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Abstract

Prodigiosin, a secondary metabolite isolated from marine Vibrio sp., has antimicrobial and anticancer properties. This study
investigated the cell death mechanism of prodigiosin in glioblastoma. Glioblastoma multiforme (GBM) is an aggressive
primary cancer of the central nervous system. Despite treatment, or standard therapy, the median survival of glioblastoma
patients is about 14.6 month. The results of the present study clearly showed that prodigiosin significantly reduced the cell
viability and neurosphere formation ability of U§7MG and GBM8401 human glioblastoma cell lines. Moreover, prodigiosin
with fluorescence signals was detected in the endoplasmic reticulum and found to induce excessive levels of autophagy. These
findings were confirmed by observation of LC3 puncta formation and acridine orange staining. Furthermore, prodigiosin
caused cell death by activating the JNK pathway and decreasing the AKT/mTOR pathway in glioblastoma cells. Moreover,
we found that the autophagy inhibitor 3-methyladenine reversed prodigiosin induced autophagic cell death. These findings
of this study suggest that prodigiosin induces autophagic cell death and apoptosis in glioblastoma cells.
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Introduction

Prodigiosin, a bioactive secondary metabolite from marine
Vibrio sp., has been shown to exhibit antibacterial, antimalar-
ial, antibiotic, immunosuppressive, and antineoplastic actives
[1]. In addition, prodigiosin meets Lipinski’s rule of five,
which are rules for evaluating orally active drugs in humans
[2]. Prodigiosin has be reported to exhibit potent apoptotic
activity in human cancer cell lines including lymphocytic leu-
kemia [3], melanoma [4], hematopoietic [5], breast [6], colo-
rectal [7], and gastric [8] cancer cells. However, the cell death
mechanism of prodigiosin glioblastoma remains unknown.
Glioblastoma multiforme (GBM) is the most aggressive
and common malignancy of the central nervous system. It
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is characterized by a heterogeneous population of cells that
are highly angiogenetic, infiltrative, and resistant to chemo-
therapy and radio therapy [9]. The median survival of pri-
mary GBM patients is approximately 14.6 months, despite
patients receiving aggressive treatment with surgery, radi-
otherapy, and few alkylating chemotherapy drugs such as
temozolomide (TMZ) [10]. Although TMZ is the primary
chemotherapeutic drug for current GBM therapy, more than
90% of patients show no response after the second cycle of
chemotherapy [11]. Approximately 40% of GBM patients
exhibit an upregulated epidermal growth factor receptor
(EGFR) pathway [12], and phosphatase and tensin homo-
logue (PTEN) mutations, which are correlated with a poor
prognosis, occur in 5-40% of these patients [13]. EGFR and
PTEN mutations, which are correlated with resistance to
downstream EGFR signaling, activate the phosphoinositide
3-kinase (PI3K)/AKT/mechanistic target of repamycin
(mTOR) and induce cell proliferation, survival, growth, pro-
tein synthesis, and autophagy [14]. Spontaneous upregula-
tion of the PI3K/AKT/mTOR pathway has been observed
in GBM tumours [15]. Moreover, the phosphorylation level
of AKT is highly correlated with a poor prognosis in some
cancer patients who receive radiotherapy [16]. Therefore,
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EGFR and its downstream signaling pathways are critical
targets for designing GBM drugs.

Autophagy is an important mechanism which facilitates
cell survival under endoplasmic reticulum (ER) stress such
as changes in environmental conditions, nutrient depletion,
and toxicity. It helps cells digest aggregated or misfolded
proteins and damaged organelles and recycle cellular compo-
nents. Internal or external cellular stressors cause the accu-
mulation of toxic unfolded or misfolded proteins in the ER,
inducing the unfolded protein response (UPR), autophagy,
or mitochondrial biogenesis [17]. To investigate autophagy,
some studies have proposed using the autophagic tumor
stroma model of cancer. According to this model, for cancer
cells to maintain growth, they recycle cellular components
through autophagy [18]. However, excessive autophago-
somes formation without phagocyte participation has been
observed in cells undergoing characterized autophagic cell
death [19]. Moreover, autophagic cell death and apoptosis
are achieved through parallel pathways, with mutual influ-
ence [20]. Briefly, persistent or intense ER stress mediates
autophagic cell death. Failure of UPR-induced mechanisms
leads to the conversion of autophagy to cell death [21] by
triggering the C/EBP homologous protein (CHOP), which
transcribes cell death-related genes [22] and activates c-Jun
N-terminal kinase (JNK) signaling [23]. In addition, some
reports have suggested that autophagic cell death maybe an
alternative pathway for cells with defective apoptosis [24,
25]. Thus, autophagic cell death is a therapeutic target for
anticancer agent resistance.

In this paper, we summarize the experimental results
from an investigation of the mechanism of prodigiosin as
an anticancer agent. We found that prodigiosin was local-
ized to ER and induced ER stress and large-scale autophagic
vacuolization. We also found that it induced autophagic cell
death by activating the INK pathway, and 3-methyladenine
(3-MA), an autophagy inhibitor, could reverse the induced
cell death in glioblastoma cell lines. Prodigiosin also sig-
nificantly downregulated the AKT/mTOR pathway and
induced caspase-3 activity. Moreover, treatment with pro-
digiosin inhibited neurosphere formation at a concentration
much lower than that of TMZ. Neurosphere formation is a
rapid method for predicting the clinical outcome of malig-
nant glioma. This finding indicates that prodigiosin induces
autophagic cell death and apoptosis and is thus a potential
therapeutic agent for glioblastoma.

Materials and methods
Compound

Marine-derived prodigiosin was provided by Ping-
Jyun Sung (National Museum of Marine Biology and

Aquarium, Taiwan). It was isolated from gram-negative
y-proteobacteria, Vibrio sp. C1-TDSGO02-1. This bacte-
rial strain was collected from Siaogang Harbor, Taitung,
in Eastern Taiwan at a water depth of 17 m. The strain
C1-TDSGO02-1 was 99.0% identical to Vibrio sp. BL-182
(Genbank accession no. AY663829.1) on the basis of the
16S rDNA gene sequence. Extraction of the culture broth
(8.0 L) with ethyl acetate (EtOAc, 4x8.0 L) yielded 45.7 g
of crude extract. An EtOAc layer was separated on silica
gel followed by elution chromatography with a mixture of
n-hexane/EtOAc (stepwise, pure n-hexane, pure EtOAc) to
yield 16 subfractions. Fraction 6 was chromatographed on
silica and eluted using a mixture of n-hexane/actone (step-
wise, 10:1, pure actone) to afford 11 subfractions. Fraction
6-5 was chromatographed on silica and eluted using a mix-
ture of n-hexane/actone (4:1) to afford prodigiosin (1.94 g).
Prodigiosin was isolated as a red powder that gave an
[M+H]* ion peak at 324 m/z in the electrospray-ionization
mass spectrometry spectra. A nuclear magnetic resonance
(NMR) spectrum of pure prodigiosin is shown in Fig. S1.
A stock solution of 100 mM prodigiosin was prepared in
dimethyl sulfoxide (DMSO) and stored at —20 °C.

Reagents

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) were purchased from SERVA (Heidelberg,
Germany); TMZ and 3-metyladenine (3-MA) were pur-
chased from Cayman (MI, USA); NPE nuclear isolation
medium-4,6-diamidino-2-phenylindole dihydrochloride
(NIM-DAPI) were purchased from Beckman Coulter Inc.
(CA, USA). Tween-20, TritonX-100, DMSO, acridine
orange, 4',6-diamidino-2-phenylindole (DAPI), basic fibro-
blast growth factor (bFGF), epidermal growth factor (EGF),
bovine serum albumin (BSA), Bafilomycine Al and Wort-
mannin were purchased from Sigma-Aldrich (MO, USA).
caspase-3 colorimetric assay kit was obtained from Abcam
(MA, USA). DC™ protein assay kits, iScriptTM cDNA
Synthesis Kit (Bio-Rad, CA, US). Acridine orange, TRIzol
Reagent, minimum essential medium eagle alpha modifi-
cations (alpha-MEM), Roswell Park Memorial Institute
medium (RPMI) 1640, heat-inactivated fetal bovine serum
(FBS), Penicillin—Streptomycin (P/S) (10,000 U/mL), and
B-27 supplements were purchased from Thermo Fisher Sci-
entific (CA, USA).

Antibodies

B-actin, p-AKT (Serd73), AKT, p-S6 (Ser235/236), S6,
p-mTOR (Ser2448), PARP, p-JNK (Thr183/Tyr185), and
JNK antibodies were purchased from Cell Signaling Tech-
nology (MA, USA). LC3A/B, mTOR and calnexin antibod-
ies were from Abcam (MA, USA); p62/SQSTMI1 antibody
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was from Proteintech (IL, USA); LC3B antibody was from
Abgent (CA, USA). Alexa Fluor® 647 goat anti-rabbit IgG
Ab and Alexa Fluor® 633 goat anti-mouse IgG antibodies
were from Thermo Fisher Scientific (CA, USA).

Cell culture

The human brain malignant glioma U87MG and GBM8401
[26] lines were purchased from the Food Industry Research
and Development Institute (Hsinchu, Taiwan). The human
glioblastoma cancer cell lines U§7MG maintained at alpha-
MEM and GBM8401 maintained at RPMI 1640 medium.
All mediums content 10% FBS and 50 U/mL P/S. Cell lines
were cultured under a humidified atmosphere consisting of
5% CO, mixed in 95% air at 37 °C. These cell lines were
subcultured every 2-3 days up to the 10th passage. These
cells were used in the following experiments.

Neurosphere formation

For in vitro culture, the glioblastoma cell line U§7MG or
GBMS8401 was incubated in alpha-MEM or RPMI 1640,
respectively. To promote sphere formation B-27 supple-
ments, 20 ng/mL. EGF and 20 ng/mL bFGF added to the
serum-free culture medium [27]. 5000 cells were cultured
in 10 mL culture medium on a 10 cm? dish. Spheres were
cultured in an ultra-low adherent dish containing prodigiosin
or TMZ during sphere formation and were filtered through
a 100 pm filter at 7 days after culturing. The number of
spheres was observed and counted by under a microscope
(Leica, Wetzlar, Germany).

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium Bromide (MTT) assay for cell viability analysis

The cell viability of the U§7MG and GBM8401 cell lines
was determined using an MTT assay. Cells at a density
of 2 x 10%*/well were seeded onto a 96-well plate. On the
next day, various concentrations of drugs were added. At
the end of the exposure time, 20 uL of 5 mg/mL MTT was
added to each well and incubated at 37 °C for 4 h. The
medium was carefully removed, and 200 pL of DMSO
was added to each well. Absorbance at 570 nm was read
on an enzyme-linked immunosorbent assay reader (Epoch,
BioTek, VT, USA). ICy, was calculated using GraphPad
Prism version 5.

Acridine orange staining
Cells were seeded onto round coverslips on 12-well plates

overnight in 5% CO, mixed in 95% air at 37 °C. On the
next day, prodigiosin was added to each well under each
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condition. After prodigiosin treatment, acridine orange stain
was immediately added at a final concentration of 2 ug/
mL and was incubated for 10 min at 37 °C. Observation at
emission wavelengths of 515 nm (green fluorescence) and
650 nm (red fluorescence), on a Leica DM-6000B fluores-
cence microscope (Leica, Wetzlar, Germany). Images were
captured using SPOT Xploer integrating camera (Diagnostic
Instruments, MI, USA).

Flow cytometry analysis of cell cycle

U87MG and GBM8401 cells at 5x 10° cells/well were
seeded onto 6-well plates and were treated with the indi-
cated concentrations of prodigiosin for 24 and 48 h. Cells
were washed twice with phosphate-buffered saline (PBS)
and were resuspended in PBS. Moreover, for each sam-
ple, 1x10° cells in 100 uL PBS were stained with 100 uL
of NIM-DAPI. Nuclei were analyzed using a Cell Lab
Quanta™ SC flow cytometer equipped with 350-nm ultra-
violet laser (Beckman Coulter Inc., CA, USA). The data
were analyzed using Kaluza® Flow analysis software.

Apoptosis detection using caspase-3 activity assay

Caspase-3 activity was assessed according to manufacturer’s
protocol. GBM8401 cells were treated with 0, 1, 5, 10 uM
prodigiosin for 24 h. After treatments, cells were trypsinized
and centrifuged a 1000xg rpm for 5 min. Cell pellet were
lysed with 150 pL of pre-cooled commercial lysis buffer on
ice for 10 min then centrifuged at 13,000xg rpm for 1 min
at 4 °C. The protein concentration of each sample was meas-
ured by DC™ protein assay kits. Activity assay was reacted
in 200 pL Reaction buffer with 10 uL of caspase-3 substrate
(DEVD-pNA) and 10 mM DTT were added to 100 pg pro-
teins and incubated at 37 °C for 2 h. The substrate emission
(p-NA) was measured using ELISA plate reader at 405 nm.

Signaling pathways detection using western blot-
ting

U87MG and GBMS8401 cells were treated at the indi-
cated time points of prodigiosin for different concentration
depending on the experiment. Supernatants were collected,
and cells were washed with PBS before addition of RIPA
lysis buffer contented cOmplete ULTRA protease inhibitor
cocktail tablets (Roche Diagnostics, Mannheim, Germany).
The immunoreactive bands were visualized by Immobilon
Western Chemiluminescent HRP Substrate (Merck Milli-
pore, MA, United States). The images were visualized using
the UVP BioChemi Imaging System (UVP, CA, USA), and
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relative densitometric quantification was performed using
LabWorks 4.0 software (UVP, CA, USA).

ER stress related genes detection using semiquanti-
tative real-time PCR

Total RNA was extracted from U87MG and GBM8401
cells using TRIzol Reagent according to the manufacturer’s
instructions. The concentration, yield, and quality control
indices of total RNA will base on the absorbance at 260 and
280 nm by spectrophotometer. Equal amounts of total RNA
were reversely transcribed into single-strand cDNA using
the iScriptTM cDNA Synthesis Kit. First-strand cDNA was
synthesized by using 1 ug of total RNA, 4 pL of 5X iScript
reaction mix (containing both oligo(dT) primers and random
hexamers, reaction buffer with dNTP), iScript reverse tran-
scriptase, and nuclease-free water in a total volume of 20 pL.
The reaction was carried out at 25 °C for 50 min, 42 °C for
30 min, and be terminated by deactivation of the enzyme at
85 °C for 5 min. Genes were detected by semiquantitative
real-time PCR. 100 ng cDNA per sample was amplified by
specific 2xX PCR Super Master Mix (TOOLS, Taipei, Tai-
wan) on TProfessional TRIO thermocycler (Biometria, Got-
tingen, Germany). The PCR program are: 95 °C for 1 min,
28 cycles of 95 °C for 30 s, 56 °C for 30 s, 72 °C for 1 min,
followed by 5 min at 72 °C. The PCR products were loaded
onto DNA view-stained (TOOLS, Taipei, Taiwan) 2% aga-
rose gels in TBE. The specific primer sequences used in this
work were listed in Supplementary information (Table S1).

Light chain 3 puncta observation using fluorescence
microscopy

Glioblastoma cell lines were seeded onto a glass slide and
were treated with various concentrations of prodigiosin,
depending on the experiment, at the indicated time points.
These cells on the glass slide were fixed in cold methanol
on ice for 15 min. Cells were permeabilized by treatment
with 0.1% TritonX-100 in PBS on ice for 10 min and were
blocked with 1% BSA and 0.1% Tween-20 in PBS at room
temperature for 1 h. Moreover, cells were incubated with
the LC3B antibody in TTBS (diluted in buffer containing
0.1% BSA and 0.1% Tween-20) overnight at 4 °C. Cells were
then incubated with the secondary fluorescent antibodies of
Alexa Fluor® 647 goat anti-rabbit IgG for 60 min at room
temperature. Nuclei were stained with DAPI for 10 min at
room temperature. Between each step, cells were washed
with PBS. At the final step, glass slides were mounted using
Dako Fluorescent Mounting Medium (Dako North Amer-
ica, CA, USA). Fluorescence images were scanned using a
Leica TCS SPS5II fluorescence microscope (Leica, Wetzlar,

Germany) and captured using a SPOT Xplorer integrated
camera (Diagnostic Instruments Inc., MI, USA).

Observation of prodigiosin localization to the ER
using confocal microscopy

The same processes and reagents mentioned in the earlier
text were applied to glioblastoma cells on the glass slide.
Cells were incubated with calnexin Ab overnight at 4 °C.
To avoid detecting fluorescence at the wavelength of pro-
digiosin, cells were incubated with the secondary fluores-
cent antibodies of Alexa Fluor® 647 goat anti-rabbit IgG
for 60 min at room temperature. Confocal images were
recorded using the Leica TCS SPS5II equipped with Leica
HyD (Hybrid Detector). The exposure times were identical
for all cell samples on the same microscope slide.

Statistical analyses

Final quantitative data are presented as the mean + standard
error. Data were analyzed using the two-tailed Student’s ¢
test with P <0.05 as the level of statistical significance.

Results

Prodigiosin induces cell death and morphological
changes in human glioblastoma cells

Glioblastoma cells were grown to approximately 70%
confluence. Subsequently, the MTT assay was used to
determine the cell viability of the human glioblastoma
cell lines U87MG and GBM8401 and the human fetal
glial cell line SVGpl12 (Fig. 1a); the cells were treated
with various concentrations of the marine-derived com-
pound prodigiosin for 24 and 48 h. The half-maximal
inhibitory concentrations (ICs,) values obtained at 24 h
of treatment with prodigiosin in US7MG, GBM8401, and
SVGp12 are shown in Fig. 1b. Prodigiosin significantly
reduced cell viability in a dose-dependent manner. Micro-
scopic observation revealed that prodigiosin induced the
formation of large swollen vacuoles in the cytosol of
U87MG and GBMS8401 cells (Fig. 1c). These swollen
vacuoles were mainly autophagic vacuoles. To analyze
autophagy, we used acridine orange to stain acidic vesicu-
lar organelles (AVOs), a morphological characteristic of
autophagy that includes autolysosomes [28]. The nucleo-
lus and cytoplasm of in the U§7MG and GBM8401 cells
were detected as green fluorescence signals. In prodigio-
sin-treated U87MG and GBM8401 cells (Fig. 1d), AVOs
were detected as concentrated red fluorescence signals.
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Prodigiosin reduces growth of spheres formed
from glioblastoma cells

Neurosphere formation is a rapid method for predicting
the clinical treatment outcome of malignant glioma [29].
We examined the efficacy of prodigiosin and TMZ for
neurosphere formation from glioblastoma cell suspen-
sions. As shown in Fig. 2a, 200 uM TMZ significantly
reduced the size and number of neurospheres (P <0.05;
Fig. 2b). No neurosphere formation was observed under
the 0.1 uM prodigiosin treatment condition. These results
indicated that prodigiosin depletes the self-renewing glio-
blastoma population at a concentration much lower than
that of TMZ.

Prodigiosin induces apoptosis in glioblastoma cells

To determine the apoptotic effect of prodigiosin in glioblas-
toma cells, we used flow cytometry to detect the incom-
plete DNA content of nuclei (Fig. 3a). Prodigiosin dose-
dependently increased the population of US7MG (Fig. 3b)
and GBM8401 (Fig. 3c) cells with sub-G1 DNA content and
decreased the population of these cells with G2/M content.
Moreover, treatment with prodigiosin for 24 h significantly
increased the activity of caspase-3, the primary activator of

A
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200 uM

W

ﬁi\.&
"

prodigiosin
0.1 uM

Fig.2 Neurosphere derived from prodigiosin- and TMZ-treated
glioblastoma cells. Photomicrographs of neurospheres expanded at
7 days after the transfer of cells to neurosphere-formation medium
(serum free alpha-minimum essential medium containing bFGF/EGF

apoptosis, in a dose dependent manner in US7MG (Fig. 3d)
and GBM8401 (Fig. 3e) cells. Cleaved apoptotic protein
poly (ADP-ribose) polymerase (PARP) was increased in
prodigiosin-treated glioblastoma cells (Fig. 3f).

Prodigiosin is strongly correlated with calnexin,
an ER marker, and induces ER stress and autophagy
in glioblastoma cells

The ER is a major intracellular organelle for protein syn-
thesis, folding, modification, and transportation. Calnexin,
an ER membrane-bound chaperone protein, is an ER stress-
related UPR protein that is activated in cells in response
to biochemical, pathological, and physiological stimuli.
In this study, prodigiosin was found to be colocalized and
strongly correlated with calnexin, an ER marker [30]. Fur-
thermore, it showed moderate correlation with mitochon-
dria marker cytochrome c, but very weak correlation with
ribosome marker S6 in the cytosol of GBM8401 cells. The
quantification of colocalization quantification was per-
formed using Pearson’s correlation coefficient [31], and
the description of strength correlation was in accordance
with Evans’s guide [32] (Fig. 4a). Splicing of X-box bind-
ing protein-1 (sXBP1) mRNA is a marker of ER stress [33].
Binding immunoglobulin protein (BiP)/GRP78 is a central
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mean + SD (n=3). *P<0.05 relative to control
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regulator that targets misfolded proteins for degradation,
and it regulates stress-induced autophagy [34]. The expres-
sion of CHOP, a proapoptotic factor mainly induced by ER
stress, is mediated by UPR, and CHOP induces apopto-
sis [35]. In our study, semiquantitative polymerase chain
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with 0, 1, 5, and 10 uM prodigiosin for 24 h. Values are expressed
as the mean+SD (n=3). *P<0.05 relative to controls. f Western
blot analysis results of PARP and cleaved-PARP in U87MG and
GBMS8401 cells subjected to 1, 5, and 10 uM prodigiosin treatment
for 24 h. Values are expressed as the mean +SD. *P <0.05 relative to
controls

reaction results (Fig. 4b) revealed that sXBP1, BiP/GRP78,
and CHOP mRNAs were upregulated in prodigiosin-treated
cells. Additionally, western blot analysis showed increased
BiP/GRP78, as well as CHOP protein (Fig. 4c). LC3 is an
accepted specific marker for detecting autophagy [36]. The
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immunostaining results showed LC3 puncta formation in
prodigiosin-treated GBM8401 cells, but prodigiosin was
not colocalized with LC3 protein in the cytosol (Fig. 4d).
Moreover, western blot analysis results revealed that LC3-
II/T and phosphor-JNK increased after prodigiosin treatment
(Fig. 4e). INK activation has been recognized as an essential
component of autophagic cell death [37]. Therefore, these
results demonstrate that prodigiosin is located in the ER and
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Control 2h 4 h 2h 4h

DAPI

LC3

Merge prodigiosin

U87MG GBM8401

(m|n) 0 15 30 60 9 120 0 15 30 60 90 120
pINK G - —————
INK [ -—— - T en e e -
LC3-1

LC3-I “ e o

(Long expose)
LC3-I
C3-ll e — ——

L
(Short expose)

B-actin oo as o o o~ o= “Soneooson e

nase (GAPDH) was used as a loading control. ¢ Western blot analy-
sis of the expression of ER stress proteins BiP/GRP78 and CHOP.
B-Actin was used as a loading control. d Autophagy was analyzed by
performing immunofluorescence staining of LC3 protein (green sig-
nal), and nuclei were labeled using DAPI (blue signal). Prodigiosin
was detected at the excitation and emission wavelengths of 540 and
605 nm, respectively (red signal). Cells were observed using fluores-
cence microscopy. e Western blot analysis was performed to study
the expression of autophagy-related proteins pJNK, JNK, and LC3 in
U87MG and GBM8401 cells treated with 5 uM prodigiosin for 15,
30, 60, 90, and 120 min. f-actin was used as a loading control

induces autophagy and, possibly, autophagic cell death in
glioblastoma cells.

Prodigiosin suppresses AKT/mTOR signaling
and affects autophagic cell death-related protein
in glioblastoma cell lines

Many reports have indicated that AKT pathway inhibition
and downstream mTOR complex 1 (mTORC1) inactivation
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are the major cellular responses that initiate autophagy and
apoptosis [38]. Moreover, p62 inhibition has been found to
result in the information of misregulated autophagosomes
and the induction of autophagic cell death in carcinoma
cells [39]. The apoptotic effector Bax is also involves in
the process of lysosome membrane premeabilization and
autophagic cell death [40]. To assess the effect of prodigi-
osin on the AKT/mTOR pathway, we used U87MG and
GBMS8401, which are glioblastoma cell lines with constitu-
tive AKT activation. Western blot analysis results revealed
that prodigiosin treatment time-dependently decreased
AKT, mTOR, and S6 phosphorylation in both U§7MG
and GBM&8401 glioblastoma cells within 24 h (Fig. 5a).
In addition, western blot analysis results showed that p62
level decreased, whereas the Bax and LC3-II/LC3-I ratio
increased (Fig. 5b), in prodigiosin-treated glioblastoma cells.
Collectively, these results showed that prodigiosin not only
induced autophagy through suppressing the AKT/mTOR
pathway, but also affected proteins related to autophagic
cell death in both U87MG and GMB8401 glioblastoma cell
lines.
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Fig.5 Effect of prodigiosin on critical effectors of the PI3K/AKT/
mTOR pathway in glioblastoma cells. U§7MG and GBM8401 cells
were treated with 5 uM prodigiosin for 0, 2, 4, 8, 16, and 24 h. a
Western blot analysis was performed to study the expression of pAkt,
p-mTOR, and pS6. B-Actin was used as a loading control. Quantifica-
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Effect of autophagy inhibitors on prodigio-
sin-induced autophagic cell death

Autophagic cell death is a programmed cell death mechanism
that induces large-scale autophagic vacuolization in the cyto-
plasm [41]. To demonstrate that prodigiosin induces cell death
through autophagy, we pretreated GBM8401 cells with 3-MA,
an autophagy inhibitor, for 2 h, and we then treated the cell
with prodigiosin for 24 h. Immunocytochemistry confirmed
that 0.5 mM 3-MA prevented the LC3 puncta accumulation
induced by 5 uM prodigiosin (Fig. 6a). MTT assay results
demonstrated that the autophagy inhibitor 3-MA significantly
increased prodigiosin-induced cytotoxicity (Fig. 6b). Moreo-
ver, a cell cycle analysis using flow cytometry found reduced
sub-G1 populations in GBM8401 cells pretreated with 3-MA
(Fig. 6¢), Bafilomycine A1, or Wortmannin (Fig. S2). The
dosages of autophagy inhibitors did not cause significant cell
death in GBM8401 cells (Fig. S3). Therefore, these results
reveal that prodigiosin induces, at least in part, glioblastoma
cell death through autophagy.
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ern blot analysis was performed to study the expression of p62, LC3,
and Bax. B-Actin was used as a loading control. Quantification results
of p62/B-Actin, LC3-II/LC3-I, and Bax/B-Actin. Values are expressed
as the mean + SD. *P <0.05 relative to controls
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Fig.6 Effects of the autophagy inhibitor 3-MA on prodigiosin-
induced cell death. a GBM8401 cells were pretreated with 0.5 mM
3-MA for 2 h before treatment with 5 uM prodigiosin for 2 h.
Autophagy was analyzed by performing immunofluorescence staining
of LC3 protein (green signal), and nuclei were labeled using DAPI
(blue signal). Prodigiosin was detected at the excitation and emis-
sion wavelengths of 540 and 605 nm, respectively (red signal). Scale

Discussion

Prodigiosin is a secondary metabolite that is also a fluo-
rescent pigment produced by both gram-negative and
-positive bacteria. The prodigiosin used in this study was
derived from cultured marine Vibrio sp. The antibiotic
activity of prodigiosin was first detected in 1946 [42]. It
has been reported that prodigiosin exerts a higher antibac-
terial activity against gram-positive bacterial species than
against gram-negative bacterial species, and this antibac-
terial activity is mediated through the inhibition of topoi-
somerase IV and DNA gyrase [1]. Moreover, prodigiosin

bars, 50 um. b MTT assay results of GBM8401 cells treated with
5 uM prodigiosin with or without 0.5 mM 3-MA. ¢ Flow cytometry
was used to determine cell cycle phases of 5 uM prodigiosin-treated
GBMS8401 cells pretreated with or without 3-MA (0.5 mM or 1 mM).
The cell cycle distribution was analyzed using DAPI staining and
flow cytometry

has been reported to cause mitochondrial dysfunction in
Trypanosoma cruzi, leading to cell death; T. cruzi is the
protozoan parasite that induces Chagas disease. Prodigi-
osin has been observed to exhibit anticancer activity in
several cancers. It triggers mitochondrial apoptosis [43]
and antimetastatic effects [44] in melanoma cancer cells. It
also causes DNA fragmentation in haematopoietic cancer
cells, leading to apoptosis. Moreover, its anticancer activ-
ity is mediated through the inhibition of Wnt/B-catenin
signaling [6], inducing p21 WAF1/CIP1 expression [45]
in breast cancer cells. Until now, studies have revealed
that apoptosis is the overall mechanism for the anticancer
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activity of prodigiosin against several human cancers.
However, no study has investigated the cell death mecha-
nism of prodigiosin in glioblastoma cell lines. In the pre-
sent study, we focused on the cell death mechanisms of
prodigiosin in glioblastoma cells.

In our current study, we used in vitro neurosphere forma-
tion model for demonstrating the effect of cancer stem-like
cells (CSCs). Sphere formation ability provides insights into
malignant properties such as tumour initiation, metastasis,
self-renewal, treatment resistance, and recurrence [46].
Thus, in vitro sphere formation assay is a rapid method for
predicting the efficacy of cancer therapeutic agents [47].
Some studies have indicated that autophagic process may
be a critical factor for CSCs and chemotherapeutic agent
resistance [48]. However, autophagy-related cell death may
be induced depending on different types of stress, cells, and
stimuli. For example, Delta-24-RGD causes autophagic cell
death in brain tumour stem cell lines derived from human
GBM surgical specimens by mediating the formation of
numerous autophagic vacuoles [49]. In the present study,
prodigiosin totally inhibited neurosphere formation at a con-
centration of 0.1 uM, which is much lower than 200 uM of
the first-line GBM chemotherapy drug TMZ (Fig. 2). More-
over, 100 uM TMZ led to autophagy-related cell death in the
U373 glioblastoma cell line, and 3-day treatment with TMZ
caused 70% cell death [50]. According to our results, 5 uM
prodigiosin induces the formation of numerous autophagic
vacuoles within 15 min and cell death within 24 h in the
U87MG and GBM&8401 cell lines (Fig. 1). Thus, the results
strongly demonstrate that prodigiosin has higher efficiency
for inhibiting the growth of glioblastoma cells and its CSCs
than does TMZ.

The ER is the largest organelle in the cytosol of eukary-
otic cells and is a main intracellular organelle for protein
synthesis, folding, and transport. It is also a major site of
calcium storage, carbohydrate metabolism, and lipid syn-
thesis. To the best of our knowledge, the current study is
the first to report that prodigiosin is located in the ER and is
colocalized with calnexin, an ER membrane-bound chaper-
one protein, in GBM8401 glioblastoma cells (Fig. 4a). We
hypothesized that prodigiosin passes through the cell mem-
brane and is then transported to the ER, causing severe ER
stress. ER stress is an important cellular response that facili-
tates cell survival by inducing autophagy for the digestion
of damaged organisms or proteins. Generally, autophagy is
a pro-survival pathway induced in cells under stresses such
as hypoxia, starvation, toxicity, or nutrient depletion [51].
Moreover, autophagy is an important cellular response for
maintaining the functional structure of the ER [52]. Gener-
ally, autophagy has both positive and negative effects. For
example, when cancer cells are exposed to different levels
of stresses, the cellular response of ER stress confers stress
tolerance, enabling cell survival [53]. However, several
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studies have indicated that excessive levels of autophagy
cause autophagic cell death through mechanisms other than
apoptosis and necrosis cell death. In our study, we observed
that the accumulation of LC3 puncta, an autophagy marker,
increased within minutes after prodigiosin treatment
(Fig. 4e). Furthermore, we detected upregulated ER stress
markers BiP/GRP78 and sXBP1 expression in both US7MG
and GBM8401 glioblastoma cells (Fig. 4b, c). These find-
ings demonstrated that prodigiosin is located in the ER and
triggers ER stress and autophagy.

Approximately 88% of GBM patients exhibit an upregu-
lated PI3K/AKT/mTOR pathway, which is highly related
to PTEN mutations or the loss of heterozygocity [54, 55].
This signaling pathway is the classic regulatory pathway that
negatively regulates autophagy and apoptosis [56]. Many
studies have indicated that the PI3K/AKT/mTOR pathway is
an important target for GBM treatment. Until now, only one
anti brain tumour agent (i.e., Afinitor [everolimus]) target-
ing AKT/mTOR in brain tumour cells has been approved by
the U.S. Food and Drug Administration. mTORC1, which
is activated downstream of PI3K, is involved in the inhibi-
tion of autophagy and the upregulation of protein/nucleo-
tide synthesis for proliferation, mitochondrial biogenesis,
and lipid synthesis. mTORC?2 regulates the phosphorylation
of AKT, which is related to cell survival, actin organiza-
tion, and K+ excretion [57]. Using in silicon model, a pre-
vious study predicted that prodigiosin interacts with mTOR
and inhibits mTOR in insulin-stimulated melanoma cells
[4]. Our current results indicate that prodigiosin decreased
the abnormally upregulated AKT/mTOR signaling path-
way and downstream S6 in both US§7MG and GBM8401
glioblastoma cells. Moreover, we observed that prodigiosin
caused large-scale autophagic vacuolization, resulting in
the formation of numerous AVOs in the cytosol (Fig. 1d),
and prodigiosin induced apoptosis through caspase-3 acti-
vation and PARP cleavage (Fig. 3f) in prodigiosin-treated
cells. The ER stress-induced apoptosis marker CHOP also
increased in prodigiosin-treated glioblastoma cells (Fig. 4b,
c¢). Moreover, flow cytometry results revealed that prodigi-
osin induced cell cycle arrest in the sub-G1 phase (Fig. 3a,
b, ¢). Consequently, these results strongly demonstrate that
prodigiosin is a candidate therapeutic compound for decreas-
ing abnormally activated AKT/mTOR signaling and induc-
ing apoptosis in glioblastoma cells.

Excessive levels of cellular autophagy promote autophagic
cell death. The total area of large-scale autophagic vacuoliza-
tion in the cytoplasm is larger than the resultant vacuolated
appearance [58, 59]. To clarify apoptosis and autophagic
cell death, according to the Nomenclature Committee on
Cell Death, autophagic cell death describes cell death that
is suppressed by the inhibition of the autophagy pathway.
Moreover, apoptosis resistance is one of major reasons for
chemotherapeutic agent resistance in malignant cancer.
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Therefore, autophagic cell death may be a strategy for treat-
ing apoptosis-resistant cancers [60]. The JNK signaling trans-
duction pathway, a mitogen-activated protein kinase signal-
ing pathway, is a crucial autophagic cell death pathway. It is
highly correlated with the regulation of autophagy [61], cell
growth, inflammation, and apoptosis in response to stress
[62]. The activated JNK pathway induces autophagy through
the inactivation of the Bcl-2 antiapoptotic protein, leading to
its disassociation from Beclin-1, an autophagic protein that
initiates the formation of the pre-autophagosomal structure
[63]. Etoposide is a chemotherapy medication which induces
both apoptosis and autophagic cell death. In Shimizu et al.’s
study, etoposide activated JNK signaling in Bax/Bak double-
knockout mouse embryonic fibroblasts, which are an apop-
tosis resistance model. Moreover, autophagy inhibitor 3-MA
decreased phospho c-Jun and reversed cell survival in etopo-
side-induced cell death in this model [37]. In our results,
the induction of LC3 puncta and then JNK signaling follow-
ing cell death signaling were found in prodigiosin-treated
U87MG and GBM8401 glioblastoma cells (Fig. 4¢). We also
demonstrated that 3-MA decreased LC3 puncta numbers and
reversed prodigiosin-induced autophagic cell death in prodig-
iosin-treated GBM8401 glioblastoma cells (Fig. 6). Collec-
tively, these findings indicate that prodigiosin collaboratively
causes autophagic cell death and apoptosis in glioblastoma
cells. Consistent with our results, several small compounds,
such as dehydroepiandrosterone [64] and polyphyllin VII
[65], have been reported to induce autophagic cell death and
apoptosis simultaneously. However, the autophagic cell death
mechanism requires further investigation to identify specific
makers for differentiating the mechanisms of apoptosis.

p53 is an important tumour suppressor gene involved in
many central cellular processes. Approximately 30-50%
of patients with primary high-grade glioma exhibit mutant
p53 [66]. Mutant p5S3 may not only lack tumour suppression
activity but also increase oncogenic characteristics such as
increased invasion, migration, proliferation, anoikis, colony
formation, genomic instability, propagation, and chemore-
sistance [67, 68]. Importantly, mutant p53 has been reported
to be highly related to the poor prognosis of glioblastoma
patients undergoing TMZ treatment, reducing their overall
survival [69]. In addition, it inhibits autophagy by reduc-
ing the adenosine monophosphate-activated protein kinase
pathway, stimulating the AKT/mTOR pathway and the
antiautophagic hypoxia inducible factor-1 protein [70]. We
found that 48-h treatment with relatively low concentrations
(0.3125-1.25 uM) of prodigiosin led to a higher cytotox-
icity rate in p53 mutant GBM8401 than in p53 wild-type
U87MG. Prodigiosin has been found to upregulate the proa-
poptotic protein p73 and disrupts the interaction between
mutant p53 in p53 double-mutant SW480 colorectal car-
cinoma cells [71]. Our results indicated that the inhibition
rate of prodigiosin (5 uM) for the AKT/mTOR pathway is

Prodigiosin

N

AKT/mTOR pathway l

Caspase 3 act|V|ty 1

LC3-11/LC3-I I CHOP I wl
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Fig.7 Schematic showing the proposed autophagic cell death and
apoptosis mechanisms triggered by prodigiosin in glioblastoma cells

faster in p53 mutant GBM8401 cells than in p53 wild-type
US87MG cells (Fig. 5). Therefore, we infer that prodigiosin
induces cell death in mutant-p53 glioblastoma to a higher
extent.

In summary, this study is the first to report that prodigio-
sin is located in the ER and induces ER stress, apoptosis and
autophagic cell death in human glioblastoma cells (Fig. 7).
Our data indicate that prodigiosin induces autophagic cell
death through ER stress, activating the JNK pathway and
excessive levels of autophagy and simultaneously decreasing
the AKT/mTOR signaling pathway, causing apoptosis. The
autophagy inhibitor 3-MA can reverse prodigiosin-induced
cell death. Our results also demonstrate that prodigiosin
inhibits the number of neurospheres formed from glioblas-
toma cells. Altogether, these results indicate that prodigiosin
is a probable cancer therapeutic agent for both apoptosis
and autophagic cell death and is thus an attractive candidate
for cancer therapy. In conclusion, autophagic cell death and
apoptosis are simultaneously induced by prodigiosin.
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