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IL-6 derived from therapy-induced senescence
facilitates the glycolytic phenotype in glioblastoma cells
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Abstract: Activation of the cyclic adenosine monophosphate (CAMP) pathway induces the glial differentiation of
glioblastoma (GBM) cells, but the fate of differentiated cells remains poorly understood. Transcriptome analyses
have revealed significant changes in the cell cycle- and senescence-related pathways in differentiated GBM cells
induced by dibutyryl cAMP (dbcAMP). Further investigations showed that reactive oxygen species (ROS) derived from
enhanced mitochondrial function are involved in senescence induction and proliferation inhibition. Moreover, we
found that IL-6 from dbcAMP- or temozolomide (TMZ)-induced senescent cells facilitates the glycolytic phenotype of
GBM cells and that inhibiting the IL-6-related pathway hinders the proglycolytic effect of either agent. In patient-de-
rived GBM xenograft models, a specific antibody targeting the IL-6 receptor tocilizumab (TCZ) significantly prolongs
the survival time of TMZ-treated mice. Taken together, these results suggest that both the differentiation-inducing
agent dbcAMP and the chemotherapy drug TMZ are able to drive GBM cells to senescence, and the latter releases
IL-6 to potentiate glycolysis, suggesting that IL-6 is a target for adjuvant chemotherapy in GBM treatment.
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Introduction

Glioblastoma (GBM) is the most common type
of malignant glioma, accounting for the majori-
ty of gliomas (56.6%), with an annual incidence
of 3.21 per 100,000 population and a preva-
lence rate of 9.23 per 100,000 population in
the United States [1]. GBM is characterized by
a high degree of malignancy, abundant patho-
physiological angiogenesis and typical invasive
growth. Although standard treatments include
surgical excision, radiation therapy and temo-
zolomide (TMZ), the five-year survival rate of
GBM is only 5.6% [1]. Therefore, efforts to de-
velop new therapies for the treatment of malig-
nant glioma are ongoing.

Senescence is characterized by stable cell
cycle arrest induced at the end of the cellular
lifespan or in response to various intrinsic and

extrinsic insults. It is divided into three types:
oncogene-induced senescence (0IS) [2], devel-
opmental and programmed senescence (DPS)
and therapy-induced senescence (TIS) [3, 4].
Recently, the therapeutic potential of p53 reac-
tivation [5, 6] and the inhibition of ¢c-MYC or
cyclin-dependent kinase (CDK) inhibitors for
cancer treatment has been ascribed to cellular
senescence [7-9]. Some antineoplastic modali-
ties, have been proven to invoke senescence
[4]. These studies provoked considerable inter-
est in TIS as an alternative therapy for cancer
treatment.

TIS acts as a double-edged sword in cancer,
promoting or opposing cancer initiation and
progression [10]. The dark side of TIS is ascribed
to the specific senescence-associated secreto-
ry phenotype (SASP), which comprises cyto-
Kines, growth factors, extracellular matrix (ECM)
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components and ECM-degrading enzymes [11].
Accumulating evidence supports the notion
that the SASP provides an immunosuppressive,
inflammatory and catabolic microenvironment,
thus stimulating tumor growth and metastasis
[12, 13]. The effects of the SASP on cell prolif-
eration and tumor growth depend on diverse
genetic background. A better understanding of
the SASP in different contexts in GBM will pro-
vide Perceptiveness into the evolution of pow-
erful strategies to cellular senescence regula-
tion will be provided with a better understand-
ing of the SASP in different contexts in GBM.

Our research group previously certified that
the cyclic adenosine monophosphate (CAMP)/
PKA pathway activation enhanced mitochon-
drial biogenesis and transformed the metabolic
pattern of GBM cells from aerobic glycolysis
into oxidative phosphorylation [14]. In this cel-
lular model, we sought to elucidate the fate of
GBM cells undergoing differentiation and the
underlying mechanism. We also demonstrated
senescence as a response to TMZ and explored
how to conquer the dark side of the SASP to
improve the efficacy of TMZ.

Methods and materials
Cell culture

In PRIM-1640 medium (Gibco, Thermo Fisher
Scientific, Waltham, MA, USA) and MEM (Gibco,
Thermo Fisher Scientific), at the condition of
37°C under 5% CO,, we maintained DBTRG and
U87 cells respectively, supplemented with 10%
FBS (Gibco, Thermo Fisher Scientific) and peni-
cillin/streptomycin (HyClone, General Electric
Healthcare Life Sciences, Boston, MA, USA).
We acquired DBTRG and U87 cells from the
American Type Culture Collection (ATCC, Mana-
ssas, VA, USA).

Patient-derived GBM tissue was cut into small
pieces of 2-4 mm. Fat, fibrous and necrotic
areas of the tumor sample were removed. The
tissue pieces were transferred into a gen-
tleMACS C Tube (Miltenyi Biotec, Bergisch
Gladbach, Germany) containing the enzyme
mixture and attached upside down to the
sleeve of a gentleMACS Dissociator (Miltenyi
Biotec). We incubated the samples at 37°C
under continuous rotation with MACSmix Tube
Rotator (Miltenyi Biotec). The cell suspension
was applied to a MACS SmartStrainer (Miltenyi
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Biotec) and centrifuged at 300 g for 7 min.
Finally, primary GBM single-cell suspensions
should be maintained in DMEM/F12 (Gibco,
Thermo Fisher Scientific) immediately for down-
stream applications.

Reagents

Dibutyryl cAMP (dbcAMP, Sigma-Aldrich, St.
Louis, MO, USA), luteolin (Selleck Chemicals,
Houston, TX, USA), N-acetyl-cysteine (NAC, Sig-
ma-Aldrich), antimycin (Abcam, Cambridge Bio-
medical Campus, Cambridge, UK), BP-1-102
(Selleck Chemicals), NVP-BSK805 (Selleck Che-
micals) and tocilizumab (TCZ, Actemra, 20 mg/
mL, Roche, Basel, Switzerland).

Gene annotation and functional enrichment
analysis

Downstream transcriptome analysis were con-
ducted by GeneSet Enrichment Analysis (GSEA)
[15], the relevant gene sets can be found in the
official website of MSIGDB [16]. All parameters
are set in accordance with the software recom-
mended parameters. In the results, the gene
sets with both P and FDR values less than 0.05
were considered to be significantly different
gene sets [17].

Transcriptome data processing and analysis

Raw reads were generated by the BGISEQ-500
platform [18]. Then the gene quantification
were through the recommended transcriptome
analysis pipeline [19]. Genes with less than two
reads per million were removed, and 13 333
genes were included for further analysis. Gene
count normalization and differential expression
analysis were performed using the DESeq2
package [20].

5-Ethynyl-2’-deoxyuridine (EdU) incorporation
assay

According to the Click-iT® EdU Flow Cytometry
Assay Kit (Invitrogen, Thermo Fisher Scientific)
manual, we added 10 uM EdU to the culture
medium and mixed well, After 4 hours’ incuba-
tion, the medium was aspirated, and 100 ul of
Click-iIT® fixative and 1X Click-iT® saponin-
based permeabilization were added. Finally,
we incubated samples with Click-iT® reaction
cocktail and DAPI (Invitrogen, Thermo Fisher
Scientific) for 30 min at 25°C, protected from

Am J Cancer Res 2021;11(2):458-478



IL-6 from senescent GBM cells facilitates glycolysis

light. The cells were analyzed with CytoFLEX
flow cytometer (Beckman Coulter, Indianapolis,
IN, USA).

Senescence-associated -galactosidase (SA-B-
gal) staining

According to the instructions of SA-B-gal St-
aining Kit (Cell Signaling Technology, Danvers,
MA, USA), cells were washed with PBS and then
fixed with fixation solution for 15 min at 25°C.
After rinsing with PBS at least twice, cells were
stained with B-gal staining solution and incu-
bated at 37°C overnight in a dry incubator
(without CO,). Under a light microscope (Nikon
ECLIPSE Ti-U, Tokyo, Japan), blue granules with-
in the cytoplasm are considered positive for
B-gal staining, suggesting senescence of the
observed cells.

Senescence in tumor tissue was assessed in
tissue cryosections preserved in optimal cut-
ting temperature compound (OCT) freezing
medium using the SA-B-gal Staining Kit (Cell
Signaling Technology). Briefly, tissues were fix-
ed with PBS containing 2% formaldehyde and
0.2% glutaraldehyde at 25°C for 5 min, washed
three times with PBS and incubated for 18 h at
37°C with staining solution containing X-gal.
Sections were counterstained with nuclear fast
red for 20 min.

Western blot analysis

We ran sodium dodecylsulphate polyacrylami-
de gel electrophoresis (SDS-PAGE) of lysed
cells. After the separation, the proteins were
transferred from the gel to the PVDF mem-
brane (Roche, Switzerland). Once on the mem-
brane antibodies, primary antibodies can be
used to probe for the presence of target pro-
tein because of the specifically binding of anti-
gen with antibody. The primary antibodies, as
follows: p16 (Abcam), p21 (Cell Signaling Tech-
nology), CDK2 (proteintech, IL, USA), CyclinE
(EMD Millipore, MA, USA), CDK4 (Cell Signaling
Technology), CDK6 (Cell Signaling Technology),
cyclin D1 (Cell Signaling Technology), pRb (Cell
Signaling Technology), Rb (Cell Signaling Tech-
nology), tri-methyl-histone H3 (H3K9me3, Cell
Signaling), histone H2AX (Abcam), DEC1 (Ab-
cam), B-actin (Cell Signaling Technology), and
HMGB1 (Cell Signaling Technology), were added
at appropriate dilution in 10 ml 0.5% blocking
buffer.

460

Cell metabolism measurement

The basal oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) were
measured with a Seahorse XF Cell Mito Stress
Test Kit (Agilent Technologies,) and a Seahorse
XF Glycolytic Rate Assay Kit (Agilent Techno-
logies), respectively referred to established
method [14]. We plated 1.5 x 10%-2.5 x 10°
cells in the XF Cell Culture Microplate using
PRIM-1640 medium or MEM. The day before
measurements, a sensor cartridge was hy-
drated in XF Calibrant at 37°C in a non-CO,
incubator overnight. The next day, we changed
growth medium to assay medium from micro-
plate and incubated for 1 hour in a 37°C non-
CO, incubator. The sensor cartridge was loaded
with compounds which were diluted in assay
medium for desired concentration. Next, we
placed the calibration plate with the loaded
sensor cartridge on the instrument tray. After
30 mins’ calibration, the cell culture microplate
was loaded.

Reactive oxygen species (ROS) level analysis

Intracellular ROS generation was detected with
CellROX® Oxidative Stress Reagent (Invitrogen,
Thermo Fisher Scientific). Cells were removed
of culture medium and labeled with 5 yM
CellROX dye at 37°C for 30 min, followed by
CytoFLEX flow cytometer

Mitochondrial ROS levels were detected with
MitoSOX Red Mitochondrial Superoxide Indi-
cator (Invitrogen, Thermo Fisher Scientific), wh-
ich were highly selective detection of superox-
ide and ROS of mitochondria in living cell. Cells
were stained with 5 yM MitoSOX reagent at
37°C for 10 min and analyzed by flow cytome-
ter. The results were quantitatively performed
with the mean fluorescence intensity (MFI).

Cell colony formation assay

Approximately 200 cells were plated into six-
well cell culture dishes and incubated in PRIM-
1640 medium or MEM containing 10% serum.
After two to three weeks, macroscopic colonies
were formed. We fixed cell clones with 4% para-
formaldehyde solution at 25°C for 20 min.
Finally, 1% crystal violet staining solution (Be-
yotime, Shanghai, China) were used to incubate
the clones.
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Real-time quantitative PCR (RT-gPCR)

TRIzol reagent (Invitrogen, Thermo Fisher Sci-
entific) was used to extract total RNA. 2 ug RNA
was reverse transcribed to cDNA with Oligo (dT)
(synthesized by Invitrogen, Thermo Fisher Sci-
entific) and Revert Aid Reverse Transcriptase
(Thermo Scientific, Thermo Fisher Scientific).
We used Applied Biosystem 7500 Fast Real-
Time PCR system (Applied Biosystems, Thermo
Fisher Scientific). The sequences of the primers
used are as follows: IL-6 forward: ACTCACCTC-
TTCAGAACGAATTG; IL-6 reverse: CCATCTTTGG-
AAGGTTCAGGTTG; nDNA-B3M forward: CTGTC-
TCCATGTTTGATGTATCT; and nDNA-B3M rever-
se: TCTCTGCTCCCCACCTCTAAGT. The expres-
sion of specific genes was calculated by the
comparative cycle threshold method using Su-
perReal PreMix SYBR Green (TIANGEN, Beijing,
China).

Enzyme-linked immunosorbent assay (ELISA)

IL-6 was measured with an ELISA (Invitrogen,
Thermo Fisher Scientific). To determine the IL-6
levels secreted from dbcAMP-treated GBM
cells, 50 L of either the standard or cellular
supernatant sample was added to each well of
the ELISA plate. Fifty microliters of biotin conju-
gate was added to each well, and the wells
were covered with an adhesive film. Microwell
strips were incubated at room temperature (18
to 25°C) for 2 h with shaking at 400 rpm. After
washing the microwell strips 4 times, 100 pL of
streptavidin-HRP was added to each well and
incubated at room temperature (18 to 25°C) for
1 h with shaking at 400 rpm. After washing the
microwell strips, 50 pyL of TMB substrate solu-
tion followed by 50 uL of stopping buffer were
added to each well, and absorption was mea-
sured at 450 nm.

Xenograft GBM animal models

105 GSCs were subcutaneously inoculated on
4-week-old female BALB/c-nu/nu mice. After
tumors were developed to about 50 mmé, all
the mice were intraperitoneally treated with
vehicle, dbcAMP plus luteolin (dL group), TMZ,
TCZ, dL plus TCZ, or TMZ plus TCZ. dbcAMP was
intraperitoneally administered at a dosage of
20 mg/kg/day, and luteolin was intraperitone-
ally administered at a dosage of 40 mg/kg/day.
TMZ was intraperitoneally administered at a
dosage of 50 mg/kg/day for the first 5 days.

461

TCZ was intravenously injected at a dosage of
100 mg/kg/week. Length and width of tumors
were measured with the caliper, followed com-
putational formula: length x width?/2 = volume
(mm?). Data are shown as the mean + SD.

5 x 10* GSCs were injected into the skull of
BALB/c-nu/nu mice to perform the orthotopic
GBM model. After 3 days, we divided them ran-
domly into six groups as described above. The
mice were monitored daily, and the survival
state was recorded.

Immunohistochemical analysis

According to the established method [14],
Slides were incubated with a primary antibody
against Ki-67 overnight at 4°C. Then, the cells
were incubated with an HRP-conjugated sec-
ondary antibody at 25°C. Positive expression
cells were counted under a light microscope.

Statistical analysis

All statistical analyses were performed using
GraphPad Prism 7.0. For the in vitro studies, dif-
ference between two groups was calculated
with an unpaired Student’s t test, and differ-
ences between more than two groups were
calculated with analysis of variance (ANOVA).
Differences in body weight were calculated with
repeated measures ANOVA. Differences in sur-
vival were calculated with Kaplan-Meier analy-
sis. The points on the curves indicate glioma-
related deaths (P values were determined by
log-rank analysis). All error bars indicate the
SD. Differences were considered significant if
the P value was less than 0.05.

Results

Transcriptome analyses reveal the senescence
pattern in GBM cells treated with the differen-
tiation-inducing agent dbcAMP

As reported previously, activation of the cAMP
signaling pathway can induce the differentia-
tion of human GBM cells toward the astrocyte
type [14]. In this study, we aimed to determine
the fate of GBM cells following cAMP-induced
differentiation. We assessed the effect of
dbcAMP treatment on the global gene expres-
sion pattern of the human GBM cell lines
DBTRG and U87 using RNA sequencing (RNA-
Seq) analysis. By performing a gene set enrich-
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ment analysis (GSEA) of the transcriptome
data, we observed that the gene sets associat-
ed with astrocyte or neuron differentiation in
DBTRG and U87 cells were significantly upregu-
lated by dbcAMP treatment, while the gene
sets associated with oligodendrocyte differen-
tiation were downregulated (Figure 1A). These
results support the previous finding that activa-
tion of the cAMP pathway induces the neural
differentiation of GBM cells. We further deter-
mined the top 10 most enriched pathways in
these two cell lines (Figure 1B), of which the
cell cycle and cellular senescence ranked in
the top 3. Moreover, the heatmaps of the gene
sets revealed that dramatic downregulation of
the cell cycle-related gene set occurred at 48
hours in both cell lines (Figure 1C), while the
senescence-related gene set was character-
ized by the downregulation of proliferation-
related genes and the upregulation of cytokine-
and apoptosis-related genes. These data indi-
cate that the exposure of GBM cells to dbcAMP
may induce cell cycle arrest and senescence
concurrent with differentiation.

dbcAMP induces the senescence of cultured
GBM cell lines and primary cultured GBM cells

Based on the significant changes in the cell
cycle pathway in the transcriptome analysis
with dbcAMP treatment, we first assessed the
proliferation capacity of dbcAMP-treated glio-
ma cells with an EdU incorporation assay. As
shown in Figure 2A and 2B, the percentage of
EdU-positive DBTRG cells in control group was
28.12%, while in the dbcAMP-treated 4 days
group at was 0.49%. Similarly, the percentage
of EdU-positive U87 cells decreased from
25.91% to 0.25% after dbcAMP treatment for 4
days.

Then, we tested the senescence phenotype
characterized by SA-B-gal activity [21] and a
series of biomarkers, including increased tri-
methylation at Lys9 of histone 3 (H3K9me3)
[22, 23], enhanced expression of the DNA dam-
age marker y-H2AX (a phosphorylated form of
the histone variant H2AX) [24, 25], enhanced
differentiation of embryo-chondrocyte express-
ed gene 1 (DEC1) [26] and decreased nuclear
localization of high mobility group protein B1
(HMGB1) [27]. As shown in Figure 2C-E, dbc-
AMP treatment triggered the typical senes-
cence phenotype of DBTRG and U87 cells.
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The canonical signaling pathways that indu-
ce senescence include p16 (cyclin-dependent
kinase inhibitor 2A, CDKN2A)-dependent path-
ways and p21 (cyclin-dependent kinase inhibi-
tor 1, CDKN1A)-dependent pathways. The acti-
vation of p16 and p21 respectively inhibits the
CDK4/6-cyclin D1 and CDK2-cyclin E complex-
es, thus resulting in a decrease in Rb phosphor-
ylation and ultimately senescence [28, 29].

Here, as Figure 2F shown, western blotting
revealed that the protein levels of pl6 were
increased and those of p21, CDK4/6 and cyclin
D1 were decreased following dbcAMP treat-
ment in both GBM cell lines. CDK2 and cyclin E
were decreased in DBTRG cells while increas-
ed in U87 cells after dbcAMP treatment. Rb
works as the checkpoint of G1/S phase, the
phosphorylated level of which determines the
released level of E2F and promotes cells going
from G1 into S phase. In DBTRG and U87 cells,
phosphorylated Rb (pRb) was remarkably de-
creased. Taken these together, the increase in
p16 and the decrease in CDK4/6-cyclin D1 and
CDK2-cyclin E complex may contribute to the
pRb decrease in DBTRG cells, while only the
alteration of p16 and CDK4/6-cyclin D1 com-
plex involves in the pRb decrease in U87 cells.

We then evaluated TIS in patient-derived pri-
mary cultured GBM cells. After dbcAMP treat-
ment, primary cultured GBM cells also under-
went senescence, as evidenced by the increas-
ed level of SA-B-gal (Figure 2G).

ROS derived from enhanced mitochondrial
function account for senescence induction
and proliferation inhibition by dbcAMP

We previously demonstrated that dbcAMP dri-
ves glial differentiation by enhancing mitochon-
drial biogenesis and oxidative phosphorylation
[14]. Enhanced oxidative phosphorylation is
evidenced by an increase in the basal and max-
imal OCR, as shown in Figure 3A. Given that
ROS, as toxic byproducts of the mitochondrial
respiratory chain, tend to contribute to DNA
damage, senescence, or cell death, it is rea-
sonable to hypothesize that dbcAMP-induced
senescence is attributed to ROS derived from
enhanced mitochondrial respiratory activity.
dbcAMP-induced cells were loaded with Cell-
ROX® Reagen, which indicates intracellular to-
tal ROS levels (Figure 3B), and MitoSOX Red,
which indicates mitochondrial-derived ROS lev-
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Figure 1. Transcriptome profiles reveal senescence and cell cycle changes in dbcAMP-treated cells. A. GSEA enrich-
ment plots of differentiation-related genes ranked based on dbcAMP-induced differentiation. P<0.05 and FDR<0.25
indicate a statistically significant difference. NES>0 indicates that most genes were downregulated with dbcAMP
treatment compared with the control. NES<O indicates that most genes were upregulated with dbcAMP treatment
compared with the control. B. Top 10 most enriched pathways in DBTRG cells. Top 10 most enriched pathways in
U8T cells. Dots represent term enrichment: red indicates high enrichment, and blue indicates low enrichment. The
sizes of the dots represent the percentage of each row. Normalized enrichment scores are shown in the bar chart.
C. Heatmaps of the expression levels of senescence- and cell cycle-related genes. High expression is shown in red,

and low expression is shown in green.

els (Figure 3C), and analyzed by FCM. Antimycin,
an inhibitor of oxidative phosphorylation, suc-
cessfully reversed ROS accumulation in DBTRG
and U87 cells (Figure 3D), further indicating the
mitochondrial derivation of ROS.

To evaluate whether ROS production is respon-
sible for proliferation inhibition and senescence
induced by dbcAMP, we pretreated cells with
the ROS scavenger NAC and observed decreas-
ed ROS production (Figure 3E). Consistent with
this finding, decreased clone formation (Figure
3F, 3G), SA-B-gal (Figure 3H) and enhanced
senescence biomarkers (Figure 31) by dbcAMP
treatment were reversed with NAC. These re-
sults strongly suggest that ROS account for pro-
liferation arrest and senescence induction.

IL-6 secretion from senescent GBM cells in-
duced by dbcAMP facilitates the glycolytic phe-
notype of GBM cells

Senescent cells secrete a complex mixture of
ECM (uPA, tPA, MMPs, etc.) and soluble (IL-6,
IL-1a, IL-1b, IL-8, GRO«x, MCP-1, etc.) factors;
this is referred to as the SASP [11, 30]. In this
study, we analyzed the dbcAMP-induced SASP
in DBTRG and U87 cells and found that IL-6 was
the most prominent factor (Figure 4A). Data
from GBM patients showed that high IL-6 ex-
pression was associated with a dismal out-
come (Figure 4B), indicating IL-6 as an indepen-
dent risk factor for predicting the prognosis of
GBM patients.

Next, we verified that the transcriptional expres-
sion and secretion of IL-6 were increased by
dbcAMP treatment in GBM cell lines (Figure 4C
and 4D). The increase in IL-6 secretion can be
also observed in patient-derived primary cul-
tured GBM cells (Figure 4E).

IL-6, as one of the major cytokines in the tumor
microenvironment, is well known for its prosur-
vival and proinflammatory activities. Herein, we
sought to explore whether IL-6 secreted by se-
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nescent cancer cells influences the metabolic
phenotype of untreated cancer cells. We col-
lected conditioned medium (CM) from senes-
cent cells and then incubated untreated GBM
cells with the CM. As shown in Figure 4F, CM
from dbcAMP-treated cells increased the extra-
cellular acidification rate (ECAR) of tumor cells,
indicating the pro-Warburg effect. The increase
in the ECAR was reversed by inhibitors of JAK2
and STAT3 downstream of IL-6 (NVP-BSK805
and BP-1-102) (Figure 4G and 4H), indicating
that the pro-Warburg effect is attributed to IL.-6
pathway activation.

To further clarify the glycolysis related genes
regulated by IL-6/STAT3 signal activation, we
performed GSEA from the RNA-seq data and
found significant positive-correlated glycolysis
induced by dbcAMP alongside the treatment
time (Figure 41). A series of glycolytic enzyme-
encoding genes were significantly upregulated
after dbcAMP-treatment, including hexokinase
2 (HK2), glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) and so on (Figure 4J).

In summary, we demonstrate that IL-6, secret-
ed by senescent cells, regulates glycolysis in
GBM cells through the classical downstream
molecule STAT3 and may work via upregulating
the expression of glycolytic enzyme-encoding
genes.

IL-6 secretion from senescent GBM cells in-
duced by TMZ facilitates the glycolytic pheno-
type of GBM cells

TMZ, a DNA-alkylating agent, is the firstline
chemotherapeutic drug for GBM. In clinical
practice, substantial resistance is frequently
observed. We thus explored whether TMZ could
induce cell senescence and thus potentiate
glycolysis in GBM cells, which may account for
therapy resistance. As shown in Figure 5A and
5B, TMZ remarkably induced the senescence
of DBTRG cells and the secretion of IL-6. More-
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Figure 2. cAMP activation induces the senescence of cultured GBM cell lines and patient-derived GBM cells. (A, B) Proportion of EdU-positive DBTRG and U87
cells. (C) The bright-field images of B-Gal activity staining. Cells with blue staining were considered senescent. Scale bar, 250 ym. (D) The statistical data of SA-B-
gal-positive cells. (E) Protein expression of senescence biomarkers, including H3K9me3, histone H2A.X (phosphorylated S139), total H2A.X, DEC1 and HMGB1, in
DBTRG and U8T7 cells, as detected by western blot analysis. (F) Expression of proteins involved in senescence-inducing pathways, including p16, p21, CDK2, CDK4,
CDKB6, cyclin E, and cyclin D1, phosphorylated and total Rb in DBTRG and U87 cells, as detected by western blot analysis. (G) The bright-field images of B-Gal activity
staining. Cells with blue staining were considered senescent. Scale bar, 250 um. DBTRG cells, U87 cells and primary patient-derived GBM cells were treated with 1
mM dbcAMP for 1, 2, 3 and 4 days and then subjected to FCM (A), B-gal activity staining analysis (C and G), and western blot analysis (E and F).
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Figure 3. The accumulation of ROS derived from enhanced mitochondrial function accounts for senescence induction and proliferation inhibition by dbcAMP. (A)
Time-dependent effect of dbcAMP treatment on the OCR. DBTRG Cells were treated with 1 mM dbcAMP for 2, 3 and 4 days. U87 Cells were treated with 1 mM db-
cAMP for 1, 2 and 3 days. OCR were monitored with the Seahorse XFe24 Analyzer in real time. Dotted lines indicate incubation of cells with the indicated compounds.
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after 1 mM dbcAMP treatment for 3 days (C). (D) Antimycin, as inhibitor of mitochondria respiratory chain, reversed the increased ROS level by dbcAMP. DBTRG and
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mM dbcAMP and/or NAC (2 or 3 mM) and then subjected to FCM (E), clone formation assays (F), SA-B-gal activity analysis (H) and western blot analysis (l).
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over, CM from TMZ-induced senescent cells
enhanced the glycolytic capacity of DBTRG ce-
lls as did dbcAMP, which was reversed by the
STAT3 inhibitor BP-1-102 (Figure 5C). All these
data suggest that TMZ enhances the glycolytic
phenotype of GBM cells by inducing TIS, in
which IL-6 plays a predominant role.

The IL-6 receptor antibody cooperates with
TMZ to prolong the survival time of mice

Based on the effects of cAMP signal activators
or TMZ on senescence and IL-6 secretion men-
tioned above, we further evaluated the antitu-
mor activity of these two groups of agents com-
bined with the IL-6 receptor antibody in vivo. In
the GSC-derived GBM xenograft model, dbc-
AMP and the PDE inhibitor luteolin (dL) were
used as cAMP signal activators, TMZ was used
as the classic chemotherapeutic drug for GBM,
and a clinical drug for rheumatoid arthritis, TCZ,
was used as the IL-6 receptor antibody. The
treatment schedule is shown in Figure 6A. As
shown in Figure 6B, dL alone, TMZ alone and
TCZ alone significantly repressed tumor grow-
th, and the effects of dL and TMZ were much
stronger than those of TCZ. However, regarding
tumor size, TCZ was not synergistic with dL or
TMZ. Body weight was also measured, and no
difference between any group was observed,
indicating the safety of each drug alone and the
combination treatment (Figure 6C). In addition,
all the treatment groups demonstrated an
increase in SA-B-gal activity and a decrease in
the number of Ki-67-positive cells (Figure 6D
and 6E), suggesting the induction of senes-
cence and the inhibition of proliferation by the
therapeutic agents in vivo. Consistent with the
data showing tumor size alterations, TCZ did
not potentiate the prosenescent or antiprolif-
erative activity of dL or TMZ (Figure 6E).

We then used patient-derived GSCs to estab-
lish an orthotopic GBM model and adminis-
tered the same regimen as in the subcutane-
ous xenograft model (Figure 6F). Notably, dL
treatment significantly prolonged the survival
time compared with the vehicle, while TCZ did
not potentiate this effect. Intriguingly, TMZ
alone did not alter the survival time of mice,
while TCZ combined with TMZ markedly pro-
longed the survival time compared with TMZ or
TCZ alone (Figure 6G).
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In summary, the IL-6 receptor antibody TCZ
does not enhance the antitumor activity of
cAMP activators or TMZ in the subcutaneous
GBM model, while TCZ, but not cAMP activa-
tors, significantly synergizes with TMZ to pro-
long the survival time of mice bearing orthotop-
ic GBM. These data imply that the SASP, similar
to IL-6, promotes tumor progression by influ-
encing the systemic microenvironment.

Discussion

At present, GBM is a major refractory disease
that remains a serious hazard to human health.
Therefore, it is quite urgent to better under-
stand its molecular biology, microenvironment
effect and immune interaction with the host.
The preliminary work of our research group
revealed that activation of the cAMP/PKA path-
way reverses the Warburg effect by facili-
tating the mitochondrial biogenesis and ulti-
mately directs GBM cells to differentiate in-
to astrocyte-like cells [14]. In this study, we
found that the fate of DBTRG and U87 GBM
cells undergoing differentiation by dbcAMP is
senescence attributed to enhanced oxida-
tion phosphorylation and mitochondria-derived
ROS production. As with dbcAMP treatment,
TMZ, the first-line drug for GBM, also induced
the senescence of GBM cells. In vitro, senes-
cent cells induced by both agents secreted IL-6,
which enhances glycolysis in GBM cells. In vivo,
the survival time of TMZ-treated mice was pro-
longed by the antibody targeting the IL-6 recep-
tor tocilizumab (Figure 7). Our data strongly
support that TIS potentiates the glycolysis of
GBM cells via IL-6 and thus provide a scientific
rationale for reversing resistance to the GBM
therapeutic drug TMZ.

Senescence is one manner by which cells
defend against cancer after cellular DNA repair
and apoptosis and is characterized by cell cycle
arrest and expression of the SA-B-gal pheno-
type and the SASP. TIS is currently considered a
potential strategy for cancer therapy by virtue
of the suppressive mechanism of tumorigene-
sis and subsequent clearance by immune cells
[31]. In GBM cell lines and patient-derived GBM
cells, we found that the differentiation-inducing
agent dbcAMP is a senescence inducer. The
molecular pathway that activates senescence
coverage is p16, not the p21 tumor suppressor
pathway. Primarily, oxidative stress induced by

Am J Cancer Res 2021;11(2):458-478
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Figure 4. The cAMP-induced SASP factor IL-6 facilitates the glycolytic phenotype of GBM cells. (A) A volcano plot of
differentially expressed transcripts between control and dbcAMP-treated DBTRG and U87 cells. The arrow indicates
the differentially expressed IL-6 gene. (B) IL-6 mRNA expression and overall survival were analyzed in glioma and
GBM patients. Data were obtained from The Cancer Genome Atlas (TCGA) database and analyzed by cBioPortal
for Cancer Genomics. (C) Relative mRNA levels of IL-6 by real-time qPCR in DBTRG and U87 cells treated with db-
cAMP (1 mM) for 6, 12, 24, 48 and 72 hours. (D and E) IL-6 protein levels secreted by DBTRG and U87 cells (D) or
patient-derived primary GBM cells (E) treated with dbcAMP (1 mM) for 24, 48, 72 and 96 hours, as determined by
ELISAs. (F) Effects of conditioned medium from dbcAMP-treated cells (CMdb) for 3 days on the ECAR. The ECAR
was monitored by using the Seahorse XFe24 Analyzer in real time. (G) Effects of the JAK2 inhibitor NVP-BSK805 (5
UM) on the increased ECAR induced by CMdb. (H) Effects of the STAT3 inhibitor BP-1-102 (5 uM) on the increased
ECAR induced by CMdb. In (F-H), DBTRG cells were pretreated with or without NVP-BSK805 or BP-1-102 for 1 day
and then co-incubated with CMdb for an additional 2 days. (I) GSEA analysis of glycolysis gene sets. Results with
P<0.05, FDR<0.25 represents that the difference was statistically significant. NES>0, represents that pathway was
directly proportional to the treatment time of dbcAMP. (J) Heatmap of the glycolysis related genes in the U87 cells.
The gene expression of U87 cells treated with 1 mM dbcAMP at O, 6, 12, 24, 48 hours were plotted. The expression
abundance of each gene was scaled among five time point.
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Figure 5. The TMZ-induced SASP factor IL-6 facilitates the glycolytic phenotype of GBM cells. A. Effects of TMZ on
SA-B-gal activity in DBTRG cells. DBTRG cells were treated with 100, 200, 400 yM TMZ for 7 days and then stained
with SA-B-gal. Cells with blue staining were considered senescent. Scale bar, 250 ym. B. IL-6 protein levels secreted
by DBTRG cells with or without TMZ, as determined by ELISAs. C. Effects of CM-TMZ and/or BP-1-102 (5 uM) on the
ECAR in DBTRG cells. DBTRG cells were pretreated with or without BP-1-102 for 1 day and then coincubated with
CM-TMZ for an additional 2 days. The ECAR was monitored by using the Seahorse XFe24 Analyzer in real time.

dbcAMP activates these key tumor suppressor
pathways, leading to cell cycle arrest, followed
by senescence. The chemotherapy agent TMZ
was found to induce the senescence of GBM
cells, consistent with the result showing p21-
dependent senescence in glioma cells [32].
These data provide senescence induction as a
rational mechanism underlying the anti-GBM
activity of CAMP activators and TMZ.

Based on different microenvironments and
genetic backgrounds, senescence tends to be-
have as a double-edged sword owing to the
complexity of the SASP [13]. In one aspect, the
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SASP can reinforce the growth arrest of sen-
escent cells and facilitate the recruitment of
immune cells to remove senescent cells. In the
other aspect, some SASP factors support tu-
mor vascularization and induce epithelial-mes-
enchymal transition and cancer cell invasion.
Thus, senescence induction may provide a new
explanation for the drug resistance commonly
observed in TMZ therapy. To effectively over-
come this weakness, it is crucial to determine
the factors that contribute to the dark side of
senescence. In our study, we found that one
SASP factor (i.e., IL-6) was present at a high
level in dbcAMP- and TMZ-induced senescent

Am J Cancer Res 2021;11(2):458-478
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Figure 6. Therapy-induced tumor growth inhibition and senescence in GBM xenograft models and TMZ plus the IL-6 receptor antibody prolong the survival time of
mice. A. The schematic drawing of treatment regimen in xenograft model. Nu/nu mice were subcutaneously inoculated with patient-derived GSCs. Nine days after
inoculation, mice were grouped into vehicle, dbcAMP plus luteolin (dL), TMZ, TCZ, dL plus TCZ and TMZ plus TCZ groups (n=5 mice/group). dbcAMP was intraperi-
toneally administered at a dosage of 20 mg/kg/day for 21 days, and luteolin was intraperitoneally administered at a dosage of 40 mg/kg/day for 21 days. TMZ
was intraperitoneally administered at a dosage of 50 mg/kg/day for the first 5 days. TCZ was intravenously injected at a dosage of 100 mg/kg/week for a total of 3
doses. B and C. Tumor images and tumor volume statistics were obtained from mice after sacrifice, and the body weights of the mice were monitored every 3 days.
D and E. Images and statistical data of SA-B-gal-activated and Ki-67-positive cells. Tumor tissues were evaluated by SA-B-gal activity analysis and immunohistochem-
istry for Ki-67. Scale bar, 50 um. F. The schematic drawing of treatment regimen in orthotopic model. Nu/nu mice were intracranially inoculated with GSCs. Three
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days after inoculation, mice were grouped into vehicle (n=8 mice/group), dL (n=10), TMZ (n=9), TCZ (n=9), dL plus
TCZ (n=9) and TMZ plus TCZ (n=9) groups. dbcAMP was intraperitoneally administered at a dosage of 20 mg/kg/
day until the occurrence of death, and luteolin was intraperitoneally administered at a dosage of 40 mg/kg/day until
the occurrence of death. TMZ was intraperitoneally administered at a dosage of 50 mg/kg/day for the first 5 days.
TCZ was intravenously injected at a dosage of 100 mg/kg/week until the occurrence of death. G. Antitumor activity
in the orthotopic GBM model. Survival curve and Kaplan-Meier an alyses were conducted.

GBM cells undergoing therapy-induced senescence

. L
™ L
L6 ° v ®
Antibody against IL-6 receptor

/IL6 receptor

Glycolysis enhance ent
haracterized by increased ECAR

GBM cells neighboring senescent cells

Figure 7. A schematic model. Therapy-induced senescent cells secreted IL-
6, which activates IL-6 receptor/STAT3 signal and then enhances glycolysis
characterized by increased ECAR in GBM cells. Neutralization of IL-6 receptor
can hamper the glycolysis enhancement induced by IL-6.

found that elevated levels of
IL-6 contribute to the glycolyt-
ic phenotype in GBM cells, in
agreement with data show-
ing the glycolysis-stimulating
activity induced by the IL-6/
GP130/STAT3 signaling path-
way in pancreatic cancer [34]
and data showing elevated
glucose consumption and lac-
tate production by IL-6 treat-
ment in GBM cells [35]. These
results support persistent IL-
6 signaling as a viable thera-
peutic target for GBM using
IL-6 signal inhibitors.

By miningthe RNA-sequencing
data in U87 cells, we find that
the gene cluster of glycolysis

cells. Inhibitors targeting JAK2 and STAT3 do-
wnstream of IL-6 reversed the proglycolytic
activity of CM from dbcAMP- and TMZ-treated
GBM cells, indicating that IL-6 can enforce
tumorigenesis in an autocrine and/or paracrine
manner. In an animal model, TMZ combined
with the IL-6 receptor antibody tocilizumab
prolonged the survival time of mice bearing
intracranial GBM compared with TMZ alone,
further supporting the dark role of IL-6 in the
cancer microenvironment and the potential for
targeting the IL-6 signaling pathway as a TMZ
synergist.

IL-6 is a well-studied molecule that is identified
as an inflammatory cytokine, a proliferation-
promoting factor and an angiogenesis factor. It
is highly expressed in several cancers, such as
colorectal cancer, breast cancer, prostate can-
cer, ovarian carcinoma, pancreatic cancer, lung
cancer, and renal cell carcinoma, which are
associated with aggressive tumor growth and
response to therapies [33]. Through data min-
ing, we found that a high level of IL-6 in GBM, is
associated with a poor prognosis, consistent
with data on other cancer types. In addition, we
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was significantly upregulated,

including some key glycolytic
enzymes such as hexokinase 2 (HK2) and glyc-
eraldehyde 3-phosphate dehydrogenase (GAP-
DH). But it is needed to further elucidate if
these genes are directly controlled by STAT3. In
human multiple myeloma cells, we also mine
the transcriptome data (GSE115558) [36], and
find that the transcriptional expression of these
two enzymes were also positively related with
IL-6, in consistent of the result in U87 cells.
These facts demonstrate that the IL-6 acts on
transcription factor STAT3 and then might
upregulate the expression of glycolytic enzymes
accounting for the pro-glycolysis effect.

In this study, we observed seemingly inconsis-
tent results between the subcutaneous GBM
model and the intracranial model. In the sub-
cutaneous GBM model, the IL-6 receptor anti-
body tocilizumab did not cooperate with TMZ to
induce a stronger effect on diminishing tumor
size. However, in the intracranial model, tocili-
zumab plus TMZ significantly prolonged the sur-
vival time compared with tocilizumab or TMZ.
These results suggest that IL-6 promotes
tumorigenesis not by directly stimulating cell
growth but by influencing systemic metabolism

Am J Cancer Res 2021;11(2):458-478
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in GBM. In addition, we demonstrated that to-
cilizumab did not improve the survival time of
mice treated with dbcAMP plus luteolin. We
speculate that there are other factors involved
in cAMP-induced senescence in addition to IL-6
that contribute significantly.

Kirkland and Tchkonia found that the FDA-
approved chemotherapy drug dasatinib elimi-
nated senescent human fat cell progenitors,
while the plant-derived health-food supplement
quercetin was more effective against senes-
cent human endothelial cells and mouse bone
marrow mesenchymal stem cells (BM-MSCs)
[37]. A recent study demonstrated that a series
of small molecular compounds, such as BCL-2
family inhibitors, could kill senescent hemato-
poietic stem cells [38]. As a result, the clear-
ance of senescent glial cells can prevent tau-
dependent pathology and cognitive decline
[39], and the clearance of senescent cells
seemed to extend the lifespan of normally
aging mice by delaying tumorigenesis and
improving the age-related deterioration of sev-
eral organs, including the kidney, heart and fat
[40]. These results demonstrate the possibility
of adding specific agents targeting senescent
cells on the basis of senescence inducers for
the treatment of cancer and other aging-relat-
ed diseases. In the future, the combination of
differentiation inducers and/or traditional che-
motherapeutics with senescence scavengers
could be developed into a strategy for maximiz-
ing antitumor effects.

In summary, our data suggest that ROS deriv-
ed from enhanced oxidative phosphorylation
mediate cAMP-induced cell cycle arrest and
senescence. Furthermore, we show that IL-6 is
a key SASP factor secreted from therapy-
induced GBM senescent cells that mediates
glycolysis enhancement by CM from senescent
cells. Targeting IL-6 abrogates the enhanced
glycolysis-promoting activity in vitro and pro-
longs the survival time in combination with TMZ
in vivo, thus providing a novel target for improv-
ing the prognosis of GBM patients with TMZ
treatment.
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