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of β-Elemene, inhibits glioblastoma growth  
through downregulation of YAP signaling
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Abstract: β-Elemene, a compound extracted from Chinese herb Curcuma wenyujin, has been demonstrated with 
antitumor effects in various cancers, including glioblastoma (GBM), a primary brain tumor with high morbidity and 
mortality. In this study, we reported a bisamino derivative of β-Elemene, 2, 2’-((1R, 3R, 4S)-4-methyl-4-vinylcyclohex-
ane-1, 3-diyl) bis(prop-2-en-1-amine) (compound 1), displayed a better anti-GBM effect than β-Elemene with lower 
concentration. GBM cell lines (C6 and U87) were treated with compound 1 and subsequently analyzed by several 
assays. Compound 1 significantly inhibited the migration of C6 and U87 cells based on wound healing assay, tran-
swell assay and inverted migration assay. Furthermore, colony formation assay, immunostaining and flow cytometry 
assays revealed that compound 1 significantly inhibited the proliferation of GBM cells. In addition, compound 1 
induced the apoptosis of GBM cells. Mechanistically, we found Yes-associated protein (YAP) was down-regulated in 
compound 1-treated GBM cells, and the overexpression of YAP partially rescued the anti-GBM effects of compound 
1. Finally, compound 1 suppresses the GBM growth in xenograft model through inactivation YAP signaling. Taken 
together, these results reveal that a novel derivative of β-Elemene, compound 1, exhibits more potent anti-GBM 
activity than β-Elemene through inactivating YAP signaling pathway, which will provide novel strategies for the treat-
ment of GBM.
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Introduction

Glioblastoma (GBM), astrocytoma grade IV, is 
the most common and aggressive subset of  
primary brain tumors, accounting for approxi-
mately 52% of all brain neoplasms [1, 2]. GBM 
is a kind of lethal tumor, characterized by high 
chemotherapy resistance and diffuse infiltra-
tion into the brain tissue and its mean survival 
is 14 to 15 months [3-5]. Current treatments 
include surgery, radiotherapy, chemotherapy, 
molecular targeted therapy, immunotherapy, 
and traditional Chinese medicine [3]. Despite 
the numerous advances in the development of 
cancer therapeutics in recent years, the rela-

tive survival estimates for GBM are very poor; 
less than 5% of patients survive 5 years post 
diagnosis for the early invasion of GBM into the 
central nervous system [6, 7]. Besides, the 
prognosis for patients with GBM remains dis-
couraging as a result of the high therapeutic 
resistance [8, 9]. Therefore, identifying more 
promising agents besides the scant existing 
ones will be critical for improving patients’ cur-
rent situation with GBM.

β-Elemene, a natural product extracted from 
Curcuma wenyujin, has been proved to have a 
large spectrum of anticancer effects in various 
types of cancers with limited toxicity [10]. This 
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essential oil contains a mixture of β-, γ- and 
δ-elemenes [11]. β-Elemene, as the major 
active anticancer component in the elemene 
mixture, demonstrates a potent anti-prolifera-
tive effect and induces apoptosis in various 
types of tumors, including breast, liver and glio-
ma [10, 12-17]. Despite the broad-spectrum 
curative effect of β-Elemene, its mechanism of 
action has not been clearly illustrated yet. In 
general, the main antitumor effects [15] inclu- 
de inhibition of cell proliferation, migration and 
invasion, induction of apoptosis of cancer cells 
[18-22]. Dramatically, as a noncytotoxic Class II 
antitumor drug [23], the biological activity of 
β-Elemene is moderate or weak [24], and its 
water solubility and stability is poor [23], indi-
cated by its high IC50 value against several 
tumor cell lines [25, 26]. Several papers have 
been published devoting the modifications of 
β-Elemene, seeking better biological activity 
and improvement of its water solubility [23, 27, 
28].

For the same purpose, in this study, we modi-
fied the structure of β-Elemene and obtained 
some derivatives, among which the most effec-
tive was compound 1. It has been shown a 
lower half maximal inhibitory concentration 
than β-Elemene by CCK8 assay. We then 
detected the anticancer effect on GBM cells, 
and found that compound 1 inhibited the migra-
tion and invasion, suppressed the proliferation, 
and induced apoptosis of C6 and U87 cell lines. 
A subcutaneous xenografted nude mice model 
showed a better inhibition of tumorigenesis of 
compound 1 than β-Elemene with a lower 
dosage.

Material and methods

GBM cell lines

GBM Cell lines C6 and U87, were kindly provid-
ed by Prof. Maojin Yao (Sun Yat-Sen University), 
and were maintained in high glucose Dulbe- 
cco’s modified eagle medium (Gibco) supple-
mented with 10% fetal bovine serum (Hyclone), 
1% penicillin/streptomycin (Gibco). Cells were 
cultured under standard culture conditions in 
an incubator with 5% CO2 at 37°C.

Plasmids construction and transfection

For YAP, cDNA of YAP was amplified by PCR, 
(Forward: 5’-CGGAATTCGCCACCATGGATCCCG- 
GGCAGCAG-3’, Reverse: 5’-GGCACCGGTACTA- 

ACCATGTAAGAAAGC-3’). For YAP shRNA, the 
target sequence is “GCCACCAAGCTAGATAAA- 
GAA”. The plasmids were transfected in C6 
cells as the manufacturer’s instructions. After 
transfected for 6 h, the transfection mixture 
was replaced with fresh growth medium and 
subsequent experiments with transfected cells 
were performed after 48 h transfection.

Cell counting kit-8 (CCK8) assay

Cell viability was measured by CCK8 cell count-
ing kit (A311-01/02, Vazyme biotech). In brief, 
C6 and U87 cells were seeded into 96-well 
plates of 5000 cells/well and cultured in  
DMEM of 1% serum with certain concentra-
tions of derivatives of β-Elemene and the con-
trol solvent for 24 h, and then, 10 μl CCK8 solu-
tion was added to each well and incubated for 
2 h. The optical density of the solution was 
determined by a Microplate Reader (Multiskan 
MK3, Thermo Scientific) at 450 nm. Five repli-
cate wells were designed for each cell sample.

Immunofluorescent assay

For cultured cells, cells were seeded into 
12-well plates with glass slides and cultured 
with medium containing compound 1 or the 
control solvent for 24 h. For tumor tissues, the 
tumors were taken from the nude mice and 
fixed in 4% paraformaldehyde in 0.01 M phos-
phate-buffer saline (PBS, pH 7.4) at 4°C for 24 
h, then the tumors were immersed in 10%, 
15%, 20% sucrose in 0.01 M PBS (pH 7.4) for 1 
h respectively and in 30% sucrose overnight at 
4°C. Tumors were mounted in Tissue-Tek O.C.T. 
Compound (SAKURA, O.C.T.4583, USA) and fro-
zen for 1 h, then cut into sections (20 μm) by 
using a cryostat (CM1900, Leica Biosystems, 
Germany) and then the sections were mounted 
on glass slides (servicebio, G6004-1, Wuhan, 
China) and air-dried for 24 h.

For immunofluorescent labeling, sections were 
permeabilized with 0.3% Triton X-100 for 30 
min and then blocked with 5% bovine serum 
albumin (BSA) for 30 min at room temperature. 
Subsequently, sections were then incubated 
with primary antibody overnight at 4°C. Pri- 
mary antibodies used included rabbit anti- 
Ki67 (#AB9260, Merck Millipore, 1:300), rabbit 
anti-YAP (#14074, CST, 1:500), rabbit anti-cle- 
aved caspase3 (#9661, CST, 1:500). Sections 
were washed with PBS three times and then 
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incubated with fluorescently-labeled secon- 
dary antibody in the dark at room temperature 
for 2 h. The sections were washed with PBS 
and then incubated with DAPI. After being 
washed three times with PBS, sections were 
mounted and photographed under a laser sc- 
anning confocal microscope (Olympus FV1000, 
Tokyo, Japan).

Western blot

C6 and U87 cells or tumor tissues obtained 
from the sacrificed nude mice, were transferred 
into ice-cold lysis buffer and homogenized with 
Ultrasonic apparatus (Sonics, USA). Samples 
were then centrifuged at 4°C, 12,000 g for 10 
min, supernatants were concentrated with a 
BCA (Thermo, Waltham, USA) protein assay. 
Loading buffer was added to the samples and 
boiled for 10 min. Proteins were separated on a 
10% SDS-page by applying 20 μg total protein 
for each sample and transferred onto a poly- 
vinylidene fluoride (PVDF) membrane. Mem- 
branes were incubated with 5% skimmed milk 
in PBS to block the non-specific reaction for 1 h 
at room temperature, after washed with PBS 
three times, incubated with primary antibody 
dilution buffer overnight at 4°C. Primary anti- 
bodies used included rabbit anti-YAP (#14074, 
CST, 1:1000), rabbit anti-p-YAP (#4911, CST, 
1:1000), rabbit anti-caspase3 (#13008, CST, 
1:1000), rabbit anti-cleaved caspase3 (#9661, 
CST, 1:1000), rabbit anti-cyclinB1 (12231T, 
CST, 1:1000), rabbit anti-cyclinD1 (55506T, 
CST, 1:1000), mouse anti-bcl2 (M1206-4, hua-
bio, 1:1000, rabbit anti-bax (ET1603-34, hua-
bio, 1:1000), rabbit anti-Ki67 (#AB9260, Merck 
Millipore, 1:500); mouse anti-β-actin (200068-
8F10, ZENBIO, 1:1000). Membranes were blo- 
cked by blocking buffer (5% skimmed milk in 
PBS) for 30 min at room temperature and then 
incubated with horseradish peroxidase-conju-
gated secondary goat anti-rabbit or goat anti-
mouse diluted with blocking buffer for 1 h at 
room temperature, subsequently, the mem-
branes were washed with PBS three times for 
10 min each time. Finally, membranes were 
incubated with supersignal chemiluminescent 
substrate (Thermo, Waltham, USA) to visualize 
the binding sites and then exposed using a 
detector (ChemiDoc MP, Bio-Rad Hercules, 
America).

Transwell assay

Cells (5 × 104) in serum-free medium were 
seeded into the upper chamber of a Transwell 

insert (8-μm pore size; Corning Inc.). The lower 
chamber was added in a medium with 10% FBS 
as a chemoattractant. After incubation for 24 
h, the serum-free medium in the upper cham-
ber was removed and infiltrated with 4% para-
formaldehyde for 15 min, stained with crystal 
violet for 30 min, washed with PBS, and dried 
at room temperature. The upper un-migrated 
cells were gently wiped off with a cotton swab, 
and counted under microscope.

Colony formation assay

Cells (1000/well) were seeded in a 6-well plate, 
and cultured for 24 h in culture medium con-
taining 1% FBS and then compound 1 were 
added, and continuously cultured for 7 d. The 
culture medium was removed and cells were 
infiltrated with 4% paraformaldehyde for 15 
min, stained with crystal violet, washed with 
PBS, dried and counted.

Wound healing assay

Cells were seeded in a 6-well plate. After the 
cells had grown to about 100% confluency, the 
cell layer was scratched with a sterile yellow 
Gilson-pipette tip. After scratching, the medium 
containing 10% FBS was replaced with a se- 
rum-free medium. Images of the scratched 
cells were captured at 0 h and 24 h.

Aggregation migration assay

20 μl cells with high density were plated on cov-
erslip. Immediately, the coverslips inverted with 
cells hanging downward for 6 h to allow the 
cells to aggregate, and then the aggregated 
cells were removed onto larger coverslips coat-
ed with matrigel (10 μg/μl, Sigma) and cultured 
for 2 d to allow cell migration in culture media 
with or without compound 1. The culture media 
was removed, cells were fixed, and cell migra-
tion distance away from the edge of the frag-
ment was analyzed. The maximum distance of 
the leading edge of cells was measured in each 
experiment.

Animals

The experiment performed with animals was 
approved by the Institutional Animal Care and 
Use Committee at Hangzhou Normal University. 
Male nude mice of six-week-old BALB/c were 
purchased from Shanghai SLAC Laboratory 
Animal (Co, Ltd), and raised at the Animal 
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Experimental Center of Hangzhou Normal Uni- 
versity.

GBM xenograft model

The cultured C6 cells were inoculated in subcu-
taneous male BALB/c nude mice, aged about 6 
weeks, to establish the in vivo GBM at cons- 
tant temperature (22-25°C). Mice were ran-
domly divided into 2 groups of 5 animals each. 
When the tumor volume reached approximately 
3 mm3, compound 1 dissolved in PBS, were 
injected into the subcutaneous of the nude 
mice every other day. Each group of mice was 
intravenously injected with the same dose of 
PBS and compound 1, at the same time, the 
tumor volume was measured. Animals were fed 
with heat-sterilized food and water and main-
tained on sterilized bedding in a homoiother-
mal specific pathogen-free (SPF) laminar flow 
cabinet, a vernier caliper was used and the for-
mula a × b2/2 was performed (a and b repre-
sented the length and width of the tumor vol-
ume respectively). After 35 d of tumor growth, 
the nude mice were sacrificed by cervical  
spondylolysis after anesthesia. The tumors 
were removed, photographed and immediately 
weighed. For immunofluorescent analysis, the 
tumor tissues were soaked in 4% paraformal-
dehyde and lysed for western blot assay.

Statistical analysis

All experiments were performed at least three 
independent times. Statistical analyses were 
performed using image J and GraphPad Prism 
8 software. The statistical analysis significance 
between multiple groups was performed using 
analysis of variance (ANONA) and the statistical 
significance between two means was analyzed 
by student’s t test. The data were expressed as 
the means ± standard error of mean (SEM). 
Differences with P<0.05 were considered to be 
statistically significant.

Results 

Compound 1 inhibited the migration of GBM 
cells with lower IC50

High purity β-Elemene (purity >95%, compound 
2) was obtained from elemene extract via mul-
ticycle preparative HPLC purification. Com- 
pound 3 is a biotin-labeled β-elemene deriva-
tive. Compound 1 is a bisamino derivative of 

β-elemene. Both compounds were synthesiz- 
ed from β-elemene in several steps, and the 
detailed synthesis procedure will be reported 
else way. Primarily, CCK-8 assay was conduct-
ed to evaluate IC50 of these derivatives with rat 
GBM C6 cell line, and found compound 1 pre-
sented better efficiency with lower IC50 among 
the three derivatives (Figure 1A). According to 
the IC50 values and valid time shown in Figure 
1A, 1B, we chose the concentration of 25 μM 
of compound 1 and 24 h as the efficient time 
for drug treatment in the following experi- 
ments.

β-Elemene has been proved to inhibit the 
migration of human GBM cell lines [10]. Wound 
healing experiment was then performed to de- 
tect the effect of migration on C6 cells of three 
derivatives besides β-Elemene. Since the sol-
vent of β-Elemene and compound 1 are differ-
ent, to exclude the effect of the solvent on cells, 
the wound healing experiments of compound 1 
(25 μM) and β-Elemene (490 μM) were not per-
formed in the same assay and the absolute 
value of wound healing percentages of them 
could be different and not comparable due to 
the cell density and growth status and so on, so 
we chose the relative data between compound 
1 and β-Elemene for comparison. Compared to 
β-Elemene, compound 1 had better efficiency 
in inhibiting GBM cell line migration with lower 
concentrations (Figure 1C-G). Taken together, 
these results suggest that the derivatives of 
β-Elemene, compound 1 inhibited the migra-
tion of C6 cells with lower IC50 values.

Compound 1 inhibited the growth and prolif-
eration of GBM cells

To examine the effect of compound 1 on the 
proliferation of GBM cell lines, Ki67 (a marker 
for cell proliferation) staining and colony forma-
tion assay were performed in C6 and U87 cell 
lines. As shown in Figure 2A-C, the Ki67+ cells 
significantly decreased in compound 1-treated 
C6 and U87 cells compared with the control-
treated group. Meanwhile, colony formation 
assay further showed that the numbers of cell 
clones were also dramatically decreased both 
in C6 and U87 cells treated with compound 1, 
compared with control-treated cells. Taken to- 
gether, these results suggested that compound 
1 inhibited the growth and proliferation of GBM 
cells.
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Figure 1. The derivative of β-Elemene, compound 1 inhibited the migration of C6 cells with lower IC50. A. The IC50 of the β-Elemene derivatives was measured by 
CCK-8 (n=5). The rat GBM C6 cells were seeded in 96-well plates at 5 × 103/well and treated with different concentrations (0, 5, 10, 12.5, 25, 37.5, 50, 75, 100 
μM) of three derivatives for 24 h for CCK-8 assay. B. CCK-8 assay detected the cell viability of C6 cells treated with compound 1 with a concentration of 25 μM for dif-
ferent time points (12 h, 24 h, 48 h) (n=5). C, E. Wound healing experiment examined the inhibition efficiency of migration in C6 cells between the three derivatives 
with the concentration of 25 μM and β-Elemene (490 μM). D, F. Quantification of the wound healing percentage of β-Elemene and three derivatives respectively. 
G. Quantification of the relative inhibition effect of migration of C6 cells treated with compound 1 compared to β-Elemene. Scale bars, 100 μm. Data were mean ± 
SEM. **P<0.01, ***P<0.001, ****P<0.0001.



Derivative of β-Elemene in GBM

5489 Am J Cancer Res 2022;12(12):5484-5499

Figure 2. Compound 1 inhibited the growth and proliferation of GBM cells. (A) Immunostaining analysis of Ki67 in C6 and U87cells treated with compound 1. (B, C) 
Quantification of ratio of Ki67+ (Ki67+/DAPI) cells and cell density respectively as shown in (A) (n=8 and n=6 respectively). (D) Colony formation assay detected the 
proliferation of C6 and U87 cells treated with compound 1. (E) Quantification of the clone numbers as shown in (D), (n=3). Scale bars, 20 μm in (A) and 2 mm in (D). 
Data were mean ± SEM. **P<0.01, ****P<0.001.
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Compound 1 arrested S cell cycle in GBM cells

To examine whether compound 1 inhibited cell 
growth and proliferation by arresting cell cycle, 
cell-cycle-related proteins were detected by 
western blot. As shown in Figure 3A-C, the 
expression of cyclinB1 and cyclinD1 were mark-
edly decreased in compound 1 treated C6 cells. 
Furthermore, the flow cytometry experiment 
showed that cell cycle progression was arrest-
ed at the S phase and retarded from G2/M to 
G1 after compound 1 treatment (Figure 3D, 
3E). Taken toghter, these results suggested 
that compound 1 inhibited GBM cell growth 
and cell proliferation by inducing cell cycle 
arrest at S phase.

Compound 1 induced apoptosis of GBM cells

To examine whether compound 1 can induce 
the apoptosis of GBM cells, western blot and 

immunofluorescence assays were performed 
to detect the expression of apoptosis related 
proteins. The western blot results showed that 
protein levels of cleaved-caspase3 (C-caspa- 
se3) were significantly increased, whereas, 
Bcl2/Bax were significantly decreased in com-
pound 1-treated C6 cells (Figure 4A-C), indicat-
ing that compound 1 treatment increased the 
expression of pro-apoptosis proteins. Further- 
more, immunostaining showed that cleaved-
caspase3 positive cells were significantly in- 
creased in compound 1-treated C6 cells (Figure 
4D-F). Flow cytometry experiment with Annexin 
V/PI staining was then carried out to further 
test the state of apoptosis induced by com-
pound 1. As shown in Figure 4G, 4H, compound 
1 treatment significantly increased the apop- 
tosis of C6 cells. In summary, these results 
strongly suggested that compound 1 induced 
the apoptosis of GBM cells.

Figure 3. Compound 1 arrested S cell cycle of GBM cells. (A) Represent images of expression of CyclinB1 and 
CyclinD1 by Western blot in C6 cells treated with compound 1. (B, C) Quantification of protein level of CyclinB1 (B) 
(n=3) and CyclinD1 (C) (n=4) respectively as shown in (A). (D) Flow cytometry assay with PI staining showed the 
percentage of each cell cycle phase treated with compound 1. (E) Quantification of percentage of cell cycle phase. 
Data were mean ± SEM. *P<0.05, **P<0.01.



Derivative of β-Elemene in GBM

5491 

Figure 4. Compound 1 induced apoptosis of GBM cells. (A) Western blot detected the expression of proteins associated with apoptosis in C6 cells treated with 
compound 1. (B, C) Quantification of the protein level of cleaved-caspase3 (C-caspase3) (B), Bcl2/Bax (C) as shown in (A) (n=3). (D) Immunofluorescent staining of 
cleaved-caspase3 (C-caspase3) in C6 cells treated with compound 1. (E) Quantification of the percentage of cell apoptosis as shown in (D) (n=9). (F) Quantification 
of the cell density as shown in (D) (n=9). (G) Flow cytometry assay detected the apoptosis of C6 cells treated with compound 1 and the control. (H) Quantification of 
the apoptosis ratio as shown in (G) (n=6). Scale bar, 50 μm. Data were mean ± SEM. *P<0.05, ***P<0.001, ****P<0.0001.
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Compound 1 inhibited the migration and inva-
sion of GBM cells

To further examine the inhibitory effect of com-
pound 1 on the migration of GBM cells (Figure 
1E), C6 and U87 cell lines were performed in 
this experiment. The results showed that com-
pound 1 treatment significantly inhibited the 
wound healing in C6 and U87 cells (Figure 5A, 
5B). We next carried out transwell assay on 
these GBM cell lines to further confirm these 
results. The invasive cells were stained on the 
lower surface of the plates and counted (Figure 
5C). Compared with the control-treated group, 
compound 1 treatment significantly decreas- 
ed the penetrated cell number (Figure 5D). 
Meanwhile, we also carried out an aggregation 
migration assay on C6 cells and found the dis-
tance and number of migratory cells were mark-
edly decreased in compound 1 treated C6 cells 
(Figure 5E-G), compared with control-treated 
cells. Taken together, these results strongly 
suggested that compound 1 inhibited the 
migration and invasion of GBM cells. 

Compound 1 inhibited the proliferation of GBM 
cells through inactivating YAP signaling

Yes-associated protein (YAP), as a main down-
stream effector that is negatively regulated by 
the Hippo pathway, is frequently activated in 
human malignancies [29], and is required for 
the growth of glioma [30-32]. Thus we next 
examined whether YAP signaling was involved 
in the inhibitive effect of compound 1 on GBM 
cells. As expected, the expression of YAP was 
markedly decreased, whereas the protein level 
of p-YAP/YAP was relatively increased (Figure 
6A-C). Immunofluorescent assay further show- 
ed the relative fluorescence intensity of YAP 
was significantly decreased in compound 
1-treated C6 cells (Figure 6D, 6E). To further 
examine whether compound 1 treatment inhib-
ited the proliferation of GBM cells through in- 
activating YAP signaling, a plasmid of YAP with 
GFP-tag was constructed (Figure 6F), and the 
cell-cycle related protein cyclinB1 and cyclinD1 
were significantly elevated in these GFP-YAP 
transfected C6 cells (Figure 6F-H). Meanwhile, 
overexpression of GFP-YAP partially restored 
the anti-proliferation effects of compound 1 on 
C6 cells (Figure 6I, 6J). Besides, the prolifera-
tion of C6 cells were inhibited when transfect- 

ed with plasmid of shRNA-YAP tagged with GFP, 
and compound 1 exhibited no effect on the pro-
liferation of cells that knocked down of YAP 
compared with the control group (Figure 6K, 
6L). The knock down efficiency of YAP was  
presented in Supplementary Figure 1. These 
results suggested that compound 1 inhibited 
the proliferation of GBM cells through inactivat-
ing YAP signaling.

To elucidate the simulated mechanism of com-
pound 1 binding, we tried to use the structure-
based drug design tool to dock it inside the YAP 
protein with protein data bank code (3KYS) to 
validate the YAP signaling pathway. Full analysis 
of drug-target interactions of compound 1, with 
binding energies, three dimensional interac-
tions are summarized in Supplementary Figure 
2. Compound 1 was docked within the YAP pro-
tein and the binding energy was -7.38 Kcal/mol, 
and it formed one hydrogen bonds (HB) interac-
tions with PHE-95 as the key interacting amino 
acid (Supplementary Table 1).

Compound 1 inhibited the tumorigenesis of 
GBM cells in vivo

Given the in vitro data demonstrated the effect 
of compound 1 on GBM cells, to further investi-
gate the effect of compound 1 on GBM in vivo, 
a tumor xenograft was constructed by injecting 
C6 cells into nude mice. When C6 cells were 
grown to approximately 3 mm3 about 7 d after 
injection, compound 1 with a 25 mg/kg con-
centration was injected intraperitoneally into 
the tumor-bearing mice, meanwhile, the same 
concentration of β-Elemene group was carried 
out for comparison. The tumor size was mea-
sured every other day for 35 d from the day on 
drug administration. Afterwards, mice were sa- 
crificed and the tumor tissues were taken out 
from the mice as shown in Figure 7A, 7B. The 
weight of tumor tissue was significantly declin- 
ed (Figure 7C). Similarly, the tumor volume was 
also reduced from 19 d after compound 1 
administration (Figure 7D), compared with con-
trol treated mice, which indicating compound 1 
inhibited GBM tumorigenesis in vivo. We also 
monitored the body weight of mice while drug 
administration, and found that compound 1 did 
not affect the body weight compared with the 
control group (Figure 7E). However, β-Elemene 
with the concentration of 25 mg/kg showed no 
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Figure 5. Compound 1 inhibited the migration and invasion of C6, U87 GBM cells. (A) Wound healing experiment performed on C6 and U87 GBM cells treated with 
compound 1. (B) Quantification of wound healing percentage as shown in (A), (n=10). (C) Typical images of C6 and U87 GBM cells in transwell migration assay. Cells 
treated with compound 1 for 24 h and then stained with crystal violet and images were captured. (D) Quantification of the number of migrated cells as shown in 
(C), (n=10). (E) Aggregation migration assay detected the migration of C6 cells treated with compound 1. (F, G) Quantification of the distance and numbers of the 
migrated cells as shown in (E), (n=3). Scale bars, 100 μm. Data were mean ± SEM. **P<0.01, ***P<0.001, ****P<0.0001.
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Figure 6. Compound 1 inhibited the proliferation of GBM cells through inactivating YAP signaling. (A) Western blot 
detected the protein level of YAP and p-YAP in C6 cells treated with or without compound 1. (B, C) Quantification 
of the relative level of YAP and p-YAP/YAP as shown in (A) (n=4). (D) Immunofluorescent staining of YAP in C6 cells 
treated with compound 1 and the control. (E) Quantification of the fluorescence intensity of YAP as shown in (D) 
(n=8). (F) Western blot detected the protein level of cyclinB1 and cyclinD1 in C6 cells transfected with GFP-YAP or 
GPFN1 for 48 h. (G, H) Quantification of the protein level of cyclinB1 and cyclinD1 respectively as shown in (F) (n=3). 
(I, J) Immunofluorescent staining of Ki67 in C6 cells transfected with GFP or GFP-YAP or shRNA-control (sh-NC) or 
shRNA-YAP (sh-YAP) with or without compound 1 treatment. (K, L) Quantification of percentage of Ki67+/GFP cells. 
White arrows indicated cells transfected with GFP labeled plasmids that not co-localized with Ki67 and yellow ar-
rows indicated with GFP labeled plasmids that co-localized with Ki67. Scale bar, 20 μm, enlarged scale bar, 5 μm in 
(D) and 50 μm in (I, K). Data were mean ± SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.

Figure 7. Compound 1 inhibited GBM tumorigenesis in xenografted nude mice. (A) The image of the sacrificed mice 
treated with the control or compound 1. (B) Image of the tumor issues that were taken from the sacrificed mice 
treated with the control or compound 1. (C, D) Quantification of the tumor weight and volume between compound 1 
treated and the control group (n=5). (E) Quantification of the body weight of the tumor bearing mice that monitored 
every other day (n=5). (F) Western blot detected the expression of proteins YAP, p-YAP, YAP, cyclinB1, cyclinD1, Bcl2 
and bax in the tumor tissues treated with the control or compound 1. (G-K) Quantification of relative protein level of 
YAP (G) (n=3), p-YAP/YAP (H) (n=4), cyclinB1 (I) (n=3), cyclinD1 (J) (n=3), Bcl2/bax (K), as shown in (F). (L, M) Immu-
nofluorescent staining of Ki67 and cleaved-caspase3 in the tumor tissues treated with compound 1 or the control. 
Scale bar, 50 μm and enlarged scale bar, 20 μm. Data were mean ± SEM. **P<0.01, ***P<0.001.
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significance in effect on the tumorigenesis 
compared with the control group, data were 
shown in Supplementary Figure 3. Consistent 
with the results of in vitro experiments, western 
blot demonstrated that the YAP, cyclin B1, cyclin 
D1 and Bcl-2/Bax levels were significantly 
decreased in compound 1-treated mice, com-
pared with control treatment (Figure 7F-K). 
Furthermore, we continued to evaluate the pro-
liferation and apoptosis of the tumor tissue 
cells. Again, compound 1 treatment reduced 
the proliferative cells and induced apoptosis of 
the GBM tumor tissue (Figure 7L, 7M). In con-
clusion, these results suggested that com-
pound 1 inhibited the tumorigenesis of GBM in 
vivo.

Discussion

Here, we reported that a bisamino derivative of 
β-Elemene compound 1 showed better efficien-

cy in inhibiting tumorigenesis of GBM with more 
effective biological activity than β-Elemene. We 
also revealed the inhibition of GBM for com-
pound 1 through inactivating YAP signaling in a 
working model (Figure 8).

Previous studies have reported that β-Elemene, 
displayed a wide spectrum of antitumor effect, 
clinically used as a second line antitumor drug, 
which usually combined with fist-line drugs for 
synergistic effects for years [33, 34]. β-Elemene 
is good for curative of cancer with multifold 
effects with low toxicity. However, its biological 
activity is moderate or weak, indicating high 
IC50 value when working in several tumor cell 
lines. In this research, we synthesized some 
derivatives of β-Elemene based on its struc- 
ture and found compound 1, demonstrated 
lower IC50 than β-Elemene and other derivati- 
ves, which performed better efficiency on inhib-

Figure 8. Working model of the functions of compound 1 in GBM through inactivating YAP signaling. Compound 1 
inhibits the migration and induces the apoptosis of GBM cells. YAP is inactivated when treated with compound 1, 
thus, inhibits the proliferation of GBM cells. Furthermore, when YAP is overexpressed, the inhibition effect of prolif-
eration of GBM cells can be partially rescued.
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iting the migration of GBM cells. Herein, A se- 
ries assays were carried out to detect further 
the antitumor effect of compound 1 on GBM 
cell lines. We observed the antitumor effect of 
compound 1 on GBM cells both in vitro and in 
vivo. The results manifested that compound 1 
inhibited the growth and proliferation, migra-
tion and invasion, induced apoptosis, promoted 
cell cycle arrest in GBM cells and suppressed 
GBM tumorigenesis in xenografted nude mice.

Although there were different cellular pathways 
about the effect that β-Elemene acted on dif-
ferent cancers, the mechanism has not been 
clearly demonstrated yet. In this research, we 
reported the Hippo signaling pathway, a con-
served pathway that could lead to cancer when 
dysregulated. As a translational coactivator, 
YAP is negatively regulated by Hippo pathway 
and controls the size of multiple organs through 
regulating cell differentiation, proliferation and 
apoptosis. Excessive YAP activation will cause 
cell proliferation, thus giving rise to brain tu- 
mors that are often lethal, such as neuroblas-
toma and medulloblastoma [35-37]. Several 
papers also reported YAP promoted tumor pro-
gression of GBM through regulating or regulat-
ed by different molecules [30, 38-40]. Recent- 
ly, Konstantin Masliantsev et al reviewed the 
Hippo pathway involvement in tumor progres-
sion and resistance to treatment of GBM and 
drugs mainly approaches this pathway targeted 
indirectly to YAP have been designed [32]. In 
this study, we examined the expression of YAP 
after administrating compound 1 and found it 
was significantly reduced. When YAP was over-
expressed, it partially rescued the anti-GBM 
effects of compound 1, indicating inactivation 
of YAP signaling pathway participated in the 
antitumor effect of compound 1. However, the 
specific molecules that are regulated in Hippo/
YAP pathway need further investigation.

In summary, we synthesized the derivative of 
β-Elemene, compound 1, with a much lower 
efficient concentration (25 μM) than the effec-
tive general concentration of β-Elemene that 
has been reported both in vitro and in vivo [41, 
42]. In addition, we also obtained a water-solu-
ble form of compound 1 for in vivo experiment 
to achieve better biology activity with lower tox-
icity. However, further research on patients still 
needs to test whether compound 1 could be 
put into clinical use.
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Supplementary Table 1. Summary of molecular docking stimulations of compound 1
Docked compound Docking Energy (Kcal/mol) Drug-Target Interactions
compound 1 -7.38 1 HB with PHE-95
HB: Hydrogen Bone; mol: mole.

Supplementary Figure 1. Western blot showed the efficiency of knocking down of YAP in C6 cells. Cells were trans-
fected with the plasmids of shRNA-YAP (sh-YAP) and the control shRNA (sh-NC) for 48 h and then lysed for western 
blot assay.

Supplementary Figure 2. Three-dimensional disposition of compound 1 with interactive amino acid.
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Supplementary Figure 3. A. The image of the sacrificed mice treated with the control or β-Elemene. B. Image of the 
tumor issues that were taken from the sacrificed mice treated with the control or β-Elemene. C, D. Quantification of 
the tumor weight and volume between β-Elemene treated and the control group (n=5). E. Quantification of the body 
weight of the tumor bearing mice that monitored every other day (n=5).


