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Abstract: Glioma is a severe disease with a poor prognosis despite aggressive surgical resection and traditional 
chemotherapies. Therefore, new anti-neoplastic drugs are urgently needed. Bioactive compounds from natural 
products are potential sources of antiproliferative molecules, among which manzamine compounds extracted from 
the Formosan marine sponge Haliclona sp. have shown considerable promise as anticancer drugs. In the present 
study, the anti-neoplastic effect and mechanism of the manzamine derivative 1-(9’-propyl-3’-carbazole)-1, 2, 3, 
4-tetrahydro-β-carboline (PCTC) were investigated using in vitro cell lines and an in vivo subcutaneous animal model. 
Both cytotoxic and anti-proliferative effects were shown in human and murine glioma cell lines (A172, U87MG, 
and GL261), together with enhanced expressions of apoptotic enzymes and intracellular reactive oxygen species, 
and blockage of the G1/S phase of the cell cycle. In addition, combined treatment of GL261 cells with PCTC and 
temozolomide had a synergic antiproliferative effect. Significant safety, efficacy, and survival benefits were also 
demonstrated with PCTC treatment in the murine subcutaneous GL261 model. In conclusion, PCTC could effectively 
promote cell death through apoptosis and cell cycle arrest in glioma cell lines, and provide survival benefits in the 
animal model. Therefore, PCTC may be a clinically beneficial therapy for glioblastoma.
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Introduction

Glioma, and in particular glioblastoma multi-
forme (GBM), is the most common and aggres-
sive primary malignant brain tumor, with a 
median overall survival of less than 15 months 
even after maximal surgical resection of the 
tumor followed by the Stupp protocol with  
radiotherapy plus concomitant and adjuvant 
chemotherapy (temozolomide; TMZ) [1]. Be- 
cause of the aggressive and diffusely infiltra-
tive nature, tumor recurrence is inevitable. It 

often leads to rapid tumor spread to other brain 
regions and early local or marginal recurrence 
despite surgical resection [2, 3]. Although che-
motherapy plays an important role in treating 
unresectable and recurrent tumors, there are 
currently no effective drugs for glioma. There 
are two major issues. First, the specialized 
blood-brain barrier (BBB) prevents most large 
molecules from penetrating into tumors. Se- 
cond, drug resistance often occurs due to the 
molecular and cellular heterogeneity of glioma 
[4]. Therefore, developing new chemotherapeu-
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tic agents to treat not only unresectable tumors 
but also infiltrating tumor cells may significantly 
improve treatment outcomes. 

The natural world is a major source of small 
molecules that could be developed into novel 
pharmaceuticals, and compounds derived  
from natural products are considered to be 
potential sources of new anti-cancer drugs [5]. 
Manzamines are small molecules, and several 
have been isolated from the Formosan marine 
sponge, Haliclona sp. [6]. 

Manzamines isolated from sponges and other 
marine microorganisms are members of the 
β-carboline alkaloid family [7, 8]. Previous stud-
ies have shown that some manzamine deriva-
tives have cytotoxic effects against human can-
cer cells [9]. Twelve manzamine-derived com-
pounds have recently been synthesized, and 
their cytotoxic effects have been examined in 
four cancer cell lines from the lung (A549, 
H1299), liver (HepG2), and breast (MCF7). Of 
these 12 compounds, 1-(9’-propyl-3’-carba-
zole)-1, 2, 3, 4-tetrahydro-β-carboline (PCTC) 
(Figure 1) has shown the best cytotoxic acti- 
vity [4]. In addition, the molecular weight of 
PCTC is around 379. It is difficult for molecules 
>400 Da to penetrate BBB [10]. PCTC is a 
potential chemotherapeutic drug to treat glio-
ma. Therefore, the aim of this study was to 
investigate the anti-neoplastic effect of PCTC 
on glioma. We used an in vitro model and iden-
tified both cytotoxic and anti-proliferative 
effects of PCTC against glioma cells (A172, 
U87MG, and GL261 cell lines). We also tested 
the safety and efficacy in vivo in a GL261 sub-
cutaneous implantation mice model.

Materials and methods

Ethics statement

All mouse experiments were conducted in 
accordance with the Guide for the Care and 
Use of Laboratory Animals published by the 
Institutional of Laboratory Animal Resources, 
National Research Council, U.S.A. The study 
protocol was approved by the Institutional 
Animal Care and Use Committee (IACUC) of 
Chang Gung Memorial Hospital in Taiwan. All 
experiments were following the ARRIVE guide-
lines. Surgical and experimental procedures 
were performed after the animals had been 
anesthetized with isoflurane inhalation (evapo-
ration rate: 1-2%, flow rate: 800 ml/min), and  
all efforts were made to minimize animal 
suffering.

Cells and cell culture

The human malignant glioma cell lines A172 
and U87MG, and murine glioma cell line  
GL261 were purchased from the American  
Type Culture Collection. The glioma cells were 
cultured in Dulbecco’s Modified Eagle Medium 
(DMEM; Thermo Scientific) supplemented with 
10% heat-incubated fetal bovine serum (FBS; 
Thermo Scientific) and 1% Antibiotic-Antimyco- 
tic (Thermo Scientific), in an incubator with 5% 
CO2 and 100% humidity at 37°C. Cells in the 
exponential phase of growth were used in all of 
the experiments.

Cytotoxicity assay

Cytotoxicity (cell growth inhibition) induced by 
PCTC was analyzed using a Cell Counting Kit- 
8 colorimetric assay (CCK-8, Sigma-Aldrich). 
Briefly, the A172, U87MG and GL261 glioma 
cells were seeded into a 96-well plate, with 
each well containing 100 μl of cell suspension 
and approximately 5×103 cells. After incub- 
ation for 24 hours, the cells were washed with 
serum-free medium and then added to serum-
free medium containing PCTC. An appropriate 
amount of CCK-8 solution (10 µl) was added to 
the culture medium, followed by incubation at 
37°C for 60 minutes for the A127 and U87MG 
cells, and 120 minutes for the GL261 cells. 
Absorbance was measured at 450 nm using a 
microplate reader (MultiskanTM GO; Thermo 
Scientific) in accordance with the manufactur-
er’s instructions.

Figure 1. Chemical structure of 1-(9’-propyl-3’-carba-
zole)-1, 2, 3, 4-tetrahydro-β-carboline (PCTC).
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For cell viability after PCTC and TMZ treatment, 
GL261 glioma cells were seeded into a 24-well 
plate (3×104 cells/well). After incubation with 
PCTC alone, TMZ alone, and a combination of 
PCTC and TMZ in 10% FBS for 24 hours, the 
treated cells were incubated with WST-1 assay 
reagent (Roche) for 2 hours. Absorbance was 
measured at 450 nm with 200 µl medium. 

Cell morphology and colony formation

A172, U87MG, GL261 cells were seeded into a 
6-well plate at 1.5×105 cells/well. After incuba-
tion for 24 hours, the cells were washed with 
serum-free medium and then treated with 
PCTC. After incubation, cell morphology was 
observed under a phase-contrast microscope 
(IX81; Olympus). To assess colony formation, 
GL261 cells were seeded into a 6-well plate at 
1.5×105 cells/well. After incubation for 24 
hours, the cells were added to culture medium 
containing PCTC. After 9 days, the medium was 
depleted. The cells were washed with iced 
phosphate buffered saline (PBS) twice, and 
then fixed in iced 4% paraformaldehyde for 10 
minutes. After the supernatant was depleted, 
the cells were colored by crystal violet for 15 
minutes. The cells were then washed with 
ddH2O until clean. 

Flow cytometric analysis

Glioma cells were seeded into a 6-cm dish at 
3×105/µl. The dish was incubated at 37°C in a 
5% CO2 atmosphere for 24 hours. After wash- 
ing with serum-free medium, the cells were 
incubated with serum-free medium containing 
PCTC or DMSO for 6 hours, and the number of 
cells was counted. The cells were suspended 
(106/ml) in annexin V-binding buffer, and 100  
µl solution was colored using 5 µl annexin V  
and 5 µl povidone iodine (PI) away from light. 
The percentage of apoptotic cells was then 
analyzed using a flow cytometer (BD Accuri™ 
C6 Plus) and BD Accuri C6 software with an 
FITC Annexin V Apoptosis Detection Kit I (BD 
Biosciences) according to the manufacturer’s 
instructions.

Glioma cells were seeded into a 96-well plate 
at 5×103/100 µl. The wells were incubated at 
37°C in a 5% CO2 atmosphere for 24 hours. 
After washing with serum-free medium, the 
cells were incubated with serum-free medium 
containing PCTC. After returning to room tem-
perature, 100 µl Caspase-Glo® 3/7 Assay so- 

lution was added to each well, and then stirred 
at 400 rpm for 30 seconds. After 1 hour at 
room temperature and away from light, the 
luminance was measured. 

Measurement of intracellular reactive oxygen 
species

A172, U87MG, GL261 glioma cells were seed-
ed into 4 wells of a 48-well plate. Each well  
contained 500 μl of cell suspension at app- 
roximately 105 cells/ml. The plate was incubat-
ed at 37°C in a 5% CO2 atmosphere for 24 
hours. After washing with serum-free medium, 
the cells were incubated with serum medium 
containing PCTC with or without N-acetyl-L-
cysteine (NAC, Sigma). The supernatant was 
then depleted, and the remaining cells were 
incubated with 400 mM 2’,7’-dichlorofluores-
cein diacetate (DCFDA; Santa Cruz Biotech- 
nology) for 30 minutes. Fluorescence intensity 
was measured using a fluorescence micro-
scope (IX81; Olympus) equipped with laser-
induced fluorescence (Lumen 200 fluores-
cence Illumination System, Prior Scientific). 
Flow cytometry was also performed.

Western blotting

GL261 cells were treated with PCTC for the indi-
cated periods. Samples were washed with PBS 
and lysed for 30 min on ice using RIPA lysis buf-
fer (Thermo, USA). Protein samples were pre-
pared by SDS-PAGE and transferred to PVDF 
membranes. The membranes were blocked 
and probed with primary antibodies overnight 
at 4°C against Bcl2, PARP, p38, JNK. After 
extensive washing and incubation with second-
ary antibodies, the blots were visualized using 
Amersham Hyperfilm ECL (GE Healthcare).

Measurement of cell cycle arrest

GL261 cells were seeded onto a 6-cm culture 
dish (3×105 cells) overnight, and then treated 
with DMSO and PCTC 4 µM in serum-free  
medium for 24 hours. The cells were trypsin-
ized and centrifuged for 5 minutes at 200 g. 
After the supernatant had been decanted, the 
cells were fixed in 70% ethanol at 4°C. Finally, 
the cells were incubated with 1 ml PI solution 
mix (50 µg/ml PI + 0.1 ml/ml RNase + 0.05% 
TritonX-100) for 30 minutes without bright light 
at 37°C. The cellular DNA content of the treat-
ed cells was analyzed by flow cytometry (BD 
Accuri™ C6 Plus).
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In vivo tumor model

Six- to eight-week-old C57BL/6 mice were ob- 
tained from Bio Lasco Taiwan, Inc. During the 
experimental period, the mice were kept in a 
cage and housed in a temperature- and humid-
ity-controlled aseptic room provided with a 
light/dark cycle system. GL261 glioma cells 
(5×105) were suspended in 50 µl of DMEM and 
subcutaneously injected into the right flank of 
the mice (weight 20±2 g [mean ± SD]). Before 
tumor implantation, the animals were anesthe-
tized with isoflurane inhalation (evaporation 
rate: 1-2%, flow rate: 800 ml/min). The mice 
were then untreated (control), treated with 
DMSO (sham), or treated with PCTC (10 mM/25 
µL) via tail vein injection on Day 11, 14, and 18. 

Tumor size was measured directly using a ruler. 
The survival of each group was also assessed.

Results

Cytotoxicity to glioma

We examined the anticancer effects of PCTC in 
three glioma cell lines (A172, U87MG, GL261). 
Dose-dependent cytotoxicity was identified 
using a CCK-8 assay after treatment with PCTC 
for 24 hours (Figure 2A). A significant dose-
dependent inhibitory effect was noted in all 
three glioma cell lines with a concentration ≥2 
µM. Microscopic analysis of three glioma cells 
at 24 hours after PCTC treatment revealed 
gradual inhibition of the growth of the glioma 

Figure 2. The manzamine-A derivative PCTC induced in vitro cytotoxicity in glioma cell lines. A. PCTC induced dose-
dependent cytotoxicity in glioma A172, U87MG and GL261 cell lines after 24 hours, N=3 biological replicates. B. 
Microscopic analysis showed apoptotic-like morphological destruction after different doses of PCTC treatment for 
24 hours in the GL261 glioma cells. C. Reduced colony formation of GL261 cells on Day 9. D. Bar graph show-
ing measurements of the areas of colony formation of GL261 cells after PCTC treatment. *P<0.05; **P<0.01; 
***P<0.001, t-test.
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cells and marked cell shrinkage in shape 
(Figure 2B and Supplementary Figure 1). 
Apoptotic-like morphological destruction was 
identified with a concentration ≥4 µM. In addi-
tion, colony formation of the GL261 cells sig- 
nificantly decreased on day 9 after PCTC treat-
ment (Figure 2C and 2D). This indicated that 
PCTC treatment had a dose-dependent cyto-
toxic effect on the glioma cells in vitro.

Induced apoptosis and reactive oxygen spe-
cies production in glioma cells

To explore whether PCTC induced glioma cell 
death through an apoptotic mechanism, we 
used flow cytometry with an FITC Annexin V 

Apoptosis Detection Kit I (Figure 3A). The per-
centages of early, late, and total apoptosis 
increased significantly in all three glioma cell 
lines after PCTC or DMSO treated for 6 hours 
(Figure 3B). To confirm the mechanism of  
PCTC-induced apoptosis, we examined the 
expression levels of caspase-3/7 using immu-
noblotting analysis. The results showed that 
PCTC treatment increased caspase 3/7 ex- 
pressions in a dose-dependent manner in all 
three glioma cell lines (Figure 3C). In addition, 
we also examine the expressions of poly (ADP-
ribose) polymerase (PARP), and Bcl-2 using 
Western blotting (Figure 3D). The activities of 
PARP were increased, however the activity of 
Bcl-2 was decreased. Our findings indicated 

Figure 3. Cytotoxicity caused by apoptosis. A. Flow cytometric analysis of A172, U87MG and GL261 glioma cells 
treated with PCTC was performed using an Annexin V Apoptosis Detection Kit I. B. Bar graph of the percentage 
of apoptotic cells in flow cytometry analysis. PCTC treatment resulted in a greater increase in the apoptotic cell 
population in all cell types than in the control group, N=5 biological replicates. C. Luminance measurement of 
Caspase-Glo® 3/7 assay showed elevation in all glioma cell lines after PCTC treatment, N=3 biological replicates. D. 
Western blot showed decrease in Bcl and increases in cleaved-Cas 3 and PARP in GL261 cells after PCTC treatment. 
*P<0.05; **P<0.01; ***P<0.001, t-test.
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that PCTC induced cytotoxicity in a dose-de- 
pendent manner and provoked an apoptotic 
response in all three glioma cell lines. 

Intracellular reactive oxygen species (iROS) 
were detected using DCFDA. The amount of 
iROS generated following treatment of the 
these three glioma cells with PCTC 4 µM sig- 

nificantly increased. The iROS production in- 
duced by PCTC could be reversed by NAC, a 
free radical scavenger (Figure 4A and 4B, 
Supplementary Figure 2A-D), and the inhibition 
of cell viability by PCTC was also reversed by 
NAC in a dose-dependent manner (Figure 4C). 
Western blotting showed that p-JNK (c-Jun 
N-terminal kinase) and p-p38 were activated 

Figure 4. Measurement of intracellular ROS and the effects of inhibition of ROS generation on PCTC-induced cyto-
toxicity. A. Fluorescence microscopic analysis of iROS stained with DCFH-DA (green) within GL261 cells following 
treatment, which was then reversed by NAC. B. Flow cytometry analysis showed an increase in intracellular ROS in 
GL261 cells after PCTC treatment, which was then reversed by NAC. C. Reversed cytotoxicity by NAC within GL261, 
A172, U87MG cells following treatment, N=3 biological replicates. *P<0.05; **P<0.01; ***P<0.001, t-test. D. 
Western blot showed that PCTC induced ROS-dependent downstream phosphorylation of p38 and JNK. E. Western 
blot showed that NAC reversed the PCTC-induced phosphorylation of p38 in GL261 cells.
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after PCTC treatment (Figure 4D). However, p- 
ERK was not activated (Supplementary Figure 

Temozolomide is a chemotherapy agent cur-
rently used for glioma. Several mechanisms of 
resistance to TMZ have been reported. We 
investigated whether there was a synergic ther-
apeutic effect with a combination of TMZ and 
PCTC. In an in vitro cytotoxicity assay, treat-
ment with TMZ alone (0.1 and 0.2 mM) and 
PCTC alone (2 and 4 µM) showed unsatisfacto-
ry cytotoxic effects. However, treatment with 
both TMZ and PTCT had a strong synergic ther-
apeutic effect. PCTC 4 µM and TMZ 0.2 mM 
showed the strongest inhibitory effect on the 
GL261 cells (Figure 6). 

PCTC enhanced survival in the glioma mice   

Mice with GL261 cells subcutaneously implant-
ed were untreated (control), treated with DMSO 
(sham), or treated with PCTC on Day 11, 14, 18 
via tail vein injection (Figure 7A). Tumor growth 
was directly measured using a ruler. All mice 
treated with PCTC survived for a long period 
(>30 days), indicating the safety of PCTC. No 

Figure 5. Effects of PCTC on the cell cycle distribution in GL261 cells. A. Cells 
were treated with DMSO and 4 µM PCTC, and stained with PI. DNA content 
was analyzed for cell cycle phase distribution using flow cytometry. B. The 
intensities of the bands were quantified, which showed significant increases 
in the subG1 and decreased S phases after PCTC 4 µM treatment. N=3 bio-
logical replicates.

Figure 6. Viability of GL261 cells in vitro study. Af-
ter treatment with PCTC alone, TMZ alone, and 
both PCTC and TMZ, significant decreased viability 
of GL261 in combined treatment with comparison 
to PCTC or TMZ alone. N=5 biological replicates. 
*P<0.05, ***P<0.001, t-test.

3). Besides, NAC could re- 
verse the activation of p38 
phosphorylation (Figure 4E). 
These data demonstrated 
that PCTC-induced apoptotic 
cell death may have been 
caused by iROS and down-
stream mitochondria-depen-
dent and MAPK-mediated 
signaling. 

Cell cycle arrest by PCTC

The cell cycle plays an impor-
tant role in cancer cell prolif-
eration and is also associ- 
ated with apoptosis. As a 
result, we examined the cell 
cycle stage after PCTC treat-
ment in the GL261 cells using 
flow cytometry (Figure 5A). 
The results revealed a signifi-
cant increase in the subG1 
phase and decreases in the S 
and G2 phases after 4 µM 
PCTC treatment (Figure 5B). 
This indicated that cell cycle 
arrest of GL261 cells could  
be induced by PCTC, further 
leading to cytotoxicity in the 
GL261 cells. 

Synergic effect of PCTC and 
TMZ
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drug-related deaths were recorded. The most 
significant inhibitory effect on tumor growth 
was found in the mice treated with PCTC  
(Figure 7B). In addition, the mice treated with 
PCTC had better survival benefits than the con-
trol and sham groups (Figure 7C). This demon-
strated the safety and efficacy of PCTC in this 
glioma mice model.  

Discussion

PCTC induced anticancer effects 

Manzamine A, a sponge-derived β-carboline-
fused pentacyclic alkaloid with various bioac-
tivities, has recently been reported to have 
anticancer activity against pancreatic, cervical, 
and colorectal cancer cells [11-14]. Previous 
studies have reported that manzamine A-de- 
rived compounds (1-substituted carbazolyl-1, 
2, 3, 4-tetrahydro-β-carboline and carbazolyl- 
3, 4-dihydro-β-carboline) demonstrated signifi-
cant anticancer activities against colon adeno-
carcinoma DLD cells, lung large cell carcinoma 
NCI-H661 cells, and hepatoma HepG2/A2  
cells [5, 9]. In the present study, PCTC show- 
ed dose-dependent cytotoxicity against A172, 
U87MG, and GL261 glioma cells. In addition, 
apoptotic-like morphological destruction was 

seen in microscopic analysis of these three  
glioma cells after PCTC treatment, indicating 
that the cytotoxicity may have been caused by 
apoptosis.

Apoptosis, also known as type I programmed 
cell death, is a vital mechanism of anti-cancer 
therapeutic agents, and induction of tumor cell 
apoptosis is one of the best ways to treat glio-
ma and other types of cancers [15-17]. Apop- 
totic death can be activated by intrinsic (mito-
chondrial) and extrinsic pathways. Caspase-3, 
a critical executioner of apoptosis, can be acti-
vated by both pathways [17, 18]. In our in vitro 
study, the dose of PCTC is higher for GL261 
cells to achieve similar apoptotic features with 
A172 and U87MG cells. It probably resulted 
from different origin of cell line (A172 and 
U87MG from human, and GL261 from mouse). 
Nevertheless, PCTC increased the lumines-
cence expression of caspase 3/7 in all three 
glioma cells, and elevated enzymatic activity  
of PARP but decreased the expression level of 
the anti-apoptotic protein Bcl-2 in GL261 cells 
after PCTC treatment (Figure 3C and 3D).  
These results indicated that apoptosis induced 
by PCTC was activated through a mitochon-
dria-dependent apoptotic pathway, and result-
ed in further cytotoxicity of the glioma cells. 

Figure 7. In vivo GL261 subcutaneous implantation mice model. A. After GL261 implantation in the right flank of 
mice (D0), PCTC was injected via the tail vein on D11, D14, and D18. B. PCTC showed a significant inhibitory effect 
on tumor growth compared with the control mice. C. Kaplan-Meier curves of overall survival in the tumor subcutane-
ous implantation mice treated with PCTC, DMSO (sham), or untreated (control). The mice treated with PCTC survived 
for a significantly longer time than the control and sham groups (N=3 mice in PCTC, sham, and control group).
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Role of ROS generated by PCTC in the treat-
ment-related cytotoxicity

The mitochondrial pathway is activated by cel-
lular stresses, such as ROS production and 
mitochondrial membrane potential disruption. 
In addition, iROS, such as superoxide radicals, 
singlet oxygen, and hydrogen peroxide can 
induce apoptotic cell death, and also result in 
cytotoxicity against tumor cells. In this study, 
we demonstrated that iROS production was 
induced by PCTC, and that the inhibitory effect 
of cell viability by PCTC was eliminated by NAC. 
These findings suggest that iROS mediated cell 
apoptosis. 

iROS have been reported to activate the MAPK 
signaling pathway [19]. MAPKs play crucial 
roles in cell survival, cell proliferation, cell cycle 
regulation, and apoptotic death [20, 21]. ERK, 
JNK, p38 kinases are three well-characterized 
subfamilies of MAPK [22]. Therefore, the 
expression levels of these three proteins were 
detected. Although the expression level of 
p-ERK was not elevated, expression levels of 
p-JNK and p-p38 were found to be higher after 
PCTC treatment. In fact, these kinases are acti-
vated in response to different apoptotic stimuli 
and have cross-talk between different stress 
and survival signaling pathways. JNK and p38 
MAPK signaling pathway to mediate apoptosis 
and autophagy in response to these stimuli 
through some downstream effector [23]. Our 
data demonstrated PCTC induce JNK and p38 
MAPK pathway activation (without ERK activa-
tion) and that this was closely linked to iROS 
generation. However, p38 was activated by 
PCTC and reversed by NAC, indicating that p-38 
was regulated by iROS. In contrast, JNK was 
activated by PCTC but not reversed by NAC, 
indicating that JNK may be regulated by other 
mechanisms, not only by iROS. JNK and p38 
both play important roles in responses to envi-
ronmental stresses and inflammatory signals 
[24, 25]. Cross-inhibition of JNK by p38 has 
been reported to lead to heterogeneity in JNK 
activity depending on the cell type and stimu- 
lus [26]. In summary, PCTC induced iROS pro-
duction and activated the MAPK pathway, both 
of which were related to apoptosis in glioma 
cells. However, further studies are needed to 
elucidate the detailed mechanisms by which 
PCTC regulates p38 and JNK. 

Apoptosis and cell cycle arrest

Previous studies have shown that manzamine 
A-derived compounds may induce cell cycle 
arrest at the G0/G1 phase via inhibition of 
cyclin-dependent kinases by p53/p21/p27. 
They have also been shown to trigger caspase-
dependent apoptotic cell death via mitochon-
drial membrane potential depletion [11]. The 
arrest of the cell cycle is closely related with 
apoptosis, and cell cycle dysfunction can ulti-
mately result in apoptotic death. Another strat-
egy to slow tumor progression is Inhibition of 
the deregulated cell cycle in cancer cells. Che- 
motherapeutic agents often cause cell cycle 
interruption in the G0/G1 or G2/M phase, and 
further enhance their anti-cancer potential [27-
29]. In the present study, the obvious increase 
in subG1/G1 phase and significant decrease in 
S phase cells suggests that PCTC treatment 
produced a blockage effect in G1/S transition 
attributable to the activation of apoptosis. In 
general, several phase-specific regulatory pro-
teins, commonly known as cyclins, orchestrate 
cell cycle progression. These proteins assem-
ble with specific cyclin-dependent kinases 
(CDKs) to promote entry to the next phase. 
CDK4 or CDK6 activation results in G1/S  
phase transition [30, 31]. Ultimately, the 
release of retinoblastoma 1 (RB1) from tran-
scription factors of the E2F family is induced, 
further leading to increased transactivation  
of numerous genes involved in DNA synthesis 
[30, 32]. Thus, PCTC may induce cell cycle 
arrest through the inhibition of CDK4 or CDK6. 
However, further investigations are needed to 
elucidate the detailed mechanism by which 
PCTC induces cell cycle arrest. 

Combination therapy for glioma

Temozolomide is the most commonly used  
chemotherapeutic agent for malignant glioma, 
however some patients show resistance. This 
has been linked to isocitrate dehydrogenase 1 
(IDH1) mutations and high levels of methy- 
lation of the MGMT (O6-methyguanine DNA 
methyltransferase) promoter [1, 33, 34], which 
ultimately leads to reduced efficacy of TMZ 
treatment. TMZ treatment has been shown to 
directly target glioma cells and have toxicity at 
higher doses. GBM has several unique char- 
acteristics, including heterogeneity, invasion, 
clonal populations maintaining stem cell-like 
cells and recurrence, and they result in a limit-
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ed response to a variety of therapeutic appro- 
aches [4]. Combination therapy with different 
mechanisms to achieve better tumor control 
has become a trend in the treatment of GBM.  
In this study, we demonstrated a synergic ther-
apeutic effect of PCTC and TMZ in vitro against 
GL261 glioma cells (Figure 6). TMZ is an alkyl-
ating agent. Its metabolite, monomethyl tri-
azene 5-(3-methyltriazen-1-yl)-imidazole-4-car-
boxamide (MTIC), can methylate DNA and 
cause DNA strand breaks, replicating collapse 
[35]. Therefore, it is known to trigger G2/M cell 
cycle arrest, and eventually lead to apoptosis 
[36]. Furthermore, PCTC-induced cell cycle 
blockage was shown at the G1/S transition in 
the present study. The synergic effect may  
have been caused by blockage of different cell 
cycle phases by PCTC and TMZ, respectively. 
Therefore, the combination of PCTC and TMZ 
may be a clinically beneficial therapeutic strat-
egy in the future. 

Antitumor effects of PCTC in the glioma subcu-
taneous implantation mice

In the in vivo study, taking into consideration 
the potential clinical application, we treated 
glioma mice with PCTC systemically three times 
via tail vein injection. The safety of PCTC was 
shown as there were no drug-related deaths. 
We also demonstrated that PCTC significantly 
decreased tumor size and increased survival. 
These results suggest that the systemic admin-
istration of PCTC may be helpful and beneficial 
to achieve an anti-cancer effect. However, the 
intracranial microenvironment is specific and 
different from other organs, and the efficacy of 
PCTC in treating intracranial tumors is still 

were also demonstrated. Therefore, PCTC, a 
natural derivative of manzamine A, may be a 
clinically beneficial therapy for GBM.
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Supplementary Figure 1. Microscopic analysis showed apoptotic-like morphological destruction after different dos-
es of PCTC treatment for 24 hours in the human glioma cells (A172 and U87MG).
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Supplementary Figure 2. Fluorescence microscopic analysis of iROS (stained with DCFH-DA (green)) and flow cytom-
etry following PCTC treatment within A172 (A and B) and U87MG (C and D) glioma cells, which was then reversed by 
NAC respectively. N=3 biological replicates. T-test, ***P<0.001.

Supplementary Figure 3. Western blot showed no phosphorylation of ERK in GL261 cells following PCTC treatment.


