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Abstract: Background and objectives: Cancer stem cells (CSCs) are obstacles to cancer therapy due to
their therapeutic resistance, ability to initiate neoplasia, and roles in tumor relapse and metastasis.
Efforts have been made to cure CSCs, such as the use of differentiation therapy, which induces cancer
stem-like cells to undergo differentiation and decrease their tumorigenicity. Interleukin 6 (IL-6)
upregulates the expression of glial fibrillary acidic protein (GFAP) in C6 glioma cells, indicating that
it is able to induce the differentiation of these cells. The C6 glioma cell line forms a high percentage of
cancer stem-like cells, leading us to speculate whether IL-6 signaling could modulate the differentiation
of tumorigenic C6 glioma cells. However, we observed that IL-6 alone could not efficiently induce
the differentiation of these cells. Therefore, different IL-6 signaling elicitors, including IL-6 alone,
a combination of IL-6 and soluble IL-6 receptor (IL-6/sIL-6R), and tumor necrosis factor-α (TNF-α)
plus IL-6/sIL-6R (TNF-α/IL-6/sIL-6R), were evaluated for their potential use in differentiation therapy.
Materials and Methods: The potential of IL-6 signaling elicitors in differentiation therapy were examined
by assessing changes in biomarker levels, the rate of cell proliferation, and tumorigenicity, respectively.
Results: Enhanced IL-6 signaling could effectively induce C6 glioma cell differentiation, as determined
by observed variations in the expression of differentiation, cell cycle, and stem cell biomarkers.
Additionally, the total cell population and the tumorigenicity of glioma cells were all considerably
reduced after TNF-α/IL-6/sIL-6R treatment. Conclusions: Our findings provide evidence that enhanced
IL-6 signaling can efficiently promote tumorigenic C6 glioma cells to undergo differentiation.

Keywords: cancer stem cell; differentiation therapy; interleukin-6; glial fibrillary acidic protein;
soluble interleukin-6 receptor; tumor necrosis factor-α

1. Introduction

Cancer is the second cause of death in the world, resulting in an estimated 18.1 million new cases
and 9.6 million deaths in 2018 [1]. Cancer cells arisen from our own cells have several distinct features
in histology, such as a larger nucleus and abnormal cytoplasm, and physiology, such as escape of cell
programming death and metastasis [2]. According to the hierarchical model, cancer stem cells (CSCs)
represent a subpopulation of tumor cells and are similar to normal stem cells. CSCs can self-renew
and differentiate into heterogeneous cell lineages [3,4], playing important roles in maintaining the
malignancy of the tumor and in tumor initiation, development, and recurrence [5–7]. Thus, the existence
of CSCs is an important cause of the failure of regular cancer therapy, including chemo and radiation
therapies [8,9].
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In recent years, some therapies have been developed against CSCs [10] that are classified into
two types depending on whether they exert direct or indirect therapeutic effects on CSCs. The direct
strategies include the elimination of CSCs by targeting their specific markers, interference with drug
resistance mechanisms, and differentiation therapy. Indirect strategies include the disruption of immune
evasion, interruption of the interplay among CSCs and their microenvironments, and anti-angiogenic
therapy. Differentiation therapy is a potential method for curing CSCs by which CSCs are induced
to differentiate to alleviate their tumorigenicity [10]. This strategy makes CSCs more sensitive to
chemo and radiation therapies [10]. Thus far, many successful studies have demonstrated the effects
of differentiation therapy on CSCs [11–14]. For instance, bone morphogenetic protein4 (BMP4)
induces Smad signaling in human glioblastoma cells, which upregulates the expression of neural
differentiation markers, inhibits cellular proliferation, and reduces the size of the tumorigenic CD133+

population [11]. This evidence indicates that BMP4 acts as an inhibitory regulator of brain CSCs.
Interleukin-6 (IL-6) has been suggested to induce the astrocytic differentiation of C6 glioma

cells [15]. The role of IL-6 signaling was confirmed in the cyclic adenosine monophosphate (cAMP)
induced differentiation of C6 glioma cells [15]. When IL-6 signaling was blocked by an IL-6-specific
antibody, this differentiation process could no longer be observed. Moreover, the expression of the
astrocyte-specific marker glial fibrillary acidic protein (GFAP) was also diminished after this treatment.
Later, studies showed that phosphorylated signal transducer and activator of transcription 3 (p-STAT3)
in the IL-6 signaling pathway could bind to the GFAP promoter as a transcription factor to initiate its
transcription [16]. In addition, the influence of IL-6 signaling on the differentiation of C6 glioma cells
has been mentioned elsewhere [17,18].

IL-6 is a pleiotropic cytokine that was initially discovered as a factor named B cell stimulatory
factor-2 (BSF-2), produced by T cells to stimulate immunoglobulin production by B cells [19].
IL-6 regulates cell growth, proliferation, survival, and differentiation, and its roles in a variety of other
processes have also been explored, including immune responses, neurotrophic effects, neuroprotective
effects, inflammation and anti-inflammation reactions, hematopoiesis, and oncogenesis [20–24].
The IL-6 receptor (IL-6R) is composed of two subunits, IL-6Rα and glycoprotein 130 (gp130) [25].
IL-6Rα is a membrane-bound protein that specifically binds IL-6, while gp130 acts as a signal transducer
that is used by other cytokines in the IL-6 family [25]. Upon IL-6 binding to IL-6Rα, the resulting
complex associates with gp130 to initiate intrinsic cellular signaling pathways, such as the Janus
kinase (JAK)/STAT, Ras/mitogen-activated protein kinase (MAPK), and phosphatidylinositol-3-kinase
(PI3K)/AKT/nuclear factor kappaB (NF-κB) pathways [25].

Additionally, clonal and population analyses have shown that most C6 glioma cells,
including CD133− and non-side population cells, possess self-renewal, clonogenic, and tumorigenic
capabilities [26]. C6 glioma cells have been cultured in vitro for decades and retain stable tumorigenicity.
Thus, if a C6 cell population contains a low percentage of cancer stem-like cells, this subpopulation
will ultimately disappear from the cell mass [26]. Based on these findings, we speculated that IL-6
signaling likely induces the differentiation of tumorigenic C6 glioma cells to reduce their tumorigenicity.
Nevertheless, after pretreating C6 glioma cells [27] with recombinant IL-6 protein, no obvious
differentiation was observed. Subsequently, we examined whether increased IL-6 signaling could
effectively induce the differentiation of this cell line as a possible approach for cancer therapy.

A synergistic effect in upregulating the production of IL-6 has been reported for tumor necrosis
factor-α (TNF-α), IL-6, and sIL-6R [28]. RT-PCR results showed that the level of Il-6 mRNA in
U373-MG glioma cells was elevated approximately 1-, 2-, and 10-fold by IL-6, a combination of IL-6 and
soluble IL-6 receptor (IL-6/sIL-6R), and TNF-α plus IL-6 and soluble IL-6 receptor (TNF-α/IL-6/sIL-6R),
respectively [28]. Our results indicated that TNF-α/IL-6/sIL-6R can efficiently upregulate the expression
of differentiation markers and downregulate that of cell cycle and stem cell markers. The use of
other stimulators of IL-6 signaling, including IL-6 and IL-6/sIL-6R, elicited lower levels of glioma
cell differentiation. Moreover, TNF-α/IL-6/sIL-6R also decreased the total cell population and the
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tumorigenicity of glioma cells. We observed that a higher dose of IL-6 signaling could effectively
induce the differentiation of C6 glioma cells.

2. Materials and Methods

2.1. Cell Cultures

The rat C6 glioma cell line was obtained from the National Health Research Institute Cell
Bank (Zhunan, Taiwan). The tumorigenicity of this C6 rat glioma cell line has been previously
evaluated [27]. The cells were cultured in DMEM/F12 supplemented with 10% (w/v) FBS, 1% (w/v)
penicillin, and streptomycin (Invitrogen, Carlsbad, CA, USA) in a humidified atmosphere with 5%
CO2 at 37 ◦C.

2.2. RNA Extraction and Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

C6 glioma cells were plated into six-well plates at a density of 1.7× 105 cells/well. After being treated
with IL-6 signaling elicitors, including IL-6, IL-6/sIL-6R, and TNF-α/IL-6/sIL-6R (TNF-α: 20 ng/mL,
IL-6: 5 ng/mL, and sIL-6R: 100 ng/mL; all from PeproTech, Rocky Hill, NJ, USA), for two days,
the total RNA of the treated cultures was isolated using the Total RNA Extraction Miniprep System
(Viogene, New Taipei City, Taiwan) according to the manufacturer’s instructions and quantified by
measuring the absorbance at 260 nm (Nanodrop 1000; Thermo Fisher Scientific, Wilmington, DE,
USA). Five micrograms of total RNA from different experimental groups were then reverse transcribed
using the SuperScript III First-Strand Synthesis System (Invitrogen) following the manufacturer’s
instructions. One microliter (250 ng) of newly synthesized complementary DNA (cDNA) from each
group was amplified in a 50 µL reaction mixture comprising 5 µL of 10× Taq buffer (Protech, Taipei,
Taiwan), 1 µL of 10 mM dNTPs (Protech), 1 µL of 100 µM forward primer (MDBio, Taipei, Taiwan),
1 µL of 100 µM reverse primer (MDBio), and 0.5 µL of Pro Taq DNA polymerase (Protech) using a T100
thermal cycler (Bio-Rad, Hercules, CA, USA) (Tables 1 and 2).

Table 1. PCR primers specific for Il-6 and Gapdh.

Target Gene Forward Primer, 5′ to 3′ Reverse Primer, 5′ to 3′ Tm (◦C)

Il-6 GTCTCGAGATGAAGTTTCTCTCCGCA GTGGATCCCTAGTGCCGAGTAGA 50
Gapdh TGCACCACCAACTGCTTA GGACAGGGATGATGTTC 50

Table 2. Steps of PCR amplification.

Step Temperature (◦C) Time Number of Cycles

1 Initial denaturation 94 5 min 1

Denaturation 94 30 s
2 Annealing 50 30 s 30

Extension 72 45 s

3 Final extension 72 10 min 1

2.3. Western Blot Analysis

After being treated with IL-6 signaling elicitors, including IL-6, IL-6/sIL-6R, and TNF-α/IL-6/sIL-6R
(TNF-α: 20 ng/mL, IL-6: 5 ng/mL, and sIL-6R: 100 ng/mL), for two days, C6 glioma cells were lysed
using CelLytic M (Sigma-Aldrich, St. Louis, MO, USA) and centrifuged at 15,000× g for 15 min
at 4 ◦C. Protein concentrations were measured by the Bradford method (Bio-Rad) according to the
manufacturer’s instructions. Afterward, 20 µg of proteins from different experimental groups were
separated by 10% SDS-PAGE and transferred to polyvinylidene fluoride (PVDF) membranes (Bio-Rad),
followed by blocking with 5% (w/v) non-fat milk for 1 h at room temperature. The membranes were
then incubated with specific primary antibodies against STAT3 (catalog no. 610189, 1:2000 dilution;
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BD Biosciences, San Jose, CA, USA), p-STAT3 (catalog no. sc-8059, 1:50 dilution; Santa Cruz
Biotechnology, Dallas, TX, USA), epithelial cadherin (E-cadherin; catalog no. sc-7870, 1:500 dilution;
Santa Cruz Biotechnology), connexin-43 (catalog no. #3512, 1:2000 dilution; Cell Signaling Technology,
Danvers, MA, USA), GFAP (catalog no. 04-1062, 1:100 dilution; EMD Millipore, Billerica, MA,
USA), telomerase reverse transcriptase (TERT; catalog no. sc-7212, 1:100 dilution; Santa Cruz
Biotechnology), proliferating cell nuclear antigen (PCNA; catalog no. sc-25280, 1:2000 dilution;
Santa Cruz Biotechnology), nestin (catalog no. MAB353, 1:600 dilution; Merck Millipore, Darmstadt,
Germany), musashi-1 (Msi-1; catalog no. sc-135721, 1:100 dilution; Santa Cruz Biotechnology),
and β-actin (catalog no. MAB1501, 1:3000 dilution; Merck Millipore) overnight at 4 ◦C. After washing
with TBS with Tween, the membranes were treated with appropriate horseradish peroxidase labeled
secondary antibodies (anti-mouse IgG: catalog no. sc-2005, 1:10,000 dilution and anti-rabbit IgG:
catalog no. sc-2357, 1:10,000 dilution; Santa Cruz Biotechnology), then the Western blots were incubated
with ECL detection reagents (Thermo Fisher Scientific). Finally, the bands were visualized using a
UVP BioSpectrum image system (UVP, Upland, CA, USA).

2.4. Dye-Coupling Assay

A dye-coupling assay was performed to evaluate the gap junction communication between C6
glioma cells. After treatment with IL-6 signaling elicitors, including IL-6 and TNF-α/IL-6/sIL-6R (TNF-α:
20 ng/mL, IL-6: 5 ng/mL, and sIL-6R: 100 ng/mL), for two days, donor cells (TNF-α/IL-6/IL-6R-treated
and untreated cells) were incubated for 20 min with a dual label dye solution containing 0.3 M of isotonic
PBS-glucose, 10 µM of DiI (Invitrogen), and 5 µM of calcein-AM (Invitrogen). Afterward, these cells
were rinsed three times with PBS-glucose, trypsinized, suspended in the growth medium, and seeded
onto confluent recipient cells (TNF-α/IL-6/sIL-6R-treated cells) at a ratio of 1 to 500. After incubating
for 4 h, gap junction communication was assessed by the transfer of calcein from donor to recipient
cells through fluorescence microscopy.

2.5. Cell Proliferation Assay

Cells were seeded into 96-well plates at a density of 200 cells/well in 100 µL of culture medium
containing various IL-6 signaling elicitors, including IL-6, IL-6/sIL-6R, and TNF-α/IL-6/sIL-6R (TNF-α:
20 ng/mL, IL-6: 5 ng/mL, and sIL-6R: 100 ng/mL), for five days. The total cell population of each group
was measured daily by a WST-1 assay (Roche, Indianapolis, IN, USA). The WST-1 reagent (10 µL/well)
was added into culture medium and incubated for 4 h at 37 ◦C and 5% CO2. Afterward, the absorbance
of the samples against a background control as a blank was measured at 450 nm.

2.6. Apoptosis and Necrosis Detection

After being treated with IL-6 signaling elicitors, including IL-6, IL-6/sIL-6R, and TNF-α/IL-6/sIL-6R
(TNF-α: 20 ng/mL, IL-6: 5 ng/mL, and sIL-6R: 100 ng/mL), for five days, TNF-α/IL-6/sIL-6R-treated cells
were collected, washed, and resuspended in 1× Binding Buffer (BD Biosciences) at a concentration of
1 × 106 cells/mL. Subsequently, cells were stained with annexin V (catalog no. 51-65874X; BD Biosciences)
and propidium iodide (PI) (catalog no. 51-66211E; BD Biosciences) according to the manufacturer’s
protocols. The stained cells were observed using a FACSCalibur flow cytometry system (BD Biosciences)
to detect apoptosis and necrosis events.

2.7. Soft Agar Assay

After IL-6 signaling elicitor treatment, including IL-6 and TNF-α/IL-6/sIL-6R (TNF-α: 20 ng/mL,
IL-6: 5 ng/mL, and sIL-6R: 100 ng/mL), for two days, cells were filtered through 40-µm Falcon strainers
(BD Biosciences) and seeded into the upper layer of 0.3% (w/v) noble agar (Sigma-Aldrich) in six-well
plates at a density of 2500 cells/well to evaluate their tumorigenicity [29]. Seven days later, the diameters
of the tumor colonies (25 random 200× fields) were measured using DP2-BSW imaging software
(Olympus, Tokyo, Japan). Because not all of the colonies were spherical, the maximal diameter of each
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colony was determined. Cells were considered tumorigenic based on the number of colonies with a
diameter of >50 µm. Subsequently, the cells were photographed after another incubation period of
seven days.

2.8. Sphere Formation Assay

After being treated with IL-6 signaling elicitors, including IL-6 and TNF-α/IL-6/sIL-6R (TNF-α:
20 ng/mL, IL-6: 5 ng/mL, and sIL-6R: 100 ng/mL), for two days, cells were trypsinized, suspended in
a serum-free medium, and filtered through 40-µm Falcon strainers (BD Biosciences). Subsequently,
a single-cell suspension was prepared (10 cells/mL), seeded in 96-well plates (100 µL per well),
and cultured in a serum-free medium supplemented with 20 ng/mL of basic fibroblast growth factor
(bFGF; Sigma-Aldrich), 20 ng/mL of epidermal growth factor (EGF; Sigma-Aldrich), and 20 µL/mL of
B27 supplement (Invitrogen). Afterward, wells containing only one cell were labeled sequentially from
1 to 40 and observed daily, while wells without cells or containing more than one cell were not included
in the analysis. Six days later, the diameters of the floating spheres were determined using DP2-BSW
imaging software (Olympus). The cells were considered tumorigenic if spheres with a diameter of
>40 µm were observed.

2.9. Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics version 26 (IBM Corporation, Armonk,
NY, USA). All data are presented as the mean ± SD of at least three independent experiments or are
representative of experiments repeated at least three times. One-way ANOVA followed by Tukey’s
post hoc test was employed to evaluate differences among distinct experimental groups in the cell
proliferation assay. In addition, the statistical significance of results from the flow cytometric analysis,
soft agar assay, and sphere formation assay were analyzed by the paired Student’s t-test; p < 0.05 was
considered to indicate a statistically significant difference.

3. Results

3.1. The Expression of Il-6 Is Efficiently Triggered by TNF-α/IL-6/sIL-6R

We examined the expression of the Il-6 gene in a tumorigenic C6 glioma cell line treated
with IL-6, IL-6/sIL-6R, and TNF-α/IL-6/sIL-6R. Two days later, the mRNA levels of Il-6 and
glyceraldehyde-3-phosphate dehydrogenase (Gapdh) were assessed by RT-PCR (Table 1). The results
revealed that TNF-α/IL-6/sIL-6R could efficiently upregulate the expression of Il-6 more than IL-6/sIL-6R
or IL-6 alone in glioma cells (Figure 1).

3.2. Differentiation of C6 Glioma Cells Is Induced by TNF-α/IL-6/sIL-6R as Evidenced by Changes in
Biomarker Levels

We treated glioma cells with various cytokine complexes for two days and used Western
blotting to assess the expression of biomarkers. The evaluated biomarkers can be classified into
four groups, including those for IL-6 signaling (STAT3 and p-STAT3), differentiation (E-cadherin,
connexin-43, and GFAP), cell cycle (TERT and PCNA), and stem cell (nestin and Msi-1) [30–39].
The results showed that TNF-α/IL-6/sIL-6R upregulated the levels of markers of IL-6 signaling and
differentiation, but downregulated those of cell cycle and stem cell markers (Figure 2). IL-6/sIL-6R and
IL-6 respectively elicited moderate and minor effects on these markers. Therefore, we demonstrated
that TNF-α/IL-6/sIL-6R can differentiate C6 glioma cells more efficiently than IL-6/sIL-6R and IL-6 alone.
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Figure 1. Upregulation of Il-6 in C6 glioma cells. Glioma cells were treated with IL-6, IL-6/sIL-6R,
and TNF-α/IL-6/sIL-6R and examined for Il-6 and Gapdh gene expression via RT-PCR, respectively.
IL-6/R represents IL-6/sIL-6R.
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Figure 2. The differentiation state of C6 glioma cells determined according to biomarkers. Western blots
of glioma cells were carried out after cytokine treatment. Biomarkers for IL-6 signaling (STAT3 and
p-STAT3), differentiation (E-cadherin, connexin-43, and GFAP), cell cycle (TERT and PCNA), and stem
cells (nestin and Msi-1) were monitored. IL-6/R represents IL-6/sIL-6R.

Subsequently, we further confirmed the expression of differentiation markers in TNF-α/IL-6/sIL-6R
treated glioma cells. We applied a dye-coupling assay to examine the communication at gap junctions.
TNF-α/IL-6/sIL-6R treated and untreated cells were labeled with DiI and calcein-AM as donor cells.
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After incubation with recipient cells (TNF-α/IL-6/sIL-6R treated cells), the establishment of gap junctions
between these two cell types was evaluated by assessing the transfer of green fluorescent calcein
from donor to neighboring cells (Figure 3). The results showed that, compared to control cells,
TNF-α/IL-6/sIL-6R treated glioma cells formed more gap junctions with nearby cells.Medicina 2020, 56, x FOR PEER REVIEW 7 of 14 
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Figure 3. The upregulation of gap junction in C6 glioma cells. Demonstration of the formation of gap
junctions between the calcein donor and recipient cells through a dye-coupling assay. Donor cells labeled
with DiI and calcein-AM were seeded onto confluent recipient cells, and the transfer of green fluorescent
calcein from donor to neighboring cells was evaluated. Scale bar, 80 µm. IL-6/R represents IL-6/sIL-6R.

3.3. TNF-α/IL-6/sIL-6R Decreases the Proliferation Rate of C6 Glioma Cells

Differentiated cells typically exhibit a lower cell proliferation rate compared to tumorigenic cells.
After C6 glioma cells were treated with IL-6 signaling elicitors, the total cell populations were measured
daily by the WST-1 assay for five days, with images taken on day three. The results showed that the
total cell population of the TNF-α/IL-6/sIL-6R treated group was less than that of the other groups and
approximately 42.4 ± 5.1% (mean ± SD, n = 3) of the control (Figure 4A,B). In addition, glioma cells
labeled with annexin V and PI on day five did not exhibit obvious apoptosis or necrosis (Figure 4C).
As a result, differentiation was shown to be a decisive factor causing variation in the total cell number
among the different groups. These results showed that C6 glioma cells could be efficiently differentiated
by TNF-α/IL-6/sIL-6R to decrease their proliferation rate.

3.4. TNF-α/IL-6/sIL-6R Reduces the Tumorigenicity of C6 Glioma Cells

Finally, the tumorigenicity of glioma cells was evaluated after treatment with IL-6 signaling
inducers. The soft agar assay is used to assess cellular anchorage-independent growth and
tumorigenicity [29]. Glioma cells were processed with cytokines and seeded in the gel with a
low percentage agar for one week of culturing. The diameters of the colonies were measured
(Figure 5A), and the number of colonies with a diameter >50 µm was determined. The results revealed
that TNF-α/IL-6/sIL-6R treated cells formed fewer colonies (10.7 ± 3.5; mean ± SD, n = 3) than control
cells (57.3 ± 7.8; mean ± SD, n = 3) (Figure 5B). Subsequently, after incubating for another week,
there were fewer colonies observed in the TNF-α/IL-6/sIL-6R treated group than in the other groups.
The color of the pH indicator phenol red was inversely proportional to the total cell mass in the
well (Figure 5C).
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Figure 4. The proliferation rate of C6 glioma cells reduced by TNF-α/IL-6/sIL-6R. (A) The total cell
population of each cytokine-treated group. Glioma cells were treated with cytokines in various groups.
The cell population was measured daily for five days using a WST-1 proliferation assay, and the
absorbance was measured at 450 nm. (B) Images taken on day three. Scale bar, 500 µm. (C) Detection of
apoptosis and necrosis. Glioma cells were stained with annexin V and PI after cytokine treatment for five
days and detected by flow cytometric analysis. The statistical results are the mean of three experiments
± SD, and the asterisk indicates significant differences (p < 0.05) between the TNF-α/IL-6/sIL-6R treated
group and control group. IL-6/R represents IL-6/sIL-6R.
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Figure 5. Downregulation of the tumorigenicity in C6 glioma cells evidenced by the soft agar
assay. (A) The diameters of colonies. Cytokine-treated cells were seeded in 0.3% (w/v) noble agar.
After one week of incubation, the diameters of the colonies were measured using DP2-BSW imaging
software. (B) Number of colonies with a diameter of >50 µm. (C) Images of colonies taken after a
two-week incubation. The color of phenol red was inversely proportional to the total cell mass in
the wells. The statistical results are the mean of three experiments ± SD, and the asterisk indicates
significant differences (p < 0.05) between the TNF-α/IL-6/sIL-6R treated group and control group.
IL-6/R represents IL-6/sIL-6R.
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Additionally, the sphere formation assay was used to measure the tumorigenicity of cancer cells
in vitro [40]. In this assay, if a single cancer cell can form a floating sphere in a neural stem cell (NSC)
culture medium, then this cell is considered to be tumorigenic. After treatment with IL-6 signaling
elicitors, glioma cells were seeded at one cell per well and allowed to grow for 6 days. The diameters
of the spheres were measured (Figure 6A), and the number of spheres with a diameter of >40 µm was
determined; TNF-α/IL-6/sIL-6R treated cells formed fewer spheres (31.7 ± 7.6%; mean ± SD, n = 3)
than control cells (90.8± 5.2%; mean± SD, n = 3) (Figure 6B). Furthermore, the diameters of most spheres
(68.3 ± 7.6%; mean ± SD, n = 3) in the TNF-α/IL-6/sIL-6R treated group were 0–40 µm, whereas those
(36.7 ± 7.6%; mean ± SD, n = 3) in the control group were 80–120 µm (Figure S1). Taking these
two assays into consideration, it was concluded that TNF-α/IL-6/sIL-6R treatment decreased the
tumorigenicity of the C6 glioma cell line.Medicina 2020, 56, x FOR PEER REVIEW 9 of 14 
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Figure 6. Downregulation of the tumorigenicity in C6 glioma cells evidenced by the sphere formation
assay. (A) The diameters of the spheres measured using DP2-BSW imaging software. (B) Percentage of
cancer stem-like cells with a diameter of >40 µm. The statistical results are the mean of three experiments
± SD, and the asterisk indicates significant differences (p < 0.05) between the TNF-α/IL-6/sIL-6R treated
group and control group. The total numbers for each group were 40 spheres. IL-6/R represents IL-6/sIL-6R.

4. Discussion

Herein, we confirmed that increased IL-6 signaling could induce tumorigenic C6 glioma cells
to undergo differentiation by assessing changes in biomarker levels, the rate of cell proliferation,
and tumorigenicity. In TNF-α/IL-6/sIL-6R treated glioma cells, STAT3 can be phosphorylated
(p-STAT3) as a transcription factor to participate in IL-6 signaling. In addition, the levels of E-cadherin,
connexin-43, and GFAP, which are abundantly expressed in astrocytes and at a low level in glioma cells,
were upregulated; p-STAT3 has been found to initiate the promoter of GFAP [16]. Moreover, the levels
of biomarkers for the cell cycle (TERT and PCNA) and NSC (Nestin and Msi-1) were consistently
downregulated, and agreed with the cell proliferation rate results and tumorigenicity evaluations.

The TNF-α/IL-6/sIL-6R complex could more efficiently induce the expression of Il-6 than IL-6/sIL-6R
or IL-6 alone in a tumorigenic C6 glioma cell line. This complex gave rise to increased IL-6 signaling,
which might result from much stronger IL-6 autocrine signaling. The pro-inflammatory cytokine
TNF-α has been shown to induce IL-6 expression via the phosphorylation of NF-κB, p38 MAPK,
and stress-activated protein kinase (SAPK)/c-Jun N-terminal kinase (JNK) [41]. As a result, secreted IL-6
could bind to the extracellular sIL-6R and then associate with membrane-bound gp130 to initiate
intrinsic IL-6 signaling in glioma cells. Furthermore, exogenous sIL-6R plays an important role in
inducing increased IL-6 signaling due to the limited amount of IL-6Rα. We applied 100 ng/mL of
IL-6-treated tumorigenic C6 glioma cells to conduct the sphere formation assay, but the results did not
show significant differences compared to the cytokine-untreated group (unpublished data).

Further in vivo studies are currently underway in our research laboratory to elevate the clinical
application of this strategy. To this end, three conditions are taken into account before setting up
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experiments. First, two commonly defined CSC models, stochastic and hierarchical, may be able to
describe CSCs due to the bi-directional interconvertibility between CSCs and non-CSCs through the
epithelial to mesenchymal transition (EMT) and the reciprocal mesenchymal to epithelial transition
(MET) [42,43]. Second, it is not easy to maintain glioma cells in a TNF-α/IL-6/sIL-6R contained
micro-environment in the rat brain for differentiation therapy. Furthermore, TNF-α and IL-6 are
multi-functional cytokines associated with many signaling pathways. As a result, tumor localized
treatment is a better strategy to induce the differentiation of tumorigenic C6 glioma cells in vivo.
Lastly, we have elaborated that TNF-α/IL-6/sIL-6R could downregulate the proliferation rate and
the tumorigenicity of glioma cells, but not eliminate them. The results of sphere formation assays
showed that 31.7 ± 7.6% (mean ± SD, n = 3) of glioma cells still could form >40 um spheres
after TNF-α/IL-6/sIL-6R treatment (Figure 6B). To deal with these concerns, it was speculated that
NSC-based combination gene therapy may be one of the suitable strategies for further orthotopic animal
experiments. NSC can presumably track and infiltrate the glioma tumor by inherent tumor-tropic
properties [44]. Therefore, the concentrations of therapeutic proteins produced by NSCs are elevated in
the site of malignancy. Furthermore, previous studies have revealed that combination gene therapies
exert additive or synergistic effects on brain tumors [45,46].

IL-6 signaling also plays important roles in the neurogenesis and gliogenesis of NSCs [16,47–49].
However, some controversial evidence has been published showing the opposite effects of IL-6 in
the differentiation of NSCs and brain CSCs [50,51]. This conflict may arise from several possibilities.
Similar to other cytokines, IL-6 exerts different effects in various physiological microenvironments
depending on the strength of IL-6 signaling, the IL-6 receptor type (membrane-bound or soluble),
and the cross-talk among IL-6 and other signaling molecules in the stem cell niche, such as TNF-α
and IL-1β [23,52–54]. In addition, intrinsic differences exist between established glioma cell lines and
primary tumor cells [55,56]. Moreover, it is difficult to precisely define the CSC population in primary
malignant tumors. CD133, a surface marker of normal human neural precursors, is used to isolate CSCs
from primary brain tumor cells and other cancer cells, such as melanoma, osteosarcoma, hepatoma,
colorectal cancer, gastric cancer, and breast cancer cells [40,57]. This methodology is challenged by the
fact that not only CD133+ but also CD133- brain cancer cells can initiate tumor formation as cancer
stem-like cells, and these cells have different molecular profiles and growth characteristics compared
to CD133+ cells [58]. Consequently, the established therapies based on the unique characteristics of
isolated CD133+ cells may not lead to a complete cancer cure, potentially resulting in tumor recurrence.
Thus, this model should not be the sole criterion to assess the features of CSCs in the brain.

Since the first isolation of cancer stem-like cells from leukemia two decades ago, many studies
have investigated this cell population in various tumors, including breast, brain, melanoma, prostate,
ovarian, colon, pancreatic, liver, lung, and gastric cancers [59]. CSCs have been hypothesized to be a
small fraction of malignant cells, and can self-renew and differentiate into multilineage progenies [60,61].
Recently, it has been suggested that tumors may consist of several sub-clones, each containing their
own CSCs with distinct phenotypic or genetic features [62]. Therefore, the objective of future cancer
therapies is to cure the CSCs of each sub-clone in malignancies. In this way, some therapies designed
to target specific markers of CSCs may no longer be suitable, because they are unable to remove
all of the CSCs from the tumor. Nonetheless, differentiation therapy, which involves decreasing the
tumorigenicity of CSCs by inducing them to undergo the differentiation process, is still a promising
choice for CSC therapy.

5. Conclusions

In this study, we provide an alternative method by which tumorigenic C6 glioma cells can be
efficiently differentiated by enhanced IL-6 signaling. This strategy would be a potential candidate to
cure CSCs in the CNS.

Supplementary Materials: The following are available online at http://www.mdpi.com/1010-660X/56/11/625/s1,
Figure S1: The size distribution of spheres.
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