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B-elemene promotes the senescence of glioma cells
through regulating YAP-CDK6 signaling
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Abstract: Glioma is currently the most widespread and malignant primary intracranial tumor, which is characterized
by high heterogeneity and high fatality rates. B-elemene, which is a bioactive compound extracted from a Chinese
herb, Curcuma wenyujin, has been reported to reduce resistance of chemotherapeutic drugs and induce apoptosis
in tumor cells. However, the role and mechanisms of B-elemene in glioma senescence remains unknown. In the
present study, we found that a low concentration of B-elemene (10 yg/mL) induced senescence in glioma cells, in-
cluding reduction of cell proliferation, hypertrophic morphology, increase of senescence-associated -galactosidase
(SA-B-Gal) activity, upregulation of several senescence-associated genes such as p16, p53 and NF-kB, and down-
regulation of Lamin B1. However, a high concentration of B-elemene induced apoptosis in glioma cells. Treatment
with B-elemene caused a marked down-regulation of Yes-associated protein (YAP) expression in glioma cells, which
is a key transcriptional co-activator in multiple cancers. Moreover, cyclin dependent kinase 6 (CDK6), which is a
known downstream target of YAP, was decreased in glioma cells that treated with B-elemene. The overexpression
of YAP and CDK® significantly rescued B-elemene-induced senescence in glioma cells. Finally, B-elemene treatment
also induced the senescence of glioma cells in glioma xenograft model through inactivation of YAP-CDK6 pathways,
which might inhibit the glioma growth. Taken together, these results reveal a previously unknown role of B-elemene
in glioma cell senescence in vitro and in vivo that is associated with YAP-CDK6 signaling pathway, which will en-
hance our understanding of glioma cell senescence, and provide novel strategies for the treatment of gliomas.
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Introduction

Gliomas are the most widespread intracranial
tumors of the nervous system, accounting for
81% of malignant brain tumors [1]. Gliomas are
characterized by diffuse infiltration into the
brain and a pronounced genetic heterogeneity
[2, 3]. Current therapies do not effectively
relieve disease symptoms and patients have a
poor prognosis, with a 5-year relative survival
of ~5% [4-6]. To date, the development of new
drugs and strategies to cure gliomas has been
a critical issue and with huge challenges.

Increasing studies have revealed that the
induction of senescence in cells, which pre-

vents cell cycle progression by effectively block-
ing cell proliferation, could be an ideal thera-
peutic strategy to combat gliomas [7].
Senescence is essentially a state of cell cycle
arrest, with limited cell proliferation, but meta-
bolic and immune functions still occur. Sene-
scent cells are larger and flatter, exhibit in-
creased SA-B-Gal activity, and secrete factors
of senescence-associated secretory pheno-
type (SASP), such as growth modulators and
chemokines, proinflammatory cytokines, angio-
genic factors, and matrix metalloproteinases
(MMPs) [8]. p53/p16 are well-known key signal-
ing components of cellular senescence [9]. In
addition, although certain senescence-trigger-
ing compounds have received FDA approval,
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including CDK4/6 inhibitors such as abemaci-
clib, palbociclib, and ribociclib [10, 11], a few
traditional Chinese drugs have been developed
to induce senescence of glioma.

B-elemene, which is a bioactive compound
extracted from Curcuma wenyujin, can improve
the clinical efficacy and survival rate of patients
diagnosed with glioma [12, 13]. As a noncyto-
toxic Class Il anti-tumor drug, B-elemene have
been demonstrated to affect cell autophagy
and apoptosis in various types of cancer includ-
ing glioma [7, 14]. However, whether B-elemene
can induce senescence in glioma cells and the
underlying mechanisms remain unknown.

YAP is a key transcription co-activator of the
Hippo pathway, which plays crucial roles in
regulating organ sizes, cell proliferation, and
tumor metastasis [15, 16]. YAP is also involv-
ed in the regulation of aging response in tis-
sues and cells. In Werner syndrome (WS), loss
of WRN protein activity triggers formation of a
complex between YAP and PML, which partici-
pates in the activation of p53 and accelerates
senescence of WS-derived fibroblasts [17]. In
osteoarthritis, YAP plays a key role in maintain-
ing the vitality of human mesenchymal stem
cells (hMSCs) and knockout of YAP in hMSCs
causes premature cellular senescence [18].
Knockdown of YAP inhibits cell proliferation
and accelerates senescence in stem cells from
apical papilla (SCAPs) [19]. In addition, cyclin
dependent kinases, CDK4/6 are the key mole-
cules responsible for regulating cell cycles that
determine whether cells proliferate [20]. FDA-
approved CDK4 and CDKG6 inhibitor, palbociclib,
reduces the phosphate-RB levels in adrenal
small cell carcinoma cells, which in turn induc-
es cell cycle arrest and aging [21]. Previous
studies have revealed that YAP controls cellular
senescence by transcriptionally regulating the
expression of its downstream molecule, CDK6
in pl6/p53-dependent manner [22, 23].
However, the involvement of YAP-CDK6 path-
way in senescence of glioma cells remains
unknown.

Through in vitro and in vivo experiments, the
present study demonstrated that B-elemene
inhibited cell proliferation, slowed down tumor
growth, and caused cellular senescence in glio-
ma cells by inactivation of the YAP-CDKG6 signal-
ing pathway, which provides novel insights into
the application of traditional Chinese medicine
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such as f-elemene in the treatment of
gliomas.

Materials and methods
cDNA constructs

YAP-Flag (https://www.addgene.org/66853/)
and pcDNA3.1-CDK6 (http://www.addgene.
org/75170/) constructs were purchased from
Addgene. The constructs were verified by
sequencing and used for over-expression and
rescue experiments.

Cell culture and transfection

Glioma cell lines C6, DBTRG-05MG (DBTRG),
and U87MG (U87) were supplied by Pro. Maojin
Yao (Guangzhou Medical University, Guangzhou,
China). C6 cells were grown in DMEM/F-12
(Gibco), supplemented with 10% FBS (Gibco)
and 1% penicillin/streptomycin (Gibco). UB7MG
cells were grown in DMEM (Gibco), supple-
mented with 10% FBS (Gibco) and 1% penicil-
lin/streptomycin (Gibco). DBTRG-05MG cells
were grown in RPMI-1640 medium supple-
mented with 10% FBS (Gibco), and 1% penicil-
lin/streptomycin (Gibco). All cells were cultured
in a humidified atmosphere of 5% CO, at 37°C.

Appropriate plasmids (2 pg per 35-mm dish)
were transfected into the cells using
Lipofectamine™ 3000 transfection reagent
(L3000-015, Invitrogen) according to the man-
ufacturer’s protocol. Cells were used for subse-
quent experiments 48-72 h after transfection.

Drugs

B-elemene (>98%) (#E4418) was purchased
from Dalian Jingang Pharmaceuticals, Ltd.
(Liaoning, China). A stock solution of 100 mg/
mL was prepared in ethanol and stored at -4°C
[14, 24].

SA-B-Gal staining

A SA-B-Gal staining kit (G1580, Solarbio,
Beijing, China) was used to evaluate senes-
cence of C6 or DBTRG cells according to the
manufacturer’'s instructions as previously
described [25, 26]. SA-B-Gal-positive cells dis-
played blue signals. The ratio of the number of
SA-B-Gal-positive (blue) cells versus to the
number of total cells was calculated as the a
percentage of SA-B-Gal-positive cells [27].
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Cell counting kit-8 (CCK-8) assay

Cell viability was measured using CCK-8 cell
counting kit (A311-01/02, Vazyme Biotech,
Nanjing, China) as previously described [28].
Cells were seeded into 96-well plates at a den-
sity of approximately 2,000 cells per well and
cultured for 24-48 h. Subsequently, 10 ul
CCK-8 solution was added to each well and
incubated at 37°C for 2 h. The optical density
of cells was measured at a wavelength of 450
nm using a microplate reader (Varioskan Flash,
Thermo scientific, Waltham, MA, USA).

Western blotting

Western blotting was carried out as described
previously [29]. C6, DBTRG or US87MG cells
were lysed using ice-cold RIPA Buffer (PO013B,
Beyotime, Shanghai, China) and incubated at
4°C for 30 min. After centrifugation at 12,000
x g for 30 min, proteins were extracted with
5 x |oading buffer and boiled at 100°C for 8-10
min. The protein samples were subsequently
separated using 10-12% sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to nitrocellulose mem-
branes (Life sciences, Piscataway, NJ, USA).
After blocking in TBST containing 5% skimmed
milk for 1 h, immunoblots were incubated with
different primary antibodies overnight at 4°C.
Primary antibodies included rabbit anti-cas-
pase-3 [#13008, Cell Signaling Technology
(CST), 1:1,000], rabbit anti-cleaved caspase-3
(#9579, CST, 1:1,000), rabbit anti-Lamin B1
(@b16048, Abcam, 1:1,000), rabbit anti-p53
(bs-2090R, Bioss, 1:1,000), rabbit anti-NF-«kB
(@b16502, Abcam, 1:1,000), rabbit anti-p-YAP
(#13008, CST, 1:1,000), mouse anti-YAP
(WHO0010413M1, Sigma-Aldrich, 1:1,000),
mouse anti-CDK6 (#3136T, CST, 1:1,000),
mouse anti-B-actin (A5316, Sigma-Aldrich, WB
1:10,000) or rabbit anti-GAPDH (#2118, CST,
1:5,000) used as a loading control was de-
tected alongside the experimental samples.
Subsequently, the membranes were washed
three times with TBST and incubated with
horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies for 1 h. The protein signals
were detected using ECL detection kit (Bio-
Rad, Hercules, CA, USA) after washing the
membranes three times with TBST. Blots were
analyzed using Quantity One software (Bio-
Rad, Hercules, CA, USA).
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Immunocytochemistry

Immunofluorescence staining and quantitative
analyses were performed as described previ-
ously [30]. Cells were rinsed once with PBS
and fixed in 4% paraformaldehyde for 20 min.
Afterward, cells were permeabilized with 0.1%
Triton X-100 for 5 min and then blocked in
PBS containing 5% bovine serum albumin (BSA)
at room temperature for 1 h. Subsequently,
cells were incubated with primary antibodies
at 4°C overnight, washed 3 times with PBS
and incubated with secondary antibodies at
room temperature for 1 h. The primary antibod-
ies included rabbit anti-cleaved caspase-3
(#9579, CST, 1:200), rabbit anti-Lamin B1
ab16048, Abcam, 1:200), mouse anti-PH3
ab14955, Abcam, 1:2,500), rabbit anti-Ki67
AB9260, Millipore, 1:200) and mouse anti-YAP
WH0010413M1, Sigma, 1:1,000). The sec-
ondary antibodies included anti-rabbit Alexa
Fluord88 (A21206, Invitrogen, 1:1,000), anti-
rabbit Alexa Fluor546 (A10040, Invitrogen,
1:1,000), anti-mouse Alexa Fluor488 (A21202,
Invitrogen, 1:1,000) and anti-mouse Alexa
Fluor546 (A10036, Invitrogen, 1:1,000). Cells
were mounted on glass slides after washing
three times with PBS. Images were acquired
using a fluorescence microscope (Nikon, Tokyo,
Japan) or Olympus SLIDEVIEW™ VS200 micro-
scope (Olympus, Japan) and analyzed using
Image J software.

P

Quantitative real-time PCR (QRT-PCR)

Total RNA was extracted from cells using
TRIzOITM reagent (#15596026, Ambion,
Shanghai, China) according to the instructions
provided by the manufacturer to evaluate
MRNA expression levels. A total of 2 yg RNA
was transcribed into cDNA using a Super-
Script™ One-Step Reverse Transcription Kit
(#10928-034, Invitrogen). The expression lev-
els of mMRNA were quantified using the iTag™
Universal SYBR® Green Supermix (#172-5122,
Bio-Rad) on a real-time PCR detection System
(Applied Biosystems, Alameda, CA, USA). The
relative mRNA levels were quantified using the
iTag™ Universal SYBR® Green Supermix (#172-
5122, Bio-Rad) on a real-time PCR detection
System (Applied Biosystems, Alameda, CA,
USA) and were presented as ACt = Ct gene - Ct
reference, and the fold change of gene expres-
sion was calculated using the 222°t method.
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B-actin was used as the endogenous control.
The primers used in this study were synthe-
sized by Shanghai Sangon Biotech and pre-
sented as follows: p16, 5-TGCAGATAGACTAG-
CCAGGGGA-3’ and 5’-CTTCCAGCAGTGCCCGCA-
3’ [31]; p21, 5-GTGAGACACCAGAGTGCAAGA-3’
and 5-ACAGCGATATCGAGACACTCA-3' [32];
p53, 5-CACAGTCGGATATGAGCATC-3’ and 5™-
GTCGTCCAGATACTCAGCAT-3’ [32]; IL-1B, 5-
TACCTATGTCTTGCCCGTGG-3’ and 5-TAGCAG-
GTCGTCATCATCCC-3’ [32]; IL-6, 5-CTGCTCT-
GGTCTTCTGGAGT-3" and 5-TGGAAGTTGGGGT-
AGGAAGG-3’ [32]; IL-10, 5-AGACCCACATGC-
TCCGAGAG-3' and 5-GGGCATCACTTCTACC-
AGGT-3' [32]; TNF-a, 5-TCCCAACAAGGAGG-
AGAAGT-3’ and 5-TGGTATGAAGTGGCAAATCG-
3’ [32]; NF-kB, 5-CATCCACCTTCATGCTCAGC-
3’ and 5-CCACCACATCTTCCTGCTTG-3' [32];
MMP-2, 5-CAACGGTCGGGAATACAGCA-3’ and
5-AGGCCATGGGTTGGATCTTCA-3’ [33]; MMP-
9, 5-AACGTCTTTCACTACCAAGACAAG-3’ and
5-TTGTGGAAACTCACACGCCA-3' [33]; B-actin,
5-AAGTCCCTCACCCTCCCAAAAG-3* and 5-
AAGCAATGCTGTCACCTTCCC-3’ [34].

In vivo glioma model and administration of
B-elemene

Six-week-old BALB/C-nude male mice weighing
approximately 18 g were purchased from
GemPharmatech Co., Ltd. (Nanjing, China). A
total of 3 x 108 C6 cells were suspended in
serum-free DMEM medium and inoculated sub-
cutaneously into nude mice. Mice were ran-
domly divided into two groups: the vehicle
control group and the B-elemene group. Mice
were intraperitoneally injected with vehicle con-
trol or 100 mg/kg/d B-elemene, respectively.
Tumor size was measured after every 3 days
to evaluate tumor growth. Tumor volume was
calculated as follows: Tumor volume = (tumor
length)?> x tumor width x 0.5. All nude mice
were euthanized 23 days after injection with
the drug.

Statistical analysis

Data values were expressed as mean + stan-
dard error of the mean (SEM), which was
derived from at least three independent experi-
ments. Student’s t-test or analysis of variance
(ANOVA) was used to compare means between
groups and statistical analyses were performed
using GraphPad Prism software (GraphPad
Software, Inc., CA, USA). A P value of < 0.05
was considered statistically significant.
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Results

Low concentration of B-elemene promotes pre-
mature senescence of C6 cells

Cell growth was initially evaluated using C6
cells, a glioma cell line to determine the effects
of B-elemene on glioma cells. The growth of C6
cells was inhibited in a concentration-depen-
dent and time-dependent manner (Figure 1A).
In addition, when the C6 cells were treated
with B-elemene at a concentration of 50 g/
mL for 1 day, the cells began to die, and cell
death was more pronounced when cells were
treated with B-elemene at a concentration of
100 pg/mL for 2 days (Figure 1A). Afterward,
cell viability of glioma cell lines, U87, DBTRG
and C6 cells treated with B-elemene for 1 day
was examined using CCK-8 assay. The cell via-
bility of U87, DBTRG and C6 cells was signifi-
cantly decreased in a dose-dependent manner
(Figure 1B-D). The effects of B-elemene on C6
cell senescence were investigated because
cell growth inhibition is one of the key features
of senescent cells. Results of SA-B-Gal stain-
ing to detect SA-B-Gal activity, which is a com-
mon standard method for detecting senes-
cence [35], revealed that the percentage of
SA-B-Gal positive C6 cells was significantly
increased by B-elemene treatment in a dose-
and time-dependent manner, with the highest
effect recorded at a concentration of 10 ug/
mL for 2 days (Figure 1E, 1F). Furthermore, the
percentages of SA-B-Gal positive C6 cells were
decreased at concentrations of 50 yg/mL and
100 pg/mL for 2 days, and were lower than the
percentage recorded at a concentration of 10
pug/mL for 2 days, which might be due to an
increase in cell death (Figure 1E, 1F). There-
fore, a concentration of 10 ug/mL B-elemene
was considered as an appropriate concentra-
tion for inducing C6 cell senescence. C6 cells
were treated with B-elemene at different time
intervals to establish the optimal action time of
B-elemene. Cells began to die when C6 cells
were treated with 10 ug/mL B-elemene for
more than 2 days (Figure 1G). Therefore, a con-
centration of 10 yg/mL B-elemene for 2 days
was selected as the optimal condition for inves-
tigating cell senescence in subsequent experi-
ments. The percentage of SA-B-Gal positive C6
cells was approximately 70% at the optimal
concentration (Figure 21H, 1l). Overall, the
results suggested that a low concentration of
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Figure 1. B-elemene promoted the premature senescence of C6 cells. (A) Representative images of C6 cells in the
bright field treated with control or different concentrations of B-elemene for 1 day or 2 days. (B-D) The effects of
B-elemene (treated at 10 ug/mL, 50 pyg/mL, 100 pug/mL and 200 pyg/mL for 1 day) on U87 (B), DBTRG (C) and C6
(D) cell viability detected by CCK8 (n=5). (E) Representative images of SA-B-Gal staining of C6 cells treated with
control or different concentrations of B-elemene for 1 day or 2 days. (F) Quantification of the percentage of SA-B-
Gal* C6 cells over total cells as shown in (E) (n=15). (G) Representative images of C6 cells in the bright field treated
with control or 10 pg/mL B-elemene for 1, 2, 4, 6, 8, or 10 days. (H) Representative images of SA-B-Gal staining of
C6 cells treated with control or 10 pg/mL B-elemene for 2 days. () Quantification of the percentage of SA-B-Gal* C6
cells over total cells as shown in (H) (n=15). d=day. Scale bars, 20 ym. Data were mean * s.e.m, P < 0.05, P <
0.01, ""P < 0.001.

B-elemene induced premature senescence in treated with B-elemene when compared to the
glioma cells. control cells (Figure 2A-C). Western blot results

revealed that the protein level of p53 treated
Low concentration of B-elemene induces with B-elemene was increased significantly,
changes in senescent makers in glioma cells whereas Lamin Bl expression was decreased

significantly (Figure 2D-F). Furthermore, immu-
Biochemical cellular analyses were performed nostaining results revealed a significant
to further investigate B-elemene-induced sene- decrease in Lamin B1 expression in C6 cells
scence in C6 cells. Cells exhibit increased treated with B-elemene (Figure 2G). Inhibition
expressions of p16, p21, and p53 [36-38], and of cell proliferation is one of the key character-
decreased expression of Lamin B1 during ag- istics of cell senescence. PH3 and Ki67 (a cell
ing [39, 40]. The mRNA levels of p16, p21, and marker of proliferation) staining showed that
p53 were significantly increased in C6 cells PH3 and Ki67 positive percentages were sig-
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Figure 2. Low concentration of 3-elemene induced the changes of senescence makers in glioma cells. (A-C) qPCR
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for 2 days. (D) Western blot detected the expression of p53 and Lamin B1 in C6 cells treated with control or 10 ug/
mL B-elemene for 2 days. (E, F) Quantification of Lamin B1 (E, n=7) and p53 (F, n=5) expression as shown in (D).
(G) Immunostaining analysis of Lamin B1 (green) in C6 cells treated with control or 10 ug/mL B-elemene for 2 days.
(H, J) Immunostaining analysis of PH3 (green) (H) and Ki67 (green) (J) in C6 cells treated with control or 10 uyg/mL
B-elemene for 2 days. (I, K) Quantification of the percentage of PH3* (1) or Ki67* (K) C6 cells over total cells as shown
n (H, J) (n=15). d=day. Scale bars, 20 ym. Data were mean * s.e.m, ‘P < 0.05, *"P < 0.01.

nificantly decreased by treated with 10 yg/mL ated with SASP, such as cytokines interleukin-
B-elemene for 2 days (Figure 2H-K), which indi- 1 (IL-1) and interleukin-6 (IL-6), pro-inflammato-
cated that cell proliferation was inhibited in C6 ry cytokine tumor necrosis factor-alpha (TNF-
cells treated with B-elemene. These results o), matrix metalloproteinase-2 (MMP2) and
suggested that a low concentration of B-ele- matrix metalloproteinase-9 (MMP9) [44], and
mene induced the changes of senescent mak- transcription factor, nuclear factor-kB (NF-kB)
ers in glioma cells. [45], usually are increased during cell senes-

cence. The mRNA levels of IL-1, IL-6, TNF-«,
NF-kB, MMP-2 and MMP-9 were significantly
increased in C6 cells after treatment with
The expression of SASP is a common outcome B-elemene (Figure 3A-F). Furthermore, the pro-
of cell senescence [41-43], and factors associ- tein level of NF-kB was significantly increased

Low concentration of B-elemene induces ex-
pression of SASP in glioma cells
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Figure 3. Low concentration of B-elemene induced the senescence-associated secretory phenotype in glioma cells.
(A-F) gPCR analysis of IL-1 (n=6), IL.-6 (n=3), TNF-a (n=6), NF-kB (n=6), MMP-2 (n=3) and MMP-9 (n=3) mRNA levels
in C6 cells treated with control or 10 ug/mL B-elemene for 2 days. (G) Western blot detected the expression of NF-kB
in C6 cells treated with control or 10 ug/mL B-elemene for 2 days. (H) Quantification of NF-kB expression as shown
in (G) (n=3). Data were mean + s.e.m.”P < 0.05, P < 0.01.

in C6 cells treated with B-elemene (Figure 3G,
3H). Taken together, these results further sug-
gested that a low concentration of 3-elemene
induced senescence in glioma cells.

Low concentration of B-elemene induces cell
senescence but does not cause apoptosis in
glioma cells

Anti-apoptosis is another characteristic of
senescent cells. Cell viability, western blot and
immunostaining analyses were performed to
determine whether C6 cell senescence induced
by B-elemene (10 pg/mL for 2 days) caused cell
apoptosis. No statistically significant differen-
ce was observed in cell viability of C6 cells
treated with B-elemene at a concentration of
10 yg/mL for 1 and 2 days (Figure 4A, 4B).
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Western blot analyses results revealed that
the protein level of Lamin B1 was decreas-
ed; however, cleaved-caspase-3 (c-caspase-3)/
caspase-3 level remained unchanged, indicat-
ing that cell apoptosis did not occur in these
senescent C6 cells (Figure 4C-E). In addition,
immunostaining of c-caspase-3 revealed that a
treatment of 10 ug/mL B-elemene for 2 days
did not increase the percentage of c-caspase-3
positive cells. Nevertheless, etoposide, a DNA-
damage drug [46], which can also be used to
induce cell senescence and has been demon-
strated to cause cell apoptosis at high concen-
trations [47], caused cell apoptosis in C6 cells
(Figure 4F, 4G). These results suggested that a
low concentration of B-elemene induced senes-
cence in glioma cells, but does not induce
apoptosis in glioma cells.

Am J Cancer Res 2021;11(2):370-388



B-elemene promotes glioma cells senescence

A 150+ B 150-
S 1001 P
H 2
g &
2 50 -
T o
Q Q
0 n 5
5
&
<) )
ﬁa&
<
C D E
& o
o - -
\‘o\ e@@ ® %
& & = [
C Q § 150 3 150
—25kD g o
IB:c-caspase-3 — pm— o g
o ]
3 100- 2 100
IB:caspase-3 W A o0 O o 3
c 2
. E ©
IB:Lamin B1 | — s 50 & 50
—70kD - @
8 o
=
o= 1)
. . I by
IB:B-actin -- _ 40 KD E 0 ) : oll |
N 2 = N
<& 5 S
& & ] & &
() '&G o (d) lé@
% ¥
F Merge c-caspase-3 DAPI G
5
S 4-
Q
2
12}
: 0
+_
a
o
3 8 2
£ + 7]
o @
i [
& 2
a
g 1
, . : o
n’/, T g A Ve A/- 7
..' » X
-g ‘ D \i [——oon=]
o] P P x & & F
e ; : & & o°
<% < g R
] g &
]

Figure 4. Low concentration of B-elemene induced senescence of glioma cells, but didn’t cause apparent cell apop-
tosis. (A, B) The effects of 10 ug/mL B-elemene for 1 day or 2 days on C6 cell viability detected by CCK8 (n=3). (C)
Western blot detected the expression of and c-caspase-3, caspase-3 and Lamin B1 in cells treated with control or
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10 ug/mL B-elemene at for 2 d. (D, E) Quantification of Lamin B1 and c-caspase-3/caspase-3 level as shown in (C)
(n=4). (F) Immunostaining analysis of c-caspase-3 (green) in C6 cells treated with control and 10 ug/mL B-elemene
for 2 days or with 12 uM etoposide for 1 day, and recovered for 4 days. (G) Quantification of the percentage of c-
caspase-3* C6 cells over total cells as shown in (F) (n=15). d=day. Scale bars, 20 um. Data were mean + s.e.m, ~P

<0.01, ""P < 0.001.

High concentration of B-elemene causes apop-
tosis in glioma cells coupled with cell senes-
cence

The percentage of SA-B-Gal positive C6 cells
was less than 40% when cells were treated
with 100 pg/mL B-elemene for 1 day (Figure
S1A, S1B), which could be due to cell death.
Western blot analyses revealed that treatment
with 100 pg/mL B-elemene decreased the
expression of Lamin B1, increased expression
of p53, and considerably increased the level of
c-caspase-3/caspase-3, which suggested that
a high concentration of [B-elemene induced
cell apoptosis coupled with cell senescence
(Figure S1C-F). Furthermore, the percentage of
SA-B-Gal positive C6 cells was similar to the
control when C6 cells were treated with
B-elemene at a concentration of 100 ug/mL for
2 days (Figure S1G, S1H). Western blot and
immunostaining results revealed that the
expression of Lamin B1 remained unchanged
in C6 cells treated with 100 ug/mL B-elemene
for 2 days (Figure S1l-L); however, immunos-
taining results revealed that the percentage of
c-caspase-3 cells was increased significantly
(Figure S1M, S1N). These results suggested
that a high concentration of B-elemene induced
cell apoptosis coupled with cell senescence in
glioma cells.

Low concentration of B-elemene promotes se-
nescence in other glioma cell lines

DBTRG cells were investigated to determine
whether (-elemene-induced C6 senescence
was also applicable to other glioma cell lines.
As expected, the percentage of SA-B-gal posi-
tive DBTRG cells was significantly increased to
approximately 50% when DBTRG cells were
treated with 10 ug/mL B-elemene for 2 days
(Figure 5A, 5B). Western blot results further
revealed that the protein level of Lamin B1 in
DBTRG cells treated with B-elemene was sig-
nificantly decreased (Figure S2A, S2B). In addi-
tion, the mRNA levels of p16, p21, p53, IL-1,
IL-6 and NF-kB were significantly increased in
C6 cells after treatment with 3-elemene (Figure
5C-H). These results suggested that a low con-
centration of B-elemene also induced the
senescence in other glioma cells, DBTRG cells.
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B-elemene promotes senescence in glioma
cells through inactivation of YAP-CDK6 signal-
ing in vitro

Previous studies have revealed that inhibition
of YAP-CDK6 signaling promotes senescence
in human fibroblast cells [22]. Therefore, we
subsequently investigated whether the YAP-
CDK6 signaling pathway mediated [-elemene-
induced senescence in glioma. As expected,
the protein levels of p-YAP, YAP, Lamin B1 and
CDK6 were decreased, whereas p53 expres-
sion was increased in [(-elemene-induced
senescent C6 cells (Figure 6A-F). The protein
levels of Lamin B1 and CDK6 were also
decreased in B-elemene-induced senescent
DBTRG cells (Figure S2A-C). Moreover, the
mRNA level of CDK6 was decreased in
B-elemene-induced senescent C6 cells (Figure
6G), suggesting that YAP-CDK6 pathway could
be involved in glioma senescence. To further
verify the hypothesis, we subsequently investi-
gated whether YAP overexpression in senes-
cent C6 cells could rescue B-elemene-induced
senescence. Results of the analyses revealed
that overexpression of YAP indeed rescued
B-elemene-induced inhibition of cell prolifera-
tion (Figure 7A-C) and senescence in C6 cells
(Figure 7D, 7E). Furthermore, overexpression of
YAP significantly rescued the decrease of
CDK6 and Lamin B1 expressions induced by
B-elemene treatment (Figure 7F-H). These
results suggested that overexpression of YAP
rescued B-elemene-induced senescence in gli-
oma cells. Similarly, overexpression of CDK6
rescued [-elemene-induced senescence in C6
cells (Figure 8A-C), and significantly rescued
B-elemene-induced decrease of Lamin B1
expression (Figure 8D-F). Taken together, these
results suggested that B-elemene induced
senescence in glioma cells through inactivation
of YAP-CDKG6 signaling pathway.

B-elemene induced the senescence in glioma
cells in vivo through inactivation of YAP-CDK6
signaling pathway.

In view of in vitro experiments showing the
effect of B-elemene on glioma cells, we further
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Figure 5. Low concentration of B-elemene promoted the senescence of DBTRG-05MG glioma cells. (A) Represen-
tative images of SA-B-Gal staining of DBTRG-05MG cells treated with control or 10 ug/mL B-elemene for 2 d. (B)
Quantification of the percentage of SA-B-Gal* C6 cells over total cells as shown in (A) (n=15). (C-H) gPCR analysis of
p16 (C, n=4), p21 (D, n=4) and p53 (E, n=5), IL-1 (F, n=3), IL-6 (G, n=5) and NF-kB (H, n=4) mRNA levels in C6 cells
treated with control or 10 ug/mL B-elemene for 2 days. Scale bar, 20 ym. Data were mean + s.e.m. "P < 0.05, P

<0.01, ""P < 0.001.

confirmed the effect of B-elemene in xenograft
glioma models. C6 glioma cells (3 x 10°) were
subcutaneously injected into nude mice, and
then the vehicle control or B-elemene (100
mg/kg) were injected intraperitoneally to treat
tumor-bearing mice for up to 23 days. Compar-
ed with the vehicle control group, glioma in the
B-elemene-treated group showed significant
growth inhibition (Figure 9A). Moreover, the
tumor size in the B-elemene-treated group was
significantly decreased, compared to the con-
trol group (Figure 9B). Consistent with the
results of in vitro experiments, the percentage
of SA-B-Gal-positive glioma cells was increas-
ed significantly by B-elemene treatment, com-
pared with the vehicle control group (Figure
9C, 9D). Furthermore, western blot showed that
the p-YAP, YAP, Lamin B1 and CDK6 pro-
tein expression levels were significantly de-
creased by B-elemene treatment, compared
with the vehicle control treatment group (Fi-
gure 9E-I). In addition, immunostaining also
showed that the immunofluorescence inten-
sity of Lamin Bl expression was significantly
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decreased by B-elemene treatment, compared
with the control treatment (Figure 9J). Taken
together, these results suggested that pB-
elemene treatment also induced the senes-
cence in glioma cells in vivo through inactiva-
tion of YAP-CKD6 signaling pathway, which
might be responsible for inhibition of glioma
growth.

Discussion

The present study revealed that [B-elemene
induced glioma senescence through inactiva-
tion of YAP-CDK®6 signaling both in vitro and in
vivo (Figure 10). This study has revealed a new
role and mechanisms of B-elemene in glioma
cell senescence, which will enhance our under-
standing of the mechanisms underlying glioma
senescence and provide novel ideas for glioma
treatment.

Notably, B-elemene is highly effective in clinical
application to treat a wide variety of tumors
[48-51]; however, several clinical and experi-
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Figure 6. Low concentration of B-elemene inactivated YAP-CDKG6 signaling in C6 glioma cells. (A) Western blot detect-
ed the expression of p-YAP, YAP, Lamin B4, p53 and CDK6 in C6 cells treated with control or 10 pg/mL B-elemene
for 2 days. (B-F) Quantification of relative p-YAP (B), YAP (C), Lamin B1 (D), p53 (E) and CDK6 (F) levels as shown in
(A) (n=3). (G) qPCR analysis of relative CDK6 mRNA level in C6 cells treated with control or 10 yg/mL B-elemene for
2 days (n=3). Data were mean + s.e.m, "P < 0.05, ""P < 0.001.

mental studies both in vivo and in vitro have
largely focused on the anti-proliferation func-
tions [52], pro-apoptotic effects [53], and how
to enhance radiotherapeutic [54] and chemo-
therapeutic sensitivity of [B-elemene [55].
Killing of glioma cells directly [2, 3] has not
yielded promising effects because gliomas
exhibit very strong heterogeneity. Considering
that cell proliferation is essential for tumorigen-
esis, blocking cell cycle progression and trig-
gering extensive senescence in glioma cells
could be beneficial in the prevention of cancer
development [7, 56, 571].

In the present study, we found that a low con-
centration of 3-elemene inhibited growth of gli-
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oma cells but did not affect its cell viability in
vitro. Multiple senescence markers have been
widely used to identify senescent cells (Vizioli &
Adams, 2016) [7, 58], including accumulating
[-galactosidase and cyclins such as p16, p21,
and p53 [36, 59]. SASP that is associated with
aging response is expressed after extensive
changes in genes such as inflammatory cyto-
kines and chemokines [60]. We found that the
expression of SASP genes (IL-1, IL-6, TNF-«,
NF-kB, MMP-2, MMP-9 and NF-kB) remarkably
increased upon treatment with (-elemene,
which implies that low concentration of B-
elemene induces senescence in glioma cells.
The present study also revealed that an apop-
totic phenotype in glioma cells was gradually
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Figure 7. Overexpression of YAP partially rescued the senescence phenotypes of C6 cells induced by B-elemene.
(A) The schematic of YAP transfection in senescent C6 cells. (B) Representative images of PH3 (green) staining of
control C6 cells, senescent C6 cells (treated with 10 ug/mL B-elemene for 2 days) without transfection, or senes-
cent C6 cells (treated with 10 ug/mL B-elemene for 2 days) transfected with Flag or YAP-Flag plasmid (YAP-Res). (C)
Quantification of the percentage of PH3* cells over total cells as shown in (B) (n=15). (D) Representative images of
SA-B-Gal staining of C6 cells under various conditions. (E) Quantification of the percentage of SA-B-Gal* cells over
total cells as shown in (D) (n=15). (F) Western blot detected the expression of YAP, Lamin B1, and CDK6 in C6 cells
under various conditions. (G, H) Quantification of CDK6 (G) and YAP (H) level as shown in (F) (n=10). Scale bars, 20
um. Data were mean + s.e.m. "P < 0.05, P < 0.01, ™"P < 0.001.

expressed in a time-dependent manner under
a high concentration of B-elemene treatment in
vitro, which was consistent with previous
reports that B-elemene could trigger tumor cell
apoptosis [1]. Moreover, a widespread anti-can-
cer drug, etoposide, which has also been used
to induce cell senescence, activates apoptosis
at high concentrations [47, 61].

Current studies have revealed that cell senes-
cence is predominantly caused by oncogene
mutation, dysfunctional telomeres, and DNA
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damage [62]. The loss of oncogenes and the
activation of tumor suppressor could evoke
stagnation of cell cycles in malignant cells [36],
thereby interrupting tumor formation and pro-
gression [63, 64], and are therefore consider-
ed ideal outcomes during cancer treatment
[65, 66]. Strikingly, as a powerful proto-onco-
gene [67-69], down-regulation of YAP expres-
sion in senescent glioma cells is caused by
B-elemene. According to a previous study, in
senescent IMR90 human fibroblasts, the YAP-
CDK6 signaling pathway was inhibited and

Am J Cancer Res 2021;11(2):370-388



B-elemene promotes glioma cells senescence

B-elemene
Control-Vector
CDK6-Res
CDK6 Transfection
10 pg/ml Remove :';
Starve  B-elemene B-elemene Collect cells &
| | | | g
n
r L] L] L] 1
Day 0 1 2 3 4
Senescent C6 E
a
B-elemene - + + +
Control-Vector - - +
CDK6-Res - - - +

IB:Lamin B1 s e . s _70 kD

IB:CDK6 — — _ 35 kD

1B: B-actin — — —

—40 kD

Relative Lamin B1 expression (%)

B-elemene: -
Control-Vector: -
CDK6-Res: -

1504

c
+ + + 60+ .
+ - L -
- + g i
g 3 +: 40
4 1 3
: &
B-elemene: - 4+ + +
Control-Vector: - - +
CDK6-Res: - . . 4
F
g
c 200 -
2 T
@ [oRee
@
2 150
a
x
@
w0
< 100 _
[=}
o If
2 50 =
3 =
: o JEEEll
+ o+ B-elemene: - + + 4+
+ - Control-Vector: - + -
- o+ CDK6-Res: - . . 4

Figure 8. Overexpression of CDK6 partially rescued the senescence phenotypes of C6 cells induced by B-elemene.
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(CDK6-Res). (C) Quantification of the percentage of SA-B-Gal* cells over total cells as shown in (B) (n=15). (D) West-
ern blot detected the expression of Lamin B1 and CDK6 in C6 cells under various conditions. (E, F) Quantification
of Lamin B1 (E) and CDK®6 (F) level as shown in (D) (n=10). Scale bar, 20 um. Data were mean + s.e.m. “P < 0.05,

P <0.01.

CDK6 expression was downregulated, which
causes cell cycle arrest [22]. In in vitro and in
vivo experiments, we found that B-elemene
could mediate senescence in glioma cells
through inactivation of the YAP-CDKG6 signaling
pathway. Based on an evolutionary perspec-
tive, senescence in cancer cells is a feasible
measure of preventing early tumor growth [12],
and enhancement of chemotherapy and radio-
therapy efficiency in killing tumor cells [70].
However, long-term aging could cause chronic
inflammation, which in turn increases neovas-
cularization to promote tumor development
[71], paracrine immune growth factors to
establish an immunosuppressive microenviron-
ment and secrete chemokines that facilitate
escape of cancer cells from tumor surveillance
[72], thereby increasing the formation of sec-
ondary tumors or occurrence of cancer relaps-
es [73]. We found that B-elemene treatment
could induce the senescence of glioma cells
and significantly inhibit growth of xenograft
glioma, and thus senescence of glioma cells
induced by B-elemene is an effective strategy
to curb the development of glioma, which pres-
ents a promising glioma therapy for future stud-
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ies. Nevertheless, it is noteworthy that the per-
sistence of therapy-induced senescent cells is
detrimental [74, 75]. A few studies have pro-
posed the concept of two-step anti-cancer
strategy, that is, inducing glioma cell senes-
cence after chemoradiation followed by sero-
therapy [7], which could result in tumor stalling
and initial tumor regression. In the current
clinical therapies, B-elemene is mostly used
as an ancillary drug with other medications or
with radiotherapy, such as in combination with
Class | anti-tumor drug platinum-based chemo-
therapy or radiotherapy for non-small cell lung
cancer, and cetuximab for deficient colorectal
cancer, which effectively increases sensitivity
of the drug and prolongs the life of patients.
This could be the most feasible solution to
enhance therapeutic efficiency and patient
prognosis, but application of such strategies in
the treatment of glioma requires further
research and testing.

In summary, the present study has demonstrat-
ed that B-elemene-induced glioma cell senes-
cence is mediated by inactivation of the YAP-
CDK® signaling pathway. Senescence in glioma

Am J Cancer Res 2021;11(2):370-388



B-elemene promotes glioma cells senescence

A  Control B-elemene B
R e P — =+ Control
i Y 6000, = B-elemene
: E
3
Control ‘ ' . g 4000
g 5
S 2000
g
B-elemene . ‘ ‘ -g 0
- O™ RPP

Days post treatment

150
100
50
0

SA-B-Gal™ (%)

-40 kD
& &
1B:B-actin  NGEG _ 1o > LA

2

C D E > &e“ Ii
S N 2

& L g
© b 100 kD :

Control = L
I1B:p-YAP 2
_a .

IB:YAP - - H

-55kD %

>
(=1

2

ko

@

o

[

Lamin B1 Merge

Figure 9. B-elemene induced the senescence in glioma cells in vivo through inactivation of YAP-CDK6 signaling
pathway. (A) Representative images of the vehicle- and B-elemene-treated (100 mg/kg) xenografts derived from
nude mice were shown. (B) Tumor volume curve of the vehicle- and B-elemene-treated (100 mg/kg) xenografts
derived from nude mice as shown in (A) (n=5 each group). (C) Representative images of SA-B-Gal staining of glioma
tumors treated with vehicle control or 100 mg/kg B-elemene on 23 days post treatment. (D) Quantification of SA-
B-Gal staining (percentage of cells) as shown in (C) (n=3). (E) Western blot detected the expression of p-YAP, YAP,
Lamin B1 and CDK6 in glioma tumors treated with vehicle control or 100 mg/kg B-elemene on 23 days post treat-
ment. (F-I) Quantification of relative p-YAP (F), YAP (G), Lamin B1 (H) and CDK®& () levels as shown in (E) (n=3). (J)

Immunohistochemistry for Lamin B1 (green) staining in tumor treated with vehicle control or 100 mg/kg B-elemene
on 23 days post treatment. Scale bar, 100 ym. Data were mean + s.e.m.™P < 0.01, *"P < 0.001.

Control

Relative CDK6 expression (%)

Relative YAP expression (%)
Relative Lamin B1 expression (%) LT
B-elemene

cells induced by B-elemene that is obtained (31671071, 81771348 and 81971172), Key

from traditional Chinese medicine extracts projects of National Natural Science Founda-

can be a potential treatment intervention for tion of China (81730108), Shenzhen-Hong

gliomas. The present study also provides new Kong Institute of Brain Science-Shenzhen Fun-

insights into future research of B-elemene in damental Research Institutions (NYKFKT2019-

the treatment of gliomas. 008), the Research Start-up Project by Wenzhou
Medical University (89217022), the Research

Acknowledgements Start-up Project by Hangzhou Normal University
(4125C5021920453).

This work was supported by the Natural

Science Foundation of Zhejiang Province Disclosure of conflict of interest

(LR18C090001, LY18C090004 and LQ21CO-

90009), National Natural Science Foundation None.

383 Am J Cancer Res 2021;11(2):370-388



B-elemene promotes glioma cells senescence

Glioma cells

LTSRN
L ESRSLN
VN NN

s .

B-elemene

=S >

B-elemene

Lamin BA l

SA-B-GaIT

pssT. p21T, p16T

SASPT:IL-L IL-6,
MMP-2, MMP-9,
NF-kB,TNF-a

Wi N e NN M\“‘ .
Y NN

Senescence

YAP i—» CDKG6 |

Figure 10. Working model of B-elemene-induced senescence of glioma cells. B-elemene treatment inactivates YAP-
CDK®6 pathway in glioma cells, which may result into typical characteristics of senescent cells, including reduced cell
proliferation, hypertrophy morphology, increased level of SA-B-Gal activity, increased expressions of p16, p21, and
p53, upregulation of several senescence-associated genes such as IL-1, IL-6, MMP-2, MMP-9, NF-kB, and TNF-q,

and downregulation of Lamin B1.

Address correspondence to: Dr. Ying Wang,
Department of Transfusion Medicine, Zhejiang
Provincial People’s Hospital of Hangzhou Medical
College, Hangzhou 310053, Zhejiang, China. E-mail:
nancywangying@163.com; Drs. Tian Xie and Zhihui
Huang, Key Laboratory of B-elemene Anti-cancer
Medicine of Zhejiang Province and Holistic In-
tegrative Pharmacy Institutes, and Department of
Neurosurgery, The Affiliated Hospital, Hangzhou
Normal University, Hangzhou 311121, Zhejiang,
China. E-mail: xbs@hznu.edu.cn (TX); hzhzju021@
163.com (ZHH)

References

[1]  Xue J, Zhao Z, Zhang L, Xue L, Shen S, Wen Y,
Wei Z, Wang L, Kong L, Sun H, Ping Q, Mo R
and Zhang C. Neutrophil-mediated anticancer
drug delivery for suppression of postoperative
malignant glioma recurrence. Nat Nanotech-
nol 2017; 12: 692-700.

Gagliardi F, Narayanan A, Reni M, Franzin A,
Mazza E, Boari N, Bailo M, Zordan P and Mor-
tini P. The role of CXCR4 in highly malignant
human gliomas biology: current knowledge
and future directions. Glia 2014; 62: 1015-
1023.

(2]

384

(3]

(4]

(5]

(6]

(7]

(8]

da Hora CC, Schweiger MW, Wurdinger T and
Tannous BA. Patient-derived glioma models:
from patients to dish to animals. Cells 2019; 8:
1177.

Chen J, McKay RM and Parada LF. Malignant
glioma: lessons from genomics, mouse mod-
els, and stem cells. Cell 2012; 149: 36-47.
Weller M and Wick W. Neuro-oncology in 2013:
improving outcome in newly diagnosed malig-
nant glioma. Nat Rev Neurol 2014; 10: 68-70.
Stewart LA. Chemotherapy in adult high-grade
glioma: a systematic review and meta-analysis
of individual patient data from 12 randomised
trials. Lancet 2002; 359: 1011-1018.

Sieben CJ, Sturmlechner I, van de Sluis B and
van Deursen JM. Two-step senescence-fo-
cused cancer therapies. Trends Cell Biol 2018;
28: 723-737.

Gorgoulis V, Adams PD, Alimonti A, Bennett
DC, Bischof O, Bishop C, Campisi J, Collado M,
Evangelou K, Ferbeyre G, Gil J, Hara E, Krizha-
novsky V, Jurk D, Maier AB, Narita M, Niedern-
hofer L, Passos JF, Robbins PD, Schmitt CA,
Sedivy J, Vougas K, von Zglinicki T, Zhou D, Ser-
rano M and Demaria M. Cellular senescence:
defining a path forward. Cell 2019; 179: 813-
827.

Am J Cancer Res 2021;11(2):370-388


mailto:nancywangying@163.com
mailto:xbs@hznu.edu.cn
mailto:hzhzju021@163.com
mailto:hzhzju021@163.com

(9]

(10]

[11]

(12]

[13]

(14]

[15]

[16]

[17]

(18]

[19]

[20]

385

B-elemene promotes glioma cells senescence

Prieur A, Besnard E, Babled A and Lemaitre
JM. p53 and p16(INK4A) independent induc-
tion of senescence by chromatin-dependent
alteration of S-phase progression. Nat Com-
mun 2011; 2: 473.

Goel S, DeCristo MJ, McAllister SS and Zhao JJ.
CDK4/6 inhibition in cancer: beyond cell cycle
arrest. Trends Cell Biol 2018; 28: 911-925.
Sherr CJ, Beach D and Shapiro Gl. Targeting
CDK4 and CDKe6: from discovery to therapy.
Cancer Discov 2016; 6: 353-367.

Nardella C, Clohessy JG, Alimonti A and Pan-
dolfi PP. Pro-senescence therapy for cancer
treatment. Nat Rev Cancer 2011; 11: 503-
511.

Qureshi Mz, Attar R, Romero MA, Sabitaliyev-
ich UY, Nurmurzayevich SB, Ozturk O, Wakim
LH, Lin X, Ozbey U, Yelekenova AB and
Farooqi AA. Regulation of signaling pathways
by B-elemene in cancer progression and me-
tastasis. J Cell Biochem 2019; 120: 12091-
12100.

Zhai B, Zeng Y, Zeng Z, Zhang N, Li C, Zeng Y,
You Y, Wang S, Chen X, Sui X and Xie T. Drug
delivery systems for elemene, its main active
ingredient beta-elemene, and its derivatives in
cancer therapy. Int J Nanomedicine 2018; 13:
6279-6296.

Moya IM and Halder G. Hippo-YAP/TAZ signal-
ling in organ regeneration and regenerative
medicine. Nat Rev Mol Cell Biol 2019; 20: 211-
226.

Hansen CG, Ng YL, Lam WL, Plouffe SW and
Guan KL. The hippo pathway effectors YAP and
TAZ promote cell growth by modulating amino
acid signaling to mTORC1. Cell Res 2015; 25:
1299-1313.

Fausti F, Di Agostino S, Cioce M, Bielli P, Sette
C, Pandolfi PP, Oren M, Sudol M, Strano S and
Blandino G. ATM kinase enables the func-
tional axis of YAP, PML and p53 to ameliorate
loss of Werner protein-mediated oncogenic se-
nescence. Cell Death Differ 2013; 20: 1498-
1509.

Fu L, Hu Y, Song M, Liu Z, Zhang W, Yu FX, Wu
J, Wang S, Izpisua Belmonte JC, Chan P, Qu J,
Tang F and Liu GH. Up-regulation of FOXD1 by
YAP alleviates senescence and osteoarthritis.
PL0S Biol 2019; 17: e3000201.

Li Z, Ge X, Lu J, Bian M, Li N, Wu X, Li Y, Yan M
and Yu J. MiR-141-3p regulates proliferation
and senescence of stem cells from apical pa-
pilla by targeting YAP. Exp Cell Res 2019; 383:
111562.

Wang H, Nicolay BN, Chick JM, Gao X, Geng Y,
Ren H, Gao H, Yang G, Williams JA, Suski JM,
Keibler MA, Sicinska E, Gerdemann U, Haining
WN, Roberts TM, Polyak K, Gygi SP, Dyson NJ
and Sicinski P. The metabolic function of cyclin

(21]

[22]

(23]

[24]

[25]

(26]

[27]

(28]

[29]

[30]

D3-CDK6 kinase in cancer cell survival. Nature
2017; 546: 426-430.

Hadjadj D, Kim SJ, Denecker T, Ben Driss L, Ca-
doret JC, Maric C, Baldacci G and Fauchereau
F. A hypothesis-driven approach identifies
CDK4 and CDK6 inhibitors as candidate drugs
for treatments of adrenocortical carcinomas.
Aging (Albany NY) 2017; 9: 2695-2716.

Xie Q, Chen J, Feng H, Peng S, Adams U, Bai Y,
Huang L, Li J, Huang J, Meng S and Yuan Z.
YAP/TEAD-mediated transcription controls cel-
lular senescence. Cancer Res 2013; 73: 3615-
3624.

Rozengurt E, Sinnett-Smith J and Eibl G. Yes-
associated protein (YAP) in pancreatic cancer:
at the epicenter of a targetable signaling net-
work associated with patient survival. Signal
Transduct Target Ther 2018; 3: 11.

Zhai B, Zhang N, Han X, Li Q, Zhang M, Chen X,
Li G, Zhang R, Chen P, Wang W, Li C, Xiang Y,
Liu S, Duan T, Lou J, Xie T and Sui X. Molecular
targets of beta-elemene, a herbal extract used
in traditional Chinese medicine, and its poten-
tial role in cancer therapy: a review. Biomed
Pharmacother 2019; 114: 108812.

Liu JY, Souroullas GP, Diekman BO, Krish-
namurthy J, Hall BM, Sorrentino JA, Parker JS,
Sessions GA, Gudkov AV and Sharpless NE.
Cells exhibiting strong p16 (INK4a) promoter
activation in vivo display features of senes-
cence. Proc Natl Acad Sci U S A 2019; 116:
2603-2611.

Lee SJ, JungYS, Yoon MH, Kang SM, Oh AY, Lee
JH, Jun SY, Woo TG, Chun HY, Kim SK, Chung
KJ, Lee HY, Lee K, Jin G, Na MK, Ha NC, Bar-
cena C, Freije JM, Lépez-Otin C, Song GY and
Park BJ. Interruption of progerin-lamin A/C
binding ameliorates Hutchinson-Gilford proge-
ria syndrome phenotype. J Clin Invest 2016;
126: 3879-3893.

Noren Hooten N and Evans MK. Techniques to
induce and quantify cellular senescence. J Vis
Exp 2017; 123: 55533.

Shen X, Xu X, Xie C, Liu H, Yang D, Zhang J, Wu
Q, Feng W, Wang L, Du L, Xuan L, Meng C,
Zhang H, Wang W, Wang Y, Xie T and Huang Z.
YAP promotes the proliferation of neuroblasto-
ma cells through decreasing the nuclear loca-
tion of p27(Kipl) mediated by Akt. Cell Prolif
2020; 53: e12734.

Biran A, Zada L, Abou Karam P, Vadai E, Roit-
man L, Ovadya Y, Porat Z and Krizhanovsky V.
Quantitative identification of senescent cells in
aging and disease. Aging Cell 2017; 16: 661-
671.

Peng L, Yang Q, Xu X, Du Y, Wu Y, Shi X, Xu J,
Zhu L and Luo J. Huntingtin-interacting protein
1-related protein plays a critical role in dendrit-
ic development and excitatory synapse forma-

Am J Cancer Res 2021;11(2):370-388



[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

386

B-elemene promotes glioma cells senescence

tion in hippocampal neurons. Front Mol Neuro-
sci 2017; 10: 186.

Zhang X, Xu GB, Zhou D and Pan YX. High-fat
diet modifies expression of hepatic cellular se-
nescence gene p16(INK4a) through chromatin
modifications in adult male rats. Genes Nutr
2018; 13: 6.

Diz-Chaves Y, Toba L, Fandino J, Gonzalez-Ma-
tias LC, Garcia-Segura LM and Mallo F. The
GLP-1 analog, liraglutide prevents the increase
of proinflammatory mediators in the hippo-
campus of male rat pups submitted to mater-
nal perinatal food restriction. J Neuroinflam-
mation 2018; 15: 337.

Wei HK, Yang SD, Bai ZL, Zhang X, Yang DL and
Ding WY. Levofloxacin increases apoptosis of
rat annulus fibrosus cells via the mechanism
of upregulating MMP-2 and MMP-13. Int J Clin
Exp Med 2015; 8: 20198-20207.

Peinnequin A, Mouret C, Birot O, Alonso A, Ma-
thieu J, Clarencon D, Agay D, Chancerelle Y
and Multon E. Rat pro-inflammatory cytokine
and cytokine related mRNA quantification by
real-time polymerase chain reaction using
SYBR green. BMC Immunol 2004; 5: 3.

Kurz DJ, Decary S, Hong Y and Erusalimsky JD.
Senescence-associated (beta)-galactosidase
reflects an increase in lysosomal mass during
replicative ageing of human endothelial cells. J
Cell Sci 2000; 113: 3613-3622.

Serrano M, Lin AW, McCurrach ME, Beach D
and Lowe SW. Oncogenic ras provokes prema-
ture cell senescence associated with accumu-
lation of p53 and p16INK4a. Cell 1997; 88:
593-602.

Kim WY and Sharpless NE. The regulation of
INK4/ARF in cancer and aging. Cell 2006; 127:
265-275.

Gil J and Peters G. Regulation of the INK4b-
ARF-INK4a tumour suppressor locus: all for
one or one for all. Nat Rev Mol Cell Biol 2006;
7: 667-677.

Freund A, Laberge RM, Demaria M and Campi-
siJ. Lamin B1 loss is a senescence-associated
biomarker. Mol Biol Cell 2012; 23: 2066-2075.
Shimi T, Butin-Israeli V, Adam SA, Hamanaka
RB, Goldman AE, Lucas CA, Shumaker DK, Ko-
sak ST, Chandel NS and Goldman RD. The role
of nuclear lamin B1 in cell proliferation and
senescence. Genes Dev 2011; 25: 2579-
2593.

Munoz-Espin D and Serrano M. Cellular senes-
cence: from physiology to pathology. Nat Rev
Mol Cell Biol 2014; 15: 482-496.

Kuilman T and Peeper DS. Senescence-mes-
saging secretome: SMS-ing cellular stress. Nat
Rev Cancer 2009; 9: 81-94.

Collado M and Serrano M. The power and the
promise of oncogene-induced senescence
markers. Nat Rev Cancer 2006; 6: 472-476.

[44]

[45]

[46]

[47]

(48]

[49]

(50]

(52]

(53]

Minieri V, Saviozzi S, Gambarotta G, Lo lacono
M, Accomasso L, Cibrario Rocchietti E, Gallina
C, Turinetto V and Giachino C. Persistent DNA
damage-induced premature senescence al-
ters the functional features of human bone
marrow mesenchymal stem cells. J Cell Mol
Med 2015; 19: 734-743.

Acosta JC, O’Loghlen A, Banito A, Guijarro MV,
Augert A, Raguz S, Fumagalli M, Da Costa M,
Brown C, Popov N, Takatsu Y, Melamed J,
d’Adda di Fagagna F, Bernard D, Hernando E
and Gil J. Chemokine signaling via the CXCR2
receptor reinforces senescence. Cell 2008;
133: 1006-1018.

te Poele RH, Okorokov AL, Jardine L, Cum-
mings J and Joel SP. DNA damage is able to
induce senescence in tumor cells in vitro and
in vivo. Cancer Res 2002; 62: 1876-1883.
Sverchinsky DV, Nikotina AD, Komarova EY,
Mikhaylova ER, Aksenov ND, Lazarev VF, Mit-
kevich VA, Suezov R, Druzhilovskiy DS, Po-
roikov VV, Margulis BA and Guzhova IV. Etopo-
side-induced apoptosis in cancer cells can be
reinforced by an uncoupled link between
Hsp70 and caspase-3. Int J Mol Sci 2018; 19:
25109.

PanY, Wang W, Huang S, Ni W, Wei Z, Cao Y, Yu
S, Jia Q, Wu Y, Chai C, Zheng Q, Zhang L, Wang
A, Sun Z, Huang S, Wang S, Chen W and Lu Y.
Beta-elemene inhibits breast cancer metasta-
sis through blocking pyruvate kinase M2 di-
merization and nuclear translocation. J Cell
Mol Med 2019; 23: 6846-6858.

Deng M, Liu B, Song H, Yu R, Zou D, Chen Y, Ma
Y,LvF, Xul, Zhang Z, Lv Q, Yang X, Che X, Qu X,
LiuY, ZhangY and Hu X. B-elemene inhibits the
metastasis of multidrug-resistant gastric can-
cer cells through miR-1323/Cbl-b/EGFR path-
way. Phytomedicine 2020; 69: 153184.

Hu T and Gao Y. B-elemene suppresses tumor
growth of diffuse large B-cell lymphoma
through regulating IncRNA HULC-mediated
apoptotic pathway. Biosci Rep 2020; 40:
BSR20190804.

Wang X, Liu Z, Sui X, Wu Q, Wang J and Xu C.
Elemene injection as adjunctive treatment to
platinum-based chemotherapy in patients with
stage Ill/IV non-small cell lung cancer: a meta-
analysis following the PRISMA guidelines.
Phytomedicine 2019; 59: 152787.

Li QQ, Wang G, Huang F, Li JM, Cuff CF and
Reed E. Sensitization of lung cancer cells to
cisplatin by B-elemene is mediated through
blockade of cell cycle progression: antitumor
efficacies of B-elemene and its synthetic ana-
logs. Med Oncol 2013; 30: 488.

Yu Z, Wu F, Chen L, Li Q, Wang C, Dong J and
Xie SQ. ETME, a novel B-elemene derivative,
synergizes with arsenic trioxide in inducing
apoptosis and cell cycle arrest in hepatocarci-

Am J Cancer Res 2021;11(2):370-388



[54]

[55]

[56]

[57]

(58]

[59]

[60]

[61]

[62]

[63]

387

B-elemene promotes glioma cells senescence

noma cells via a p53-dependent pathway. Acta
Pharm Sin B 2014; 4: 424-429.

Balavandi Z, Neshasteh-Riz A, Koosha F, Eynali
S, Hoormand M and Shahidi M. The use of -
elemene to enhance radio sensitization of
A375 human melanoma cells. Cell J 2020; 21:
419-425.

Zhai B, Zhang N, Han X, Li Q, Zhang M, Chen X,
Li G, Zhang R, Chen P, Wang W, Li C, Xiang Y,
LiuS, Duan T, Lou J, Xie T and Sui X. Molecular
targets of B-elemene, a herbal extract used in
traditional Chinese medicine, and its potential
role in cancer therapy: a review. Biomed Phar-
macother 2019; 114: 108812.

Jeon OH, Kim C, Laberge RM, Demaria M, Ra-
thod S, Vasserot AP, Chung JW, Kim DH, Poon
Y, David N, Baker DJ, van Deursen JM, Campisi
J and Elisseeff JH. Local clearance of senes-
cent cells attenuates the development of post-
traumatic osteoarthritis and creates a pro-re-
generative environment. Nat Med 2017; 23:
775-781.

Chang J, Wang Y, Shao L, Laberge RM, De-
maria M, Campisi J, Janakiraman K, Sharpless
NE, Ding S, Feng W, Luo Y, Wang X, Aykin-Burns
N, Krager K, Ponnappan U, Hauer-Jensen M,
Meng A and Zhou D. Clearance of senescent
cells by ABT263 rejuvenates aged hematopoi-
etic stem cells in mice. Nat Med 2016; 22: 78-
83.

ChienY, Scuoppo C, Wang X, Fang X, Balgley B,
Bolden JE, Premsrirut P, Luo W, Chicas A, Lee
CS, Kogan SC and Lowe SW. Control of the se-
nescence-associated secretory phenotype by
NF-kB promotes senescence and enhances
chemosensitivity. Genes Dev 2011; 25: 2125-
2136.

Bell JF and Sharpless NE. Telomeres, p21 and
the cancer-aging hypothesis. Nat Genet 2007;
39: 11-12.

Lasry A and Ben-Neriah Y. Senescence-associ-
ated inflammatory responses: aging and can-
cer perspectives. Trends Immunol 2015; 36:
217-228.

Tamamori-Adachi M, Koga A, Susa T, Fujii H,
Tsuchiya M, Okinaga H, Hisaki H, lizuka M, Kit-
ajima S and Okazaki T. DNA damage response
induced by Etoposide promotes steroidogene-
sis via GADD45A in cultured adrenal cells. Sci
Rep 2018; 8: 9636.

Campisi J and d’Adda di Fagagna F. Cellular se-
nescence: when bad things happen to good
cells. Nat Rev Mol Cell Biol 2007; 8: 729-740.
Eggert T, Wolter K, Ji J, Ma C, Yevsa T, Klotz S,
Medina-Echeverz J, Longerich T, Forgues M,
Reisinger F, Heikenwalder M, Wang XW, Zender
L and Greten TF. Distinct functions of senes-
cence-associated immune responses in liver

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

(73]

tumor surveillance and tumor progression.
Cancer Cell 2016; 30: 533-547.

lannello A, Thompson TW, Ardolino M, Lowe
SW and Raulet DH. p53-dependent chemokine
production by senescent tumor cells supports
NKG2D-dependent tumor elimination by natu-
ral Killer cells. J Exp Med 2013; 210: 2057-
2069.

Joerger AC and Fersht AR. The p53 pathway:
origins, inactivation in cancer, and emerging
therapeutic approaches. Annu Rev Biochem
2016; 85: 375-404.

Burmakin M, Shi Y, Hedstrom E, Kogner P and
Selivanova G. Dual targeting of wild-type and
mutant p53 by small molecule RITA results in
the inhibition of N-Myc and key survival onco-
genes and Kills neuroblastoma cells in vivo
and in vitro. Clin Cancer Res 2013; 19: 5092-
5103.

Zanconato F, Cordenonsi M and Piccolo S.
YAP/TAZ at the roots of cancer. Cancer Cell
2016; 29: 783-803.

Zanconato F, Cordenonsi M and Piccolo S. YAP
and TAZ: a signalling hub of the tumour micro-
environment. Nat Rev Cancer 2019; 19: 454-
464.

Zhou B, Flodby P, Luo J, Castillo DR, Liu Y, Yu
FX, McConnell A, Varghese B, Li G, Chimge NO,
Sunohara M, Koss MN, Elatre W, Conti P, Li-
ebler JM, Yang C, Marconett CN, Laird-Offringa
IA, Minoo P, Guan K, Stripp BR, Crandall ED
and Borok Z. Claudin-18-mediated YAP activity
regulates lung stem and progenitor cell ho-
meostasis and tumorigenesis. J Clin Invest
2018; 128: 970-984.

Frey N, Venturelli S, Zender L and Bitzer M. Cel-
lular senescence in gastrointestinal diseases:
from pathogenesis to therapeutics. Nat Rev
Gastroenterol Hepatol 2018; 15: 81-95.
Coppé JP, Patil CK, Rodier F, Sun Y, Muioz DP,
Goldstein J, Nelson PS, Desprez PY and Camp-
isi J. Senescence-associated secretory pheno-
types reveal cell-nonautonomous functions of
oncogenic RAS and the p53 tumor suppressor.
PLoS Biol 2008; 6: 2853-2868.

Ruhland MK, Loza AJ, Capietto AH, Luo X, Knol-
hoff BL, Flanagan KC, Belt BA, Alspach E, Lea-
hy K, Luo J, Schaffer A, Edwards JR, Longmore
G, Faccio R, DeNardo DG and Stewart SA. Stro-
mal senescence establishes an immunosup-
pressive microenvironment that drives tumori-
genesis. Nat Commun 2016; 7: 11762.
Demaria M, O’Leary MN, Chang J, Shao L, Liu
S, Alimirah F, Koenig K, Le C, Mitin N, Deal AM,
Alston S, Academia EC, Kilmarx S, Valdovinos
A, Wang B, de Bruin A, Kennedy BK, Melov S,
Zhou D, Sharpless NE, Muss H and Campisi J.
Cellular senescence promotes adverse effects

Am J Cancer Res 2021;11(2):370-388



[74]

388

B-elemene promotes glioma cells senescence

of chemotherapy and cancer relapse. Cancer
Discov 2017; 7: 165-176.

Ritschka B, Storer M, Mas A, Heinzmann F, Or-
tells MC, Morton JP, Sansom 0J, Zender L and
Keyes WM. The senescence-associated secre-
tory phenotype induces cellular plasticity and
tissue regeneration. Genes Dev 2017; 31:
172-183.

[75] Sturmlechner I, Durik M, Sieben CJ, Baker DJ
and van Deursen JM. Cellular senescence in
renal ageing and disease. Nat Rev Nephrol
2017; 13: 77-89.

Am J Cancer Res 2021;11(2):370-388



B-elemene promotes glioma cells senescence

A B %
Control B-elemene
40 Jd *
;z I g
! Y + 30
N o
B EE 3
§ o @ 20
= i ) < -
ba 7]

> &
/ | &@ 6@0
® ,59
<
C D E F
@ = -
&> & < = 4000
& & c  150- < 200 =
o 2 2 £ o
< ¥ 7 =3 i o=
¢ ] ¢35 3000~
i - 75kD & g 10 22
IB:Lamin B1 - g 1004 — 5 8.
-
55kD = @ o & 2000
g - m > ¢ 100 @
IB:p53 - < B .g %
- —25kD E 50 @ = 3
3 2 - 25 1000~
IB:c-caspase-3 i | 50 22
P I _swp g g x
2 &
IB:caspase-3 S c— _35KkD = 0 ol— .
@ ™ & > &
4 & N O o
& <& & <&
IB:B-actin —-—— oD ® K P @
2
< Q
G H % | J g
s & & 150-
Control B-elemene 15 ¢ & a
i IS l < ° £
= S
+ % 100
. s 10 s o
g g IB:Lamin B1 s w— 55 kD b
™ £
oL, ) £ 50
; < 5 [ — £
g [} IB:B-actin - —40 kD 5
A @
‘ =3 E S
@
& & z & &
o ey @ @F
N <
K L M N
Lamin B1 Merge ;.‘“- c-caspase-3 Merge
E 150 £ 40-
3 3 =
& g £ 8 a0
S g 100 K] s
= 2
o + 201
£ o
E 50+ $
o L] s 10
g 3 g g
E > E @
o s £ o
9 3 ¢ N g 3 g 0 N
3 : S & 3 & &
& & &
< &) 3}0

Figure S1. High concentration of B-elemene increased apoptosis of glioma cells. (A) Representative images of SA-B-
Gal staining of C6 cells treated with control or 100 ug/mL B-elemene at for 1 day. (B) Quantification of the percent-
age of SA-B-Gal* C6 cells over total cells as shown in (A) (n=15). (C) Western blot detected the expression of Lamin
B1, p53, caspase-3, and c-caspase-3 in C6 cells treated with control or 100 pg/mL B-elemene for 1 day. (D-F) Quan-
tification of Lamin B1 (D), p53 (E), and c-caspase-3/caspase-3 (F) (n=8) levels as shown in (C). (G) Representative
images of SA-B-Gal staining of C6 cells treated with control or 100 pg/mL B-elemene for 2 days. (H) Quantification of
the percentage of SA-B-Gal* C6 cells over total cells as shown in (G) (n=15). (I) Western blot detected the expression
of Lamin B1 in C6 cells treated with control or 100 pug/mL B-elemene for 2 days. (J) Quantification of Lamin B1 level
as shown in (I) (n=8). (K) Representative images of Lamin B1 staining of C6 cells treated with control or 100 pg/
mL B-elemene for 2 days. (L) Quantification of the percentage of Lamin B1* C6 cells over total cells as shown in (K)
(n=15). (M) Representative images of c-caspase-3 staining of C6 cells treated with control or 100 pug/mL B-elemene
for 2 days. (N) Quantification of the percentage of c-caspase-3* C6 cells over total cells as shown in (M) (n=15).
Scale bars, 20 ym. Data were mean + s.e.m, "P < 0.05, P < 0.01, ""*P < 0.001.
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Figure S2. 3-elemene induced changes of senescence makers in other glioma cell line. (A) Western blot detected
the expression of Lamin B1 and CDK6 in DBTRG cells treated with control or 10 ug/mL B-elemene for 2 days. (B, C)
Quantification of the relative Lamin B1 (B) and CDK6 (C) levels as shown in (A) (n=3). Data were mean * s.e.m. “'P
<0.01, "P < 0.001.



