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Abstract: Although glioblastoma (GBM) stem-like cells (GSCs), which retain chemo-radio resistance
and recurrence, are key prognostic factors in GBM patients, the molecular mechanisms of GSC devel-
opment are largely unknown. Recently, several studies revealed that extrinsic ribosome incorporation
into somatic cells resulted in stem cell properties and served as a key trigger and factor for the cell
reprogramming process. In this study, we aimed to investigate the mechanisms underlying GSCs
development by focusing on extrinsic ribosome incorporation into GBM cells. Ribosome-induced
cancer cell spheroid (RICCS) formation was significantly upregulated by ribosome incorporation.
RICCS showed the stem-like cell characters (number of cell spheroid, stem cell markers, and ability
for trans differentiation towards adipocytes and osteocytes). In RICCS, the phosphorylation and
protein expression of ribosomal protein S6 (RPS6), an intrinsic ribosomal protein, and STAT3 phos-
phorylation were upregulated, and involved in the regulation of cell spheroid formation. Consistent
with those results, glioma-derived extrinsic ribosome also promoted GBM-RICCS formation through
intrinsic RPS6 phosphorylation. Moreover, in glioma patients, RPS6 phosphorylation was dominantly
observed in high-grade glioma tissues, and predominantly upregulated in GSCs niches, such as the
perinecrosis niche and perivascular niche. Those results indicate the potential biological and clinical
significance of extrinsic ribosomal proteins in GSC development.

Keywords: glioblastoma; ribosome; ribosomal protein S6; ribosome-induced cancer cell spheroid

1. Introduction

Glioblastoma multiform (GBM) is the most common malignant brain tumor [1]. De-
spite the existence of several treatments, such as chemo-radio therapy and surgical resection,
the median survival of patients is about 1 year [2], and several standard therapeutic strate-
gies have not improved over the past three decades. GBM frequently shows characteristics
of chemo-radio resistance and recurrence after resection [3]. Part of the reason for chemo-
radio resistance and recurrence is the presence of a small population of stem cell character
cells called GBM stem-like cells (GSCs) [3-5]. Moreover, since GSCs also play important
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roles in angiogenesis, self-renewal, unlimited proliferation maintains tumor tissue of GBM,
and low mitotic activity, those characteristics protect GSCs from therapeutic approaches
directed against actively dividing cells [5,6]. Although recent studies have revealed that
GSCs predominantly localize GSC niches, such as the necrosis niche, peri-vascular niche,
and border niche [7,8], the mechanisms of the development of stem-like characters are
largely unknown. Therefore, to remedy the survival time of patients, it is quite important
to reveal the mechanism underlying GSCs’” development and to identify the key target
molecule for new GBM therapeutic strategy by targeted GSCs.

Ribosomes, as proteins that manufacture organelles in the cell, regulate the general
functions of numerous biological phenomena via protein synthesis [9]. Ribosomes comprise
small and large subunits [10], and contain approximately 80 ribosomal proteins, which
regulate tumorigenesis, development, immune response, and several diseases [10,11]. Of
particular interest, recent studies have reported that the incorporation of ribosomal pro-
teins into somatic cells promotes reprogramming and lineage transdifferentiation toward
multipotency [12,13]. These cells indeed differentiate into germ layer-derived cells upon
differentiation, such as adipocytes, osteocytes, and chondrocytes [13,14], suggesting that
ribosome proteins may have the potential to play pivotal roles in reprogramming and
development of stem cell characters. Ito et al. reported that ribosome incorporation into
somatic cells depends on trypsin-activated endocytosis and ribosomes may interact with
several intrinsic cell signals. Meanwhile, our recent studies revealed that ribosomal proteins
are overexpressed at border niches in GBM tissues [15]. A recent study also showed that
translation of ribosomal RNA and nucleolar regulation promoted glioma tumorigenesis,
such as stem cell characters [16]. Furthermore, we also revealed that ribosome including
RPS6 played crucial roles in stem-like characters in glioma cells in GBM patients [15].
However, the relationship between GSC development and ribosome incorporation as a key
trigger for reprogramming is totally unknown.

In this study, to reveal the mechanism underlying GSC development in GBM tissues,
we focused on the clinical and biological significance of ribosome proteins and investigated
whether the incorporation of ribosome into GBM cells triggers stem-like characters and
mechanisms of promoting stemness in GBM cells.

2. Materials and Methods
2.1. Antibodies and Reagents

Rabbit polyclonal anti-RPS6 antibody and rabbit polyclonal anti-pRPS6 (Ser235/236)
antibody were obtained from Abcam (Cambridge, MA, USA). Mouse polyclonal anti-3-
actin antibody, rabbit polyclonal anti-STAT3 antibody, rabbit polyclonal anti-p-STAT3(Tyr705)
antibody, and rabbit polyclonal anti-SOX2 antibody were purchased from CST (Danvers,
MA, USA). Mouse monoclonal anti-CD34 was purchased from Leica (Wetzlar, Germany).
Mouse monoclonal anti-Nestin antibody was obtained from Merck (Darmstadt, Germany).
PF4708671 was obtained from Selleck (Houston, TX, USA) and dissolved in 5 uM DMSO
(Sigma-Aldrich, St. Louis, MO, USA) and then diluted in culture medium.

2.2. Cell Line and Cell Culture

The human GBM cell line (U251MG cells) was obtained from the Japanese Collection
of Research Bio Resources Cell Bank (Ibaraki City, Osaka, Japan). U251MG cells were
cultured in Dulbecco’s modified Eagle’s medium and Ham’s medium (Gibco) with 10%
FBS in an atmosphere containing 5% CO; in air at 37 °C.

2.3. Preparation of Ribosomes

Prokaryotic ribosomes were purified by ultracentrifugation, as previously described [16].
Briefly, 1% volume of pre-cultured solutions (stationary-phase bacteria) were inoculated
into fresh culture medium, and incubated until the bacteria reached the late-stationary
phase. The cultured bacteria were immediately chilled, collected by centrifugation, and
washed with TMA-I buffer [10 mM Tris-HCI (pH 7.8), 30 mM NH4Cl, 10 mM MgCl2, and
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6 mM 2-mercaptoethanol]. All operations were further performed at 4 °C. The collected
bacteria were suspended in TMA-I buffer and disrupted by sonication. The debris of
bacteria was removed by centrifuging the suspension at 10,000 g, and the supernatant
was collected and centrifuged at 158,000 x g for 30 min. The obtained supernatant was
collected and centrifuged at 116,000 g for 6 h. The sediment was dissolved in 1 mL of
TMA-I and layered on 30% sucrose containing TMA-I, and centrifuged at 158,000 g for
15 h. The sucrose-cushion-purified 70 S ribosome precipitate in TMA-I supplemented with
10% glycerol was diluted into PBS and chilled rapidly in liquid nitrogen. The ribosome
samples were stored at —80 °C.

To purify human GBM ribosomes, ultracentrifugation was performed as reported
previously [12]. Human GBM cell line (U251MG cells, 4 x 10° cells) pellets were suspended
in HMK bulffer [20 mM HEPES (pH 7.4), 100 mM KOAc, 7.5 mM Mg(OAc),, 1 mM DTT,
and 0.5 mM phenylmethyl sulfonyl fluoride] and disrupted by vigorous shaking with
glass beads (FastPrep; MP Bio Japan K.K., Tokyo, Japan). Cell debris of GBM and glass
beads (WAKO) was removed by centrifugation and the supernatant was filtered through a
0.45-pm filter cassette. The crude GBM cell lysate was centrifuged on a high-salt sucrose
cushion (30% sucrose, 500 mM KOAc, 25 mM Mg(OAc)2, 1 mM DTT, and 0.5 mM phenyl-
methylsulfonyl fluoride) at 355,040 x ¢ (CPSONX, HITACHI, Tokyo, Japan) for 60 min. The
sucrose-cushion-purified precipitate was dissolved by HMK buffer, aliquoted, and chilled
in liquid nitrogen. The GBM ribosome samples were stored at —80 °C.

2.4. Ribosome-Induced Cell Cluster Formation

Previous studies reported that the incorporation of ribosome into somatic cells induced
stem-like characters [14]. For buffer desalting, ribosome dilution buffer was replaced by
PBS through ultrafiltration (Amicon Ultra 3000 Da MW; Merck, Darmstadt, Germany).
Cells were collected by conventional trypsin digestion. The obtained cell suspensions
were adjusted to approximately 1 x 10° cells/500 uL and then applied to a 24-well plate.
Ribosome solution (10 ug) was added on the culturing plate surface and spread equally
into the well by using a micro-pipette. The cells (U251MG) were cultured on the plate with
purified eukaryotic/prokaryotic ribosomes. The plated cells were cultured for 7 days, with
half of the medium replaced every 3—4 days. All immunocytochemistry, expression, and
fate-conversion experiments were performed using ribosome incorporation cells that were
cultured for 14 days in DMEM/F12 at 5% CO, 37 °C.

2.5. Sphere Formation Assay

U251MG cells (10* cells/100 uL/well) were cultured in DMEM /F12 (https:/ /www.
thermofisher.com/jp/en/home/technical-resources/media-formulation.54.html: Gibco ac-
cessed on 6 October 2021) culturing condition (serum-free medium as recently reported [14])
using a 96-well plate (Corning Incorporated, Corning, NY, USA) for 72 and 120 h. The
spheres (size > 50 um) were enumerated by using a microscope.

2.6. Western Blot Analysis

U251MG cells (10° cells /1000 uL/well) were cultured in DMEM /F12 culturing con-
dition (serum-free medium as recently described [14]) using a 24-well plate (Corning) for
72 h. U251MG Cells were lysed in ice-cold lysis buffer containing phosphatase inhibitor
(CST). Whole proteins from cultured cells were extracted using cell lysis buffer following
the manufacturer’s instructions (CST). Proteins were separated by SDS-PAGE in a 10%
resolving gel and electro-transferred onto polyvinylidene difluoride membranes (Merck).
Membranes were blocked in 3% skim milk (GE Healthcare, Minato-ku, Tokyo, Japan) in
TBS-T at ambient temperature for 1 h with agitation, and incubated with the following
primary antibodies overnight at 4 °C: rabbit polyclonal anti-RPS6 antibody (1:1000), mouse
polyclonal anti-f-actin antibody (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 incu-
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bated with horseradish peroxidase-conjugated secondary antibody (rabbit: GE Healthcare,
mouse: GE Healthcare) with 3% skim milk for 1 h. Finally, immunoreactive protein bands
were visualized by using ECL select detection reagents (GE Healthcare) and captured using
the LAS4000EPUVmini (GE Healthcare).

2.7. Differentiation into Adipocytes and Osteocytes

U251MG cells were trypsinized and 1 x 10° cells were suspended in 1 mL of DMEM/F12.
Half of the medium was replaced every 3 days. One set of cells was cultured for up to 2
weeks (D14). For transdifferentiation, one or two RICCSs were collected from D14 culture
and suspended in the specific differentiation induction medium. Adipocyte Differentia-
tion Basal medium StemPro® (Gibco, Rockford, IL, USA) and Osteoblast Differentiation
Basal Medium StemPro® (Gibco) were used to differentiate the RICCS into adipocytes
and osteocytes, respectively. After 2 weeks of culture in the differentiation medium, the
differentiated adipocytes were stained with Oil red O (SIGMA-ALDRICH) and osteoblasts
were stained with with Alizarin Red S (SIGMA-ALDRICH).

2.8. Patients, Tissue Specimens, and Immunohistochemistry

For immunohistochemical analysis, glioma tissues were obtained from 10 patients
(Grade 1: 3 cases, Grade 2: 2 cases, Grade 3: 2 cases, Grade 4: 3 cases) at Kumamoto
University Hospital, Japan, after obtaining informed consent from the patients and in
accordance with the guidelines of the Research Ethics Committee (Kumamoto University
Hospital No. 1470). All tissue specimens were rapidly frozen after surgery and stored at
—80 °C. Glioma patient tissues were fixed by formalin overnight, embedded in paraffin, and
then cut into 3-pum-thick sections. The following antibodies were used to detect anti-gens:
rabbit anti-pRPS6 (1:100; Abcam), rabbit anti-Nestin (1:200; Merck), and mouse anti-CD34
(1:100; Leica). Immunohistochemical reactions were visualized using a diaminobenzidine
substrate system (Nichirei chuo-ku, Tokyo, Japan).

2.9. Double Immune Histochemistry Staining

For double immunofluorescence histochemical studies, resected GBM tissue was har-
vested from patients at Kumamoto University Hospital, Japan (research Ethics Committee
Kumamoto University Hospital No. 1470). After GBM, patient tissue was fixed in formalin
overnight, embedded in paraffin, and then cut into 3-pum-thick sections. The following anti-
bodies were used to detect anti-gens: rabbit anti-pRPS6 (1:100; Abcam), rabbit anti-Nestin
(1:200; Merck), and mouse anti-CD34 (Leica 1:100). Reactions were visualized by using a
2nd antibody rabbit-alexa594 and mouse-alexa488 (Thermo Fisher Scientific, Waltham, MA,
USA). Nucleo was visualized by DAPI (Thermo Fisher Scientific). Fluorescence images
were captured using a BZ-X700 (KEYENCE, Osaka, Japan).

2.10. Statistical Analysis

Data are expressed as mean =+ standard deviation values. Student’s ¢-test was used
to assess differences between the two groups. A p-value of less than 0.05 (* p < 0.05) was
considered statistically significant.

3. Results
3.1. Incorporation of Prokaryotic Ribosome into U251MG Cells

Several studies recently revealed that the incorporation of lactic acid bacteria induced
stem cell properties in human dermal fibroblast (HDF) cells, and ribosomes represented an
actual component for the induction of stem cell characters [13,17]. Although these studies
suggested that ribosome incorporation induced stem cell characters in eukaryotic cells in-
cluding human cells, the biological and clinical significance of ribosome incorporation was
totally unclear. In this study, based on our study focusing on stem-like characters in glioma
cells, we sought to elucidate the biological and clinical significance of the incorporation of ri-
bosomes into glioma cells. As shown in Figure 1A, we first performed prokaryotic ribosome
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incorporation into the glioma cell line (U251MG), and revealed that ribosome incorporation
indeed induced cell cluster formation. Ribosome-induced cancer cell spheroid (RICCS)
formation was significantly upregulated by ribosome incorporation, compared with the
control sample (Cont) (Figure 1B). The ribosome incorporation was confirmed by im-
munohistochemical staining for His-tag conjugated ribosome (Supplementary Figure S1).
Moreover, stem cell markers, such as, SOX2, and Nestin, were upregulated in RICCS,
compared with Cont (Figure 1C), suggesting that RICCS might exhibit stem-like characters
in glioma cells. Furthermore, to evaluate the stem-like characters of RICCS, we assessed
whether RICCS could transdifferentiate to some cell types. As shown in Figure 1D, RICCS
indeed exhibited the potential to differentiate into adipocytes and osteocytes. These results
indicate that prokaryotic ribosome incorporation induced stem cell characters in glioma
cells, and suggest that extrinsic ribosome incorporation might play an important role in the
biological function of glioma cells.

A U251MG B
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- 10 - — Control /}
° ---- RICCS ’
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Figure 1. Ribosome incorporation into glioma cells induced stem cell characters. (A), Control (PBS)
or ribosome-induced cancer cell spheroid (RICCS) in GBM (U251MG) cells. (B), Stem cell character
was confirmed by sphere formation, and the graph showing the number of spheres (>50 pum) cultured
for 0,72, and 120 h. (C), Western blotting showing the stem cell markers, Nestin and SOX2 in RICCS.
(D), Transdifferentiation of RICCS into adipocytes and osteocytes. RICCS from U251MG cells (let
panel) and adipocyte and osteocyte transdifferentiation staining (right panel). Scale bar: 200 pm.
*p <0.05.

3.2. Roles of Ribosomal Protein S6 in RICCS Formation

Of several ribosome proteins, ribosomal protein S6 (RPS6), a component of the 40S
ribosomal subunit, plays important roles in cell proliferation and DNA repair [18]. Recent
studies have revealed that hyperphosphorylation of RPS6 and RPS6 expression may predict
malignant phenomena in several cancers, such as non-small cell lung cancer and leukemia,
etc. [19,20]. More importantly, our recent study revealed that intrinsic RPS6 promotes
stem-like characters in glioma cells [15]. Therefore, we next sought to determine the
involvement of intrinsic RPS6 in RICCS formation. As shown in Figure 2A, extrinsic
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ribosome incorporation induced both expression and phosphorylation of intrinsic RPS6 in
U251MG cells. In addition, STAT3 phosphorylation, important for cell signal activation
in the development of GSCs [21-24], was also induced in RICCS (Figure 2A). Since the
hyper-phosphorylation of RPS6 was observed with increased expression, we next evaluated
the involvement of RPS6 phosphorylation in RICCS formation. As shown in Figure 2B,
RICCS formation was significantly suppressed by RPS6 kinase inhibitor (PF47018671).
No spheroid formation (>50 um) was observed after the PF47018671 treatment (data not
shown). PF4708671 decreased Nestin expression (Supplementary Figure S2). These findings
suggest that extrinsic ribosome might induce stem cell characters in glioma cells through
intrinsic RPS6 phosphorylation.

A B . DMSO PF4708671

Control RICCS
e[l T
RPS6 | . M

pSTAT3

STAT3

B-actin

Figure 2. Involvement of intrinsic ribosomal protein S6 in RICCS formation. (A), Western blot
showing that RPS6 phosphorylation, RPS6 expression, and STAT3 phosphorylation were induced in
RICCS. (B), PF4708671 (RPS6 kinase inhibitor) treatment completely suppressed the sphere-forming
ability in RICCS. Scale bar: 200 pum.

3.3. Effect of Glioma-Derived Ribosome on Stem Cell Characters in Glioma Cells

Although our results showed that extrinsic ribosome might induce stem cell char-
acters in glioma cells through intrinsic RPS6 phosphorylation, the biological and clinical
significance of the incorporation of ribosome into glioma cells are still unknown. As
stated above, it is documented that GBM is frequently resistance to standard therapies and
demonstrates recurrence, and stem cell characters regulate malignant phenomena in GBM
patients [3]. However, the mechanisms promoting stem-like characters in GBM tissues are
totally unknown. It should be noted that necrosis frequently occurs in glioma, including
GBM patients. Our previous study further revealed that considerable amounts of ribosomal
proteins exist in predominantly glioma stem-like cells, such as the peri-necrosis area, border
area, pseudo-palisading area, and perivascular area [15]. Furthermore, necrosis burst cells
and release glioma cell contents including RNA, DNA, and proteins [25]. Thus, in view of
the biological and clinical significance of the incorporation of ribosome into glioma cells,
we next focused on the effect of glioma-derived extrinsic ribosome in stem cell characters in
glioma cells. To assess the function of glioma-derived extrinsic ribosome incorporation, we
obtained ribosomes from the glioma cell line (U251MG) [26], and evaluated their effect on
RICCS formation. Consistent with the findings in Figures 1 and 2, glioma-derived extrinsic
ribosome incorporation indeed promoted the cancer cell spheroids’ (GBM-RICCS) forma-
tion (Figure 3A). The sphere formation assay clearly showed that the numbers of spheroids
in the GBM-RICCS formation were significantly increased, compared with the control
sample (Figure 3B). In addition, stem cell markers, such as, SOX2 and Nestin, were also
upregulated in GBM-RICCS compared with the control group (Figure 3C), suggesting that
GBM-RICCS exhibits stem-like characters in glioma cells. Moreover, in accordance with the
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results using prokaryotic ribosome, GBM-RICCS formation by the glioma-derived extrinsic
ribosome was markedly suppressed by RPS6 kinase inhibitor (PF47018671) (Figure 3D).
In addition, PF4708671 treatment indeed downregulated SOX2 expression induced by
RICCS (Supplementary Figure S3). No spheroid formation (>50um) was observed in
the PF47018671-treated group (data not shown). Those results indicated that not only
prokaryotic ribosome, but also glioma-derived extrinsic ribosome promoted GBM-RICCS
formation in glioma, and might suggest the potential biological roles of extrinsic ribosomal
proteins through intrinsic RPS6 phosphorylation.
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Figure 3. Effect of glioma-derived ribosome on stem cell characters in glioma cells. (A), Sphere-
forming ability in GBM-RICCS induced by the incorporation of GBM ribosome or control (PBS). Bar:
100 um (each down-scale picture), 200 um (up-scale picture). (B), Stem cell characters were evaluated

GBM-RICCS

by sphere formation and the graph showing the number of spheres (>50 um) cultured for 0, 72, and
120 h. (C), Western blotting showing the RPS6, pRPS6, and stem cell markers (Nestin and SOX2) in
GBM-RICCS. (D), PF4708671 (RPS6 kinase inhibitor) treatment suppressed sphere-forming ability.
Bar: 200 pm. * p < 0.05.

3.4. RPS6 Phosphorylation in Glioma Tissues

Previous studies indicated that, in GSC niches, ribosomal proteins play crucial roles
in the development and maintenance of GSCs and are clinically associated with chemo-
radio-resistance and GBM recurrence [3,4]. In addition, our previous results also revealed
that, of these ribosomal proteins, RPS6 expression was upregulated in high malignant
glioma patients [15]. Since our present results suggested that RPS6 phosphorylation might
play important roles in glioma-derived extrinsic ribosome-induced GBM-RICCS formation
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(Figure 3), we next assessed RPS6 phosphorylation (ser235/236) in glioma patient tissues.
Immunohistochemical staining analysis of RPS6 phosphorylation in glioma patient tissues
clearly showed that RPS6 phosphorylation (pRPS6) was more strongly detected in high-
grade glioma (grade. 3, GBM) compared with low-grade glioma patients (grade 1, 2)
(Figure 4A). Moreover, as shown in Figure 4B, the number of pRPS6-positive cells in glioma
patient tissues was markedly increased as the stage progressed and significantly high in
higher grade glioma patients.

A
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»
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% 20 2 20 1
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i
[+ ]
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Figure 4. RPS6 phosphorylation in glioma tissues. (A), Representative images of hematoxylin and
eosin (HE) staining (upper panel) and immunohistochemical staining for pRPS6 expression (lower
panel) in human glioma tissues Grade 1, 2, 3, and 4 (GBM). Bar: 20 pm, (B), A graph showing the
positive cells of pRPS6 in each grade of glioma patients (values are presented as mean + SD of
triplicate samples. * p < 0.05).

3.5. Possible Association between RPS6 Phosphorylation and GSC in Glioma Tissues

In general, the peri-vascular niche and necrosis niche are critical for the growth of
cancer stem cells, and chemo-radio resistance contributes to the short survival of brain
tumors [27]. To further examine the possible roles of RPS6 phosphorylation induced by
glioma-derived extrinsic ribosome incorporation in GSC development, we next assessed
the detailed expression patterns of RPS6 phosphorylation (Ser235/236) at different charac-
teristic sites in GBM tissues, especially the peri-vascular area. Vascular endothelial cells
provide supportive environment factors for GSC growth, maintenance, and survival [7]. As
shown in Figure 5A, RPS6 phosphorylation (Ser235/236) was predominantly expressed in
the peri-necrosis area (middle panel) and peri-vascular area (right panel), compared with
the cellular tumor area (left panel). Moreover, to evaluate pRPS6 in the perivascular niche,
we assessed co-localization by evaluating the expression of CD34, a vascular endothelial
marker (perivascular niche marker), by using double immune histochemistry staining. As
shown in Figure 5B, pRPS6 frequently existed in the adjacent area of CD34-positive cells
(double-positive cell rate: 3.95 £ 2.22%, Supplementary Table S1), suggesting that pRPS6
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is predominantly expressed in the GSCs niche (peri vascular niche). We finally assessed
co-localization by evaluating the expression of pRPS6 and Nestin (GSC marker) by using
immunofluorescent double staining of GBM tissues. In contrast to the result shown in
Figure 5B, almost all pRPS6-positive cells co-expressed Nestin (Figure 5C, double-positive
cell rate: 73.15 & 9.41%, Supplementary Table S1), indicating that pRPS6 expression may be
associated with malignant progression through the development of GSC in GBM tissues.

Perivascular area
ey & e o

Perinecrosis area
s 0 TR Pl g A S R A T

e

A Cellular tumor area
A R ',\"“'"‘\‘ G

HE

pRPS6

Figure 5. Possible association between RPS6 phosphorylation and GSC in glioma tissues. (A), Images
showing higher expression of pRPS6 detected in the perivascular and perinecrosis area compared
with the cellular tumor area. Bar: 20 um. (B,C), Images showing double staining with pRPS6, CD34,
and Nestin. Bar: 500 pm (each down-scale picture), 50 pm (up-scale picture).

4. Discussion

Ribosomal proteins are well-known to have functions of protein synthesis for home-
ostasis [9]. Recent studies have indicated that ribosomal proteins may play important
roles not only in protein synthesis, but also in several other multi-functions, such as cell
migration, glucose metabolism, and cell size [11,28]. Moreover, ribosome overexpression
in several cancers, such as gastric cancer and hepatocellular cancer [28,29], may serve as a
prognostic factor in tumor malignancy. Of these multiple functions, it is noteworthy that
recent several studies have revealed that ribosomal protein may have the potential to play
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key roles in reprogramming and the development of stem cell characters. Ito et al. investi-
gated and first reported that ribosome incorporation into somatic cells triggered stem cell
characters [14,30]. Further studies also evaluated and revealed RICCS towards the EMT
phenomenon and cell cluster formation in lung cancer and breast cancer [31,32], suggesting
that ribosome incorporation may show physiological relevance and exhibit biological and
clinical significance in the molecular mechanisms underlying the pathogenesis of tumor
malignancy. In the present study, our results suggested that ribosome incorporation indeed
induced stem cell characters in glioma cells. In addition, the glioma-derived extrinsic
ribosome promoted GBM-RICCS formation in glioma, suggesting potential biological roles
of extrinsic ribosomal proteins through intrinsic RPS6 phosphorylation. Moreover, in
the clinic, pRPS6 expression may be associated with malignant progression through the
development of GSCs in GBM tissues.

GSCs are highly associated with malignant phenomena, such as chemo-radio resis-
tance and recurrence after operation [33]. Although elucidation of the molecular mech-
anism underlying GSC development is urgently needed, the relationship between GSC
development and the key factor and trigger for reprogramming is totally unknown. Our
data suggest that the glioma-derived extrinsic ribosome may serve as a key trigger for
GSCs development through intrinsic RPS6 phosphorylation (Figures 1-3). It has been
reported that GSCs are dominantly expressed in niches, including the necrosis and border
niche [8,34,35]. Our recent studies also revealed that ribosomal proteins are overexpressed
at niches in GBM tissues [15]. In general, these niches contain quite stressful conditions
associated with inflammation and nutrition and oxygen deficiency, suggesting that these
areas may be exposed by GBM cellular contents (including ribosomal proteins) released by
necrosis [27]. Furthermore, recent reports also provided evidence that GBM cells reportedly
contain micro vesicles containing RNA and proteins that can communicate intracellu-
larly to promote some malignant phenomena, including tumor growth [25]. It should be
noted that pRPS6 expression was upregulated in these niches of glioma tissue specimens
(Figure 5A—C). Taken together, these data suggest that extrinsic ribosome may influence
PRPS6 expression via incorporation into GBM cells. Since the detailed molecular mecha-
nism and clinical significance is still largely unknown, further investigation focusing on
the relationship between extrinsic ribosome and GSC development is required.

Among the multiple functions of ribosomal proteins, it is notable that several recent
studies have revealed that ribosome incorporation into somatic cells may have potential to
play key roles in reprogramming and stem cell properties [29]. Here, we first found that
ribosome-induced cancer cell spheroid (RICCS) formation was significantly upregulated
by ribosome incorporation. As shown in Figure 1A-D, RICCS exhibited stem-like cell
characters (number of cell spheroid, stem cell markers, and ability to transdifferentiate
towards adipocytes and osteocytes). In RICCS, phosphorylation and protein expression
of RPS6, an intrinsic ribosomal protein, and STAT3 phosphorylation were upregulated
(Figure 2A), and might have regulated cell spheroid formation (Figure 2B). Moreover, con-
sistently, glioma-derived extrinsic ribosome also promoted GBM-RICCS formation through
intrinsic RPS6 phosphorylation (Figure 3). These results are the first reports showing the
novel roles of ribosome incorporation in the development of GSCs, and suggest a new
aspect of ribosome protein. Based on the results showing the overexpression of pRPS6 in
highly malignant patients and predominantly expressed in GSC niches (Figures 4 and 5),
we additionally investigated the expression of ribosomal protein S6 kinase (RPS6K), an
upstream kinase phosphorylating RPS6, by IVY GAP (glioblastoma atlas project) database
(http:/ /glioblastoma.alleninstitute.org/, accessed on 6 October 2021). Several RPS6Ks
were upregulated in the predominantly existing GSC area (data not shown). Furthermore,
since RPS6 phosphorylation was also upregulated not only in GBM-RICCS, but also in
clinical GBM tissue specimens, these data suggested that ribosome incorporation might
phosphorylate RPS6 through the direct or indirect activation of RPS6Ks. Meanwhile, GBM
cells reportedly promote micro vesicles containing RNA, proteins that regulate GBM ma-
lignant phenomena including tumor growth and developing GSCs [25,36]. A previous
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study reported that nucleolar regulation promotes GBM malignancy via the production of
ribosomal proteins [37,38]. Therefore, ribosomes are reported to represent inflammation-
inducing ribosome biogenesis [39], such as the perinecrosis niche and perivascular niche.
These findings suggested GBM cells potentially induced stem cell characters not only by
intrinsic ribosome but also extrinsic ribosome. Further elucidation of the detailed molec-
ular mechanisms focusing on both the intrinsic and extrinsic ribosome will contribute
to the identification of new strategies of mechanisms upregulating GSCs in niches and
RPS6 phosphorylation will be a potential target for GBM patients. It has been reported
that RPS6 phosphorylation regulates malignant phenotypes in several cancers induced by
Akt-mTOR signaling [19]. Several cancers are associated with these signals by autophagy
via the incorporation of micro vesicles, such as RNA, DNA, and proteins [36]. In addition,
a previous study revealed that RICCS induced the autophagy phenomenon in breast can-
cer cells [31]. These findings indicate that RICCS may induce RPS6 phosphorylation via
autophagy, such as virus and bacteria. In addition, our preliminary results showed that
RPS6 knockdown suppressed phospho-JAK2, and the sphere-forming ability induced by
IL-6, a STAT3-activating ligand, was abrogated by siRPS6. These findings suggest that
RPS6 phosphorylation may regulate the upstream area of STAT3, such as IL-6R or IL-6
levels. In the future study, we will focus on and further evaluate the involvement of RPS6
phosphorylation in the molecular mechanisms underlying GBM-RICCS formation.

5. Conclusions

The present study first revealed that glioma cells acquire stem-like characters by
extrinsic ribosome stimuli. The glioma-derived extrinsic ribosome incorporation promoted
GBM-RICCS formation in glioma through intrinsic RPS6 phosphorylation. Finally, RPS6
phosphorylation may be associated with malignant progression through the development
of GSCs in GBM tissues. Further investigation focusing on the biological and clinical signif-
icance of ribosome incorporation may contribute to elucidation of the detailed molecular
pathogenesis of GSC development, and open up new insights into improving the treatment
of highly malignant GBM patients.
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Figure S3: Western blotting showing the stem cell markers, Sox2 in RICCS, Table S1: Co-localization
of phosphorylated RPS6 with Nestin or CD34 in glioma tissues.
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