequently, RPS6 expression in high-grade glioma was 
2.65-fold that in low-grade glioma (P <  .05). Similarly, SOX2 expres-
sion in high-grade glioma was 5.37-fold that in low-grade gliomas 
(P < .05) (Figure 4A). RPS6 and SOX2 expression was strongly corre-
lated (y = 0.8262x + 0.1464, *P < .05) (Figure 4B). These data suggest 
that RPS6 expression modulates stemness in high-grade gliomas; in 
other words, RPS6 expression induces malignant characters in GSCs.

3.5 | RPS6 was detected in areas predominantly 
containing GSCs

Glioblastoma multiforme tissue displayed heterogeneous patho-
logical findings, including areas displaying higher to lower cellular-
ity, MVP, necrosis, and infiltration of glioma cells into the brain. To 
assess the detailed expression patterns of RPS6 at different char-
acteristic sites in GBM tissue, we focused on perivascular, perine-
crotic, and border areas because GSCs exist predominantly in these 
areas, which are considered GSC niches. RPS6 was predominantly 
expressed in these areas as a GSC niche compared with that in other 
areas (Figure 5A,B).

Moreover, to confirm these results, we used the IVY GAP 
database, wherein GBM tissues were divided into several areas 

through microdissection, and RNA expression was analyzed.20 We 
compared RPS6 expression in the CT, MVP, PAN, HBV, PNZ, IT, 
and LE.

RPS6 mRNA was upregulated in the MVP, PAN, IT, and LE 
(Figure  5C). RPS6 mRNA expression levels in the MVP and PNZ 
were slightly, but not significantly, higher than those in the CT. The 
present data from immunohistochemistry and the IVY GAP data-
base indicate that RPS6 is predominantly present at sites containing 
GSC niches. These results strongly suggest that RPS6 upregulation 
in GSC niches is associated with the induction and maintenance of 
stem cell-like characters in GBM cells.

3.6 | Upregulation of ribosomal proteins in GSC-
dominant areas

Finally, we focused on the expression patterns of ribosomal pro-
teins in the IVY GAP database. Similar to the expression patterns of 
RPS6, most ribosomal proteins were upregulated in GSC-dominant 
areas including the PAN, MVP, LE, and IT in comparison with the 
CT. Furthermore, RPS6 expression levels at both the PNZ and HBV 
were not as high as those in other areas (Figure  6A). These data 
suggest that upregulation of ribosomal proteins including RPS6 in 
GSC-dominant areas is universal in GBM. Moreover, not only RPS6 
but also many other ribosomal proteins might promote stem cell-like 
characters in GBM cells at perivascular, perinecrotic, and border 
niches (Figure 6B).

F I G U R E  4   Ribosomal protein S6 (RPS6) expression was correlated with SOX2 expression in glioma tissue. A, RPS6 and SOX2 expression 
in human glioma tissues was analyzed via western blotting. B, Graph showing the positive correlation between RPS6 and SOX2 expression. 
(▲: high-grade glioma sample, ●: low-grade sample). Values are presented as means ± SD of six samples; *P < .05
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4  | DISCUSSION

Malignant GSCs are clinically chemoradioresistant and cause recurrence. 
To decrease the mortality rates of GBM patients, it is important to under-
stand the mechanism underlying the formation of GSCs and their mainte-
nance in tissues. This study shows that RPS6 and other ribosomal proteins 
play important roles in promoting malignant features in GBM cells.

Ribosomes are associated with bone marrow failure, skeletal and 
other developmental abnormalities, immune signaling, and cancer 
predisposition,27-30 and are overexpressed in several cancers such as 
hepatocellular cancer and gastric cancer.31,32 Moreover, downreg-
ulation of ribosomal proteins reportedly suppresses tumorigenesis 
and progression,33 suggesting that ribosomes constitute a potential 
target for cancer treatment.34,35

F I G U R E  5   Ribosomal protein S6 (RPS6) expression was detected at areas predominantly containing GBM stem cells (GSCs). A, Pictures 
displaying hematoxylin and eosin staining and immunohistochemical staining in perivascular and perinecrotic areas. B, RPS6-positive cells in 
the border area. C, Graph showing RPS6 expression in the GSC-dominant area in accordance with the IVY GAP database. RPS6 expression 
in areas of microvascular proliferation, pseudopalisading cells around necrosis, infiltrating tumors, and leading edge. Asterisk indicates blood 
vessel cavities, black arrowhead indicates necrotic areas. Scale bars, 100 µm
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Interestingly, Ito et al11 reported that the incorporation of ri-
bosomes or small ribosomal proteins induces stem cell-like char-
acters and multipotency in somatic cells. Originally, multipotency 
was induced by bacterial ribosomes11,12, however incorporation 
of human ribosomes induced dedifferentiation and multipotency 
in human skin fibroblasts.11 Increased levels of ribosomal pro-
teins are reportedly associated with tumorigenesis, however we 
investigated ribosomal proteins from the viewpoint that they in-
duce stemness through chemoradioresistance and recurrence of 
GBM.

Functions of RPS6 in GBM have not been discussed so far. 
Here, RPS6 was detected in perivascular, perinecrotic, and border 
niches, and these results were confirmed in relation to the IVY 
GAP database, indicating that RPS6 was upregulated at the MVP, 
PAN, IT, and LE (Figure 5A-C). Together with the IVY GAP data-
base, our results indicate that RPS6 is produced, secreted, and/
or leaked at high levels at GSC-dominant areas by stresses such 
as inflammation and cell damage. Considering the increase in the 
sphere-forming potential and stemness marker expression owing 
to RPS6 upregulation, RPS6 upregulation was associated with the 

induction and maintenance of stem cell-like characters in GBM 
cells. Additionally, pRPS6 (Ser235/236) was detected in glioma tis-
sues and its expression was higher in high-grade than in low-grade 
gliomas (Figure S7). These data suggested that not only RPS6 but 
also its phosphorylation may be important for the regulation of 
the stem cell characters in glioma. Further investigation will also 
focus on the possible involvement of RPS6 phosphorylation in the 
regulation of GSC.

The involvement of RPS6 in inducing stemness may induce gen-
eral effects in cancers because RPS6 was upregulated in not only 
GBMs but also several other cancers including lung cancer and 
renal cell carcinoma.15-17,21,35,36 Moreover, the findings displayed in 
Figure 6A show that numerous ribosomal proteins are upregulated in 
the GSC niche, and uncontrolled high amounts of ribosomal proteins 
in GBM cells might be one of the key events resulting in malignant 
transformation. Moreover, these data indicate that not only RPS6 
but also other ribosomal proteins possess a similar function of induc-
ing stem cell characters.

Furthermore, ribosomes are assembled in the nucleolus via ri-
bosomal RNA (rRNA).37 The nucleolus is larger in malignant than 

F I G U R E  6   Upregulation of ribosomal proteins and a hypothetical scheme of incorporation of ribosomal proteins into glioblastoma 
multiforme (GBM) cells. A, Heatmap showing RNA expression of 96 ribosomal proteins including ribosomal protein S6 (RPS6) in cellular 
tumor and GBM stem cell (GSC)-dominant areas (perinecrotic zone, pseudopalisading cells around necrosis, hyperplastic blood vessels in 
cellular tumor, microvascular proliferation, leading edge, and infiltrating tumor) from the IVY GAP database. The value in the heat map is 
the Z-score. Red indicates RNA upregulation, and green indicates RNA downregulation. B, Scheme showing the concepts of GSC niches and 
ribosomal proteins. GBM cells were affected by inflammation and stress in perivascular, perinecrotic, and border niches, where GBM cells 
expressed RPS6 and other ribosomal proteins. GBM cells generate microvesicles containing RNAs and proteins including ribosomal proteins, 
which function as mediators for intercellular communication. We hypothesized that upregulated intrinsic ribosomal proteins and their 
incorporation from other GBM cells may promote the induction of stem cell properties in GBM cells and from GSC niches
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in not-malignant cancer cells.33 A recent study reported that 
translation of rRNA and nucleolar regulation promote glioma 
tumorigenesis.33-35,38

This study shows that RPS6 regulates STAT3 signals with regard 
to the sphere-forming potential. Moreover, RPS6 expression was 
positively related to pSTAT3/STAT3 in high-grade gliomas (Figure 
S8). In addition, our preliminary result showed that RPS6 knock-
down downregulated phospho-JAK2 (Figure S5A). Furthermore, the 
sphere-forming ability induced by IL-6, a STAT3-activating ligand, 
was abrogated by siRPS6 transfection (Figure S6). These findings 
suggest that RPS6 may regulate upstream of JAK2, such as IL-6R 
or IL-6 levels. Conversely, previous studies have also suggested that 
IL-6 influences RPS6 expression and that IL-6-STAT3 signaling pro-
motes GBM progression.39

RPS6 expression in GBM is partially regulated by IL-6, which 
in turn is associated with inflammation.40,41 Furthermore, IL-1β is 
secreted from macrophages at border niches,7 and inflammation 
due to IL-1β potentially influences RPS6 expression. Moreover, 
GBM tissues characteristically contain necrotic areas owing to the 
deficiency of vasculature, nutrition, and oxygen.6 Around necrotic 
areas, inflammation is promoted by suppressing CYLD expres-
sion.42 Therefore, inflammation at border niches and perinecrotic 
niches might induce RPS6 expression and the stem cell-like features 
acquired by GBM cells (Figure 6B).

However, GBM cells reportedly generate microvesicles con-
taining RNAs and proteins, which are used for intercellular com-
munication, promote tumor growth,43 and transmit the malignant 
phenotype.44 GBM cells potentially incorporate not only RNA but 
also ribosomal proteins from neighboring cells through microvesicles 
and acquire stem cell-like features in GSC niches.

In conclusion, this study shows that upregulation of ribo-
somal proteins in GBM cells and intercellular communication 
through microvesicles including ribosomal proteins in GSC 
niches are candidate treatment targets for GBM. Further stud-
ies are required to investigate the mechanism underlying RPS6 
upregulation at GSC niches, RPS6-mediated induction of stem-
ness in GBM cells, and RPS6-mediated intercellular communi-
cation. Studies on ribosomal proteins would reveal prominent 
methods to improve the prognosis of GBM patients by inhibit-
ing chemoradioresistance and recurrence in cancer stem cell 
niches.
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