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Abstract. Microtubule targeting chemicals are considered 
excellent antitumor drugs through their binding to tubulin, 
which affects the instability of microtubules resulting in 
arrest of cancer cells. The present study was designed 
to investigate the antitumor effects of viriditoxin (VDT) 
against human prostate cancer cells. VDT, isolated from 
Paecilomyces variotii fungus, which was derived from the 
jellyfish Nemopilema nomurai, offers a new approach for 
controlling resistant bacterial infections by blocking bacterial 
cell division proteins. VDT produced dose-dependent cyto-
toxicity against human prostate cancer cells. Treatment with 
VDT promoted both apoptosis and autophagy in LNCaP cells. 
Annexin V/FITC staining indicated that apoptosis occurred 
in VDT-treated LNCaP cells. DAPI staining revealed 
morphological changes in the cell nuclei indicative of mitotic 
catastrophe in LNCaP cells. VDT caused cell growth inhibi-
tion via G2/M phase arrest. Moreover, VDT also increased 
autophagic cell death in LNCaP cells by induction of several 
autophagy-related proteins such as LC3  II, Atg5, Atg7 and 
beclin-1 protein, which are essential for autophagy induc-
tion. These results were also confirmed by acridine orange 
staining. This study indicates that VDT could potentially 
be effective against prostate cancer by promoting multiple 
modes of growth arrest and cell death coupled with apoptosis 
and autophagy.

Introduction

Prostate cancer is currently the most common and frequently 
occurring malignant disease throughout the world. It is 
estimated that prostate cancer is the second leading cause of 
death among men in the USA (1,2). A recent study reported 
that prostate cancer patients have a higher risk of death due to 
causes other than prostate cancer itself (3). Despite the serious 
implications of prostate cancer, little is known about the 
molecular mechanism underlying this disease. To date, only 
a few risk factors have been clearly established for prostate 
cancer including age, a genetic history, and a complex interplay 
between environmental factors such as lifestyle and diet (4,5). 
Chemotherapy remains one of the major options for effective 
treatment of hormone refractory prostate cancer (HRPC). The 
ultimate goal of successful chemotherapy is simultaneous 
suppression of survival signaling circuits of cancer cells with 
minimal toxicity to normal cells.

Vi r id i tox i n  ( V DT )  has  been  i sola t ed  f rom 
Paecilomyces variotii fungus (derived from the jellyfish 
Nemopilema nomurai) and offers a new approach for control-
ling antibiotic-resistant bacterial infection (6-8). Bacterial 
cell division is modulated by a group of proteins called divi-
somes. The filamenting temperature-sensitive mutant Z (FtsZ) 
is one of these proteins and plays a key role in its own cell 
division. VDT inhibits FtsZ by affecting cell morphology, 
macromolecular synthesis and DNA damage responses; thus, 
more recently, FtsZ has been considered as a novel thera-
peutic target of antibiotics (8). FtsZ is also a close structural 
homologue of eukaryotic tubulin, which forms microtubules 
during cell division and plays a critical role in the cytokinesis 
of cells (9). Therefore, we hypothesized that VDT may also 
inhibit eukaryotic cell division by blocking tubulin. Evidence 
shows that, after testing several compounds using SRB assays, 
the NSC159628 (VDT) compound causes cell cycle arrest at 
the G2/M phase after 12 h of treatment. In addition, when cells 
are further treated for more than 24 h, NSC159628 induces 
apoptosis in HeLa cells (10).

Microtubules are major dynamic structural components 
of cytoskeleton formation during cell development, mainte-
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nance of cell shape, cell division, intracellular transport and 
cell movement (11). Microtubule binding drugs are used as 
anticancer agents for the treatment of a variety of cancers. 
Different types of microtubule stabilizing agents including 
taxol, docetaxel and paclitaxel have been shown to have 
potent anticancer activity against various types of human 
cancers (12,13). Now, it is widely believed that, like taxol, 
docetaxel binds to β-tubulin, stabilizes spindle microtubules, 
and impairs mitosis by retarding cell cycle progression in 
the G2/M phase (14). Moreover, evidence has revealed that 
p53, a tumor suppressor gene, plays an important role in 
apoptosis in prostate and colorectal cancer cells after treat-
ment with microtubule-targeting agents (15). In spite of the 
clear relationship between mitotic mechanisms and apop-
tosis, tumor suppression by p53 has been generally accepted 
as a predominant mechanism of cell death in response to 
chemotherapy drugs targeting microtubules (16-18). Mitotic 
catastrophe can also be triggered by microtubule instability 
leading to an abnormal mitotic checkpoint (19). Mitotic 
catastrophe is a mechanism of cell death characterized by the 
occurrence of aberrant mitosis and is induced by improper 
chromosomal segregation and cell division with characteristic 
features of polynucleated cells (20). It results from premature 
or inadequate entry of cells into mitosis and represents an 
intermediate stage between prolonged mitotic arrest and the 
induction of cell death (19). Stilbene 5c, a stilbene derivative, 
is a potentially potent antitumor agent that acts by binding 
to tubulin. Stilbene 5c was shown to simultaneously trigger 
multiple mechanistic pathways leading to cell death including 
the promotion of apoptosis, autophagic cell death and mitotic 
catastrophe (21). Microtubules play an important role in 
autophagy through their association with autophagosomes. A 
previous study showed that microtubule disruption induced 
by nocodazole or vinblastine dramatically inhibits autophagy-
mediated protein degradation (22) or delays the transport 
of proteolytic enzymes to the lysosome (23). In contrast, 
microtubules facilitate autophagosome formation (24) and 
microtubule depolymerizing agents, such as naphthazarin, 
induce autophagy in A549 lung cancer cells (25). Also, 
evidence has shown that different microtubular interfering 
agents enhance the fusion of autophagosomes by acetylation 
of microtubules (26). However, the exact role of microtubules 
in autophagic cell death is still unclear. Thus, we investigated 
the antitumor effect of VDT against prostate cancer cells. 
According to our data, VDT effectively inhibited prolifera-
tion of prostate cancer cells through the induction of cell cycle 
arrest at the G2/M phase and autophagic cell death.

Materials and methods

Chemicals and reagents. The novel compound VDT was 
kindly provided by Professor Jee H. Jung, Laboratory of 
Marine Natural Products, College of Pharmacy, Pusan 
National University, South Korea (Fig. 1). Reference 
compound docetaxel (DOC, cat. no. 01885) was purchased 
from Sigma-Aldrich (St. Louis, MO, USA). Medium 
(RPMI-1640, cat. no. 11875), antibiotics (Antibiotic-
Antimycotic, cat. no. 15240), HEPES (cat. no. 15630-080), 
Dulbecco's phosphate-buffered saline (DPBS, cat. no. 21600-
010), trypsin-EDTA (cat. no. 15400) and fetal bovine serum 

(FBS, cat. no. 16000) were purchased from Gibco Invitrogen 
Corporation (Carlsbad, CA, USA). Primary antibodies against 
cyclin A (sc-751), cyclin B1 (sc-245), cyclin E (sc-481), cyclin-
dependent kinases 2 (Cdk2, sc-6248), Cdk4 (sc-260), Cdc2 
(sc-954), poly-ADP-ribose polymerase (PARP, sc-7150), 
Bax (sc-7480), Bcl-2 (sc-7382), cytochrome c (sc-7159), 
p53(sc-126) and p21 (sc-6246) as well as horseradish perox-
idase-conjugated secondary antibodies (sc-2004, sc-2005) 
were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). 
Primary antibodies against LC3 (#3868), Atg5 (#8540), 
Atg7 (#2631), Beclin 1 (#3495), cleaved caspase-3 (#9664), 
cleaved caspase-7 (#8438) and cleaved caspase-9 (#7237) were 
from Cell Signaling Technology (Danvers, MA, USA). The 
Annexin V-FITC apoptosis detection kit I (cat. no. 556547) 
was purchased from BD Biosciences (San Diego, CA, USA). 
All other chemicals were purchased from Sigma-Aldrich. 
VDT and DOC were dissolved in dimethyl sulfoxide (DMSO, 
D2650, Sigma-Aldrich) and stored at -20˚C until use. These 
agents were diluted to appropriate concentrations with culture 
medium containing 1% FBS for all experiments. The final 
concentration of DMSO was less than 0.1% (vol/vol).

Cell lines and culture media. Human prostate cancer cell 
lines LNCaP (ATCC CRL-1740), PC3 (ATCC CRL-1435), 
and DU145 (ATCC HTB81) were obtained from the American 
Type Culture Collection (Manassas, VA, USA). The cells 
were grown in RPMI-1640 containing 10% heat-inactivated 
FBS, 1.25 mM HEPES and 100 U/ml penicillin/streptomycin. 
Cells were maintained as a monolayer at 37˚C in a humidi-
fied atmosphere containing 5% CO2, and culture medium 
was replaced every 2 days. After 48 h of incubation, culture 
medium was replaced with treatment medium containing the 
desired concentration of drug.

Figure 1. Chemical structure of viriditoxin (VDT) and docetaxel (DOC).



INTERNATIONAL JOURNAL OF ONCOLOGY  45:  2331-2340,  2014 2333

Cell viability assay. Cell viability was determined using 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide 
(MTT, M5655, Sigma-Aldrich). The cultures were seeded in 
96-well plates at a density of 2x103 cells per well. After 48 h of 
incubation, cells were treated with various concentrations of 
VDT or DOC and incubated for 24 and 48 h. After treatment, 
15 µl of MTT reagent (5 mg/ml) was added and the cells were 
incubated in the dark for 4 h at 37˚C. Then, the supernatant was 
aspirated and formazan crystals were dissolved in 100 µl of 
DMSO at 37˚C for 15 min with gentle agitation. The absor-
bance was measured at 540 nm using the VERSA Max 
Microplate Reader (Molecular Devices Corp., Sunnyvale, CA, 
USA). Data were analyzed from three independent experiments 
and normalized to the absorbance of wells containing media 
only (0%) or untreated cells (100%). IC50 values were calculated 
from sigmoidal dose response curves using SigmaPlot 10.0 
software (Systat Software, Inc., Point Richmond, CA, USA).

Western blot analysis. Cells were treated with VDT (0.1, 0.5 
and 1 µM) or DOC (0.5 µM) for 48 h and then harvested by 
trypsinization and washed twice with cold PBS. For protein 
isolation, cells were suspended in PRO-PREP™ solution 
(cat. no. 17081, Intron, Seongnam, Korea) and placed on ice 
for 30 min. The suspension was collected after centrifuga-
tion at 12,000 x g for 15 min at 4˚C. To isolate cytosolic 
and nuclear proteins, cells were suspended in 50 µl of lysis 
buffer I containing 10 mM HEPES, pH 7.9, 1.5 mM MgCl2 
(cat. no. M8266, Sigma-Aldrich), 10 mM KCl (cat. no. P9333, 
Sigma-Aldrich), 0.5 mM DTT (cat. no. 43815, Sigma-Aldrich), 
and 0.5 mM PMSF (cat. no. 93482, Sigma-Aldrich), and placed 
on ice for 20 min. Supernatant was removed after centrifuga-
tion at 12,000 x g for 10 min, and the pellet was resuspended 
in 30 µl of lysis buffer II containing 10 mM HEPES, pH 7.9, 
1.5 mM MgCl2, 10 mM KCl, 0.5 mM DTT, 0.5 mM PMSF, 
and 0.5% NP-40 (cat. no. 74385, Sigma-Aldrich), and placed 
on ice for 20 min. Cells were lysed by gently vortexing, and 
nuclei were separated from the cytosol by centrifugation at 
12,000 x g for 10 min. Nuclei were resuspended in 40 µl of 
buffer III containing 5 mM HEPES, pH 7.9, 300 mM NaCl 
(cat. no. S3014, Sigma-Aldrich), 1.5 mM MgCl2, 0.2 mM EDTA 
(cat. no. E9884), 0.5 mM DTT, 0.5 mM PMSF, and 26% glycerol 
(cat. no. G2025, Sigma-Aldrich) and placed on ice with shaking 
for 30 min. Nuclear extracts were obtained by centrifugation at 
12,000 x g for 30 min and stored at -70˚C. Protein concentration 
was measured with protein assay reagents (cat. no. 500-0002, 
Bio-Rad, Hercules, CA, USA) according to the manufacturer's 
instructions. Equivalent amounts of proteins were resolved on 
a 6-15% SDS-PAGE gradient, transferred to polyvinylidene 
difluoride membrane (PVDF, cat. no. IPVH00010, Millipore, 
Billerica, MA, USA), and probed sequentially with the primary 
antibodies. Proteins were visualized with horseradish peroxi-
dase (HRP)-conjugated secondary antibodies (Santa Cruz 
Biotechnology) using the ECL-plus kit (cat. no. RPN2132, 
GE Healthcare, Pittsburgh, PA, USA) for detection.

Cell cycle analysis. Cells were treated with VDT (0.1, 0.5 
and 1 µM) or DOC (0.5 µM) for 48 h. The total sample of 
cells, both in suspension and adhered, was harvested and 
washed with PBS containing 1% bovine serum albumin (BSA, 
cat. no. A4503, Sigma-Aldrich) before fixing in 95% ice-

cold ethanol containing 0.5% Tween-20 (cat. no. P9416, 
Sigma-Aldrich) for at least 1 h at -20˚C. The cells (1x106) 
were washed in 1% BSA, stained with cold propidium 
iodide (PI, cat. no. P4864, Sigma-Aldrich) staining solution 
including 100 µg/ml ribonuclease A (RNase, cat. no. R6513, 
Sigma-Aldrich), and incubated in the dark for 30 min at room 
temperature. DNA content was analyzed by flow cytometry 
(BD Accuri™ C6, Becton-Dickinson, San Jose, CA, USA).

DAPI staining. Morphological changes of the nuclear chro-
matin of apoptotic cells were identified by staining with the 
DNA binding dye 4',6-diamidino-2-phenylindole (DAPI, 
cat. no. D8417, Sigma-Aldrich). Cells were grown in 6-well 
plates at a density of 1x105 cells per well followed by the desired 
treatment. After 48 h of incubation, the cells were washed with 
cold PBS, fixed with methanol for 30 min, rewashed and then 
stained with 200 µl of DAPI solution (1 µg/ml) at 37˚C for 
30 min. After removing the staining solution, apoptotic cells 
were visualized using a fluorescence microscope (Carl Zeiss 
Axiovert 200, Oberkochen, Germany).

Annexin V-FITC binding assay. An Annexin V-FITC binding 
assay was performed according to the manufacturer's instruc-
tion using the Annexin V-FITC apoptosis detection kit I 
(BD Biosciences, San Diego, CA, USA). The cells were treated 
with VDT or DOC for 48 h. The total number of cells was 
collected by trypsinization and washed twice with cold PBS. 
The pellet was resuspended in 100 µl of 1x binding buffer 
at a density of 1x105 cells per ml and incubated with 5 µl of 
FITC-conjugated Annexin V and 5 µl of PI for 15 min at room 
temperature in the dark. Binding buffer (1x, 400 µl) was 
added to each sample tube, and immediately the samples were 
analyzed by FACS (Becton-Dickinson) and quantified using 
Cell Quest software.

Acridine orange staining. Cells were grown in cover glass 
bottom dishes at a density of 1x105 cells per dish, cultured 
for 24 h, and then incubated with the indicated drug in RPMI 
containing 1% FBS for 48 h. Following incubation, the media 
was removed and the cells were stained with 1 µg/ml of acri-
dine orange (cat. no. A8097, Sigma-Aldrich) at 37˚C for 15 min. 
After removing the staining solution, PBS was added to the 
dish and the cells were examined using a fluorescence micro-
scope at x600 magnification (Olympus FV10i, Tokyo, Japan).

Mitotic catastrophe assay. Cells were grown in cover glass 
bottom dishes at a density of 1x105 followed by treatment 
with VDT or DOC at the desired concentration. After 48 h 
of incubation, the cells were washed with cold PBS, fixed 
with 4% paraformaldehyde (cat. no. 158127, Sigma-Aldrich) 
and isopropanol (cat. no. I9516, Sigma-Aldrich) for 15 min, 
rewashed, and then stained with DAPI solution (1 µg/ml) at 
37˚C for 15 min. After removing the staining solution, the cells 
were visualized and images were taken using a fluorescence 
microscope at x400 magnification (Olympus FV10i). Five 
separate experiments were visualized and evaluated. Cells 
were assigned to three groups as follows: normal nuclei; 
abnormal multinucleated (MN) cells characteristic of mitotic 
catastrophe; and apoptotic nuclei. Small round evenly stained 
nuclei were considered as normal nuclei and apoptotic was 
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defined as the presence of condensed fragmented chromatin. 
Multinucleated enlarged nuclei, complete aberrant nuclei, cata-
strophic clusters and nuclei undergoing multinucleation were 
considered as multinucleated mitotic catastrophe nuclei (27).

Statistical analysis. All the data shown represent the 
mean ± SEM of triplicate experiments performed in a parallel 
manner unless otherwise indicated. Statistical significance 
was determined using the paired Student's t-test. A p<0.05 or 
p<0.01 was considered statistically significant.

Results

Viriditoxin inhibits the proliferation of prostate cancer cells. 
To determine the cytotoxicity of VDT on human prostate 
cancer cells, LNCaP, DU145 and PC3 cells were treated with 
various concentrations of VDT for 24 and 48 h. As shown in 
Fig. 2A, VDT significantly inhibited the growth of the three 
human prostate cancer cell lines in a concentration- and 
time-dependent manner. After 48 h of treatment, the IC50 
values of VDT against LNCaP, DU145 and PC3 cells were 
0.63, 5.36 and 7.6 µM, respectively (Table I). VDT appeared 

to be more potent in LNCaP cells compared to DU145 and 
PC3 cells. VDT treatment also induced marked morphological 
changes, including cytoplasmic shrinkage and cellular flat-
tening following 48 h of treatment (Fig. 2B).

VDT induces G2/M phase arrest and affects cell cycle regulatory 
proteins. To examine the effect of VDT on cell cycle progres-

Figure 2. Cytotoxic effect of viriditoxin on three prostate cancer cell lines measured by the MTT assay. (A) LNCaP, DU145 and PC3 cells were treated with 
viriditoxin (VDT) at various concentrations (0.05-20 µM) for 24 and 48 h. LNCaP cells were also treated with the positive control docetaxel (DOC) for 24 
and 48 h. The percentage of viable cells was determined as the ratio between treated cells and untreated controls. Results were expressed as mean ± SEM, n=3. 
(B) Morphological changes in LNCaP cells after treatment with VDT or DOC. Cells were treated for 48 h with the indicated concentrations of VDT or DOC. 
Morphological changes were observed using x100 magnification.

Table I. The IC50 values of viriditoxin on prostate cancer cell 
lines.

 IC50 values (µM)
 ----------------------------------------------------------------------------------------------
Time LNCaP DU145 PC3

24 h 14.84 18.47 18.72
48 h   0.63   5.36   7.60

LNCaP, DU145 and PC3 cells were treated with VDT at various con-
centrations (0.05-20 µM) for 24 and 48 h. The percentage of viable cells 
was determined as the ratio between treated cells and untreated controls.
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sion, cells were treated with the indicated concentration of VDT 
(0.1, 0.5 and 1 µM) or DOC (0.5 µM) for 48 h and then flow 
cytometric analysis was performed. VDT significantly increased 
the percentage of cells in the G2/M phase and concomitantly 
decreased cells in the S phase in LNCaP cells (Fig. 3). LNCaP 
cells treated with 0.5 µM DOC completely arrested the G2/M 
phase resulting in 63.1% of cells in this phase (Fig. 3A). VDT 
also increased the proportion of cells in the sub-G1 phase, which 
is an apoptosis indicator in LNCaP cells (Fig. 3C). To explore 
the mechanism of VDT on regulation of the cell cycle, we 
examined the expression levels of cell cycle-related proteins by 
western blot analysis. Cell cycle progression is tightly regulated 
by cyclins and cyclin-dependent kinases (CDKs). Generally, the 
cyclin D1-CDK4 complex regulates the cell cycle at the G1 phase 
while the cyclin E-CDK2 complex initiates the G2/M transition. 
The CDK inhibitors p21Cip1 and p27Kip1 regulate cell cycle 
progression from the G0/G1 phase to the S phase; induction of 
p21Cip1 and p27Kip1 may lead to blockade of the G1/S transition 
(28-29). As shown in Fig. 3, VDT decreased expression levels of 
cyclin A, cyclin B1 and Cdc2, whereas expression of cyclin E1, 
Cdk2 was increased. In particular, VDT significantly increased 
expression of p27, p53 and p21 in a concentration-dependent 
manner in LNCaP cells (Fig. 3).

VDT slightly induces apoptosis in LNCaP cells. Annexin V- 
FITC-conjugated staining and western blot analysis were 
performed to evaluate induction of apoptosis in LNCaP cells 
after VDT treatment. Although a marked increase in concen-
tration-dependent cell death was observed in the cytotoxicity 
assay, only a slight change in apoptotic cell death was detected 
at the highest concentration of VDT (Fig. 4A). DAPI staining 
was used to confirm the effect of VDT on apoptosis. Similar to 
observations of the sub-G1 phase of the cell cycle, VDT induce 
increase amount number of apoptotic nuclei (condensed or 
fragmented chromatin) compared to the untreated control which 
showed enhanced fluorescence with DAPI staining (Fig. 4B). 
Western blot analysis also showed that high concentrations of 
VDT increased cleaved PARP, Bax and cytochrome c, cleaved 
caspase-3 expression levels and decreased Bcl-2 expression 
significantly in LNCaP cells (Fig. 4C).

VDT induces autophagic cell death in LNCaP cells. To eluci-
date the cell death mechanism, we investigated autophagic cell 
death by western blot analysis and acridine orange staining. 
VDT significantly increased autophagic cell death in LNCaP 
cells. Conversion of the soluble form of LC3-I to the autophagic 
vesicle-associated form LC3-II is considered a specific marker 

Figure 3. Effect of viriditoxin on cell cycle distribution and expression of cell cycle regulatory protein in LNCaP cells. Cells were treated for 48 h with the indicated 
concentrations of viriditoxin (VDT) or docetaxel (DOC), stained with propidium iodide (PI) and then analyzed by flow cytometry to determine the distribution 
of cells in each phase of the cell cycle. (A) Quantification of cell cycle distribution by flow cytometry. (B) Percentage of LNCaP cells following drug treatment. 
(C) Percentage of cells in the sub-G1 phase. (D) Effect of VDT and DOC on expression of cell cycle regulatory proteins. Cells were treated with the indicated 
concentrations of VDT for 48 h, harvested, and then western blot analysis was performed using the following antibodies: cyclin E, cyclin B1, cyclin A, Cdk2, Cdk4, 
Cdc2, p53, p21, p27 and actin as an internal loading control. All data are representative of three independent experiments.
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of autophagosome production. As shown in Fig. 5A, VDT 
significantly increased the level of LC3-II, whereas uncon-
jugated LC3-I levels were slightly decreased. In  addition, 

beclin-1, Atg5 and Atg7 were required to initiate the forma-
tion of autophagosomes. Similar to LC3-II, the expression of 
beclin-1 was increased by VDT treatment (Fig. 5A). The ratio 

Figure 4. Effect of viriditoxin on apoptosis in LNCaP cells. (A) Annexin V-PI binding assay. Induction of apoptosis by viriditoxin (VDT) in LNCaP cells was 
examined by the Annexin V-PI binding assay. Cells were treated with VDT for 48 h at the different concentrations indicated. Late apoptosis was detected by flow 
cytometric analysis of Annexin V/PI-stained cells. (B) DAPI staining. VDT and docetaxel (DOC) induce nuclear morphological changes and apoptosis in LNCaP 
cells treated for 48 h with the indicated concentrations of drugs followed by fixation and DAPI staining. Apoptotic cells are marked by arrows. The images were 
captured at x10 magnification. (C) Western blot analysis. Effect of VDT and DOC on expression of proteins associated with apoptotic cell death. Protein levels 
were normalized by comparison with levels of β-actin.

Figure 5. Effect of viriditoxin on expression of autophagy-related proteins in LNCaP cells. (A) Western blot analysis was performed with LC3, Beclin-1, ATG5 and 
ATG7 antibodies. Equal loading and transfer were verified by re-probing the membranes with β-actin antibody. (B) The ratio of conversion of LC3-II, Beclin-1, 
ATG5 and ATG7 to LC3-I and β-actin was calculated by densitometry.
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Figure 6. Visualization of intracellular autophagic vacuoles in LNCaP cells. (A) Immunofluorescence microscopy of acridine orange (AO)-stained LNCaP 
cells treated for 48 h with the indicated drugs (Olympus confocal microscope FV10i; x600, magnification). (B) Flow cytometric analysis after AO staining. 
(C) Histogram profiles of the control and the highest dose of drug were generated by flow cytometry.

Figure 7. Effect of viriditoxin on mitotic catastrophe in LNCaP cells. (A) Changes in the nuclear morphology of cells exposed to the indicated concentrations of 
viriditoxin (VDT) or docetaxel (DOC) for 48 h was assessed by DAPI staining at x400, magnification. Mitotic catastrophe is characterized by multinucleated (MN) 
aberrant cells (arrowheads). Cells with condensed and fragmented chromatin are typical of apoptosis (arrows). The bracket indicates mitotic catastrophe-like 
clusters. In contrast, all control cell nuclei were separated and well-rounded. (B) Quantitation of the percentage of normal, MN and apoptotic cells according to 
different doses of drugs was determined by fluorescence microscopy analysis. Data is representative of five independent experiments. *p<0.05.
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of conversion of LC3-II, beclin-1, ATG5 and ATG7 to LC3-I 
and β-actin was calculated by densitometry (Fig. 5B).

Next, induction of autophagy was confirmed by acridine 
orange staining, which is commonly used to study autophagy. 
Acridine orange is a lysotropic dye that accumulates in acidic 
organelles in a pH-dependent manner. At neutral pH, acridine 
orange is a hydrophobic green fluorescent molecule. However, 
within acidic vesicles, acridine orange becomes proton-
ated and trapped within the organelle and forms aggregates 
that emit bright red fluorescence (30). As shown in Fig. 6A, 
control cells primarily displayed green fluorescence with 
minimal red fluorescence, indicating a lack of acidic vesicular 
organelles (AVOs). However, drug-treated cells showed a 
fold-increase in red fluorescent AVOs at 48 h post-treatment 
compared to the controls (Fig. 6A). Flow cytometric analysis 
after acridine orange staining also showed an increase in red 
fluorescence intensity after drug treatment indicating enhance-
ment of AVOs (Fig. 6B). Histogram profiles in Fig. 6C show the 
mean fluorescence intensity of control and drug-treated cells.

VDT induces mitotic catastrophe in LNCaP cells. Analysis 
of nuclear morphology by fluorescence microscopy showed 
that VDT significantly induced mitotic catastrophe in LNCaP 
cells. Mitotic catastrophe was clearly characterized by the 
appearance of enlarged multinucleated cells or aberrant nuclei 
clusters (Fig. 7A). Approximately 45 to 60% of cells showed 
different abnormalities of their nuclei compared to untreated 
control cells after treatment with VDT (Fig. 7B).

Discussion

Tubulin inhibitors used as drugs for cancer chemotherapy 
directly interfere with the tubulin system in multiple solid 
tumors. Recently, the development of tubulin inhibitors has 
been considerable interest because their function and biological 
properties interfere with microtubule formation by affecting 
polymerization or depolymerization of tubulin (31-33). The 
disruption of microtubule formation as a primary target 
for cancer chemotherapy can lead to cell cycle arrest in the 
M phase. The majority of compounds blocking microtubule 
formation are natural products that are remarkably diverse and 
have expanded chemical structures. A number of microtubule 
targeting chemotherapy drugs (paclitaxel, DOC or colchicine) 
are cytotoxic by stabilizing or destabilizing microtubules. 
These drugs bind to distinct sites on the microtubule or to the 
tubulin dimer and affect microtubule dynamics by blocking the 
G2/M phase, thus prolonging the pro/metaphase to anaphase 
transition time and inducing cell death (34-37).

VDT is a novel compound isolated from Paecilomyces vari-
otii fungus (38) that inhibits FtsZ by affecting cell morphology, 
macromolecular synthesis, and responses to DNA damage; 
thus VDT has become a novel therapeutic target of antibi-
otics (8,39). However, there is no data on the antitumor activity 
of VDT. To clarify the molecular targets of VDT, we first 
examined its cytotoxicity and the effect on cell cycle progres-
sion in prostate cancer cells. VDT showed different sensitivity 
in the three types of prostate cancer cell lines evaluated in 
this study. LNCaP cells were very sensitive, DU145 cells were 
moderately sensitive, and PC3 cells showed low sensitivity. 
LNCaP cells were mostly inhibited in a concentration-

dependent manner. Previous studies have indicated that 
chemotherapeutic agents activating p53 can induce both apop-
tosis and autophagic cell death in different cancer cells (40,41). 
We predicted that VDT could induce apoptotic cell death in 
LNCaP cells via p53-dependent induction of p21. To confirm 
that VDT induces apoptotic cell death, the Annexin V-FITC 
assay was performed. In this assay, a small amount of apop-
tosis was observed. VDT exerted a broad spectrum of effects 
on prostate cancer cells including arrest of the G2/M phase, 
p21 upregulation, and induction of apoptosis. A significant 
increase in cytochrome c release in the cytoplasm, cleavage 
of PARP, and caspase activation were observed in LNCaP 
cells after VDT treatment. In the present study, VDT induced 
significant increases in the population of cells in the G2/M 
phase. The G2/M transition of the mitotic cycle is controlled by 
the cyclin A/B-CDC2/1 complex and arrested by p21 (42,43). 
We found that VDT increased the expression of p21, p27 and 
Cdc 2 with similar changes in p53 expression and decreased 
cyclin B1/cyclin A levels, which indicated arrest of the G2/M 
phase in LNCaP cells. Several reports also demonstrated 
that the principal pro-apoptotic transcription factor, p53, can 
stimulate autophagy (44,45). Autophagy is mainly a catabolic 
mechanism by which cellular components are degraded 
through the action of lysosomes (46-49). However, there 
is currently a debate over the role of autophagy in ensuring 
continuous growth of cancer cells. Despite this lack of clarity, 
it is believed that autophagy plays an important role in cancer, 
both in protecting against cancer as well as potentially contrib-
uting to the growth of cancer (50).

Although most of the microtubule targeting drugs inhibits 
cancer cells through the apoptosis pathway, some can inhibit 
apoptotic cell death in wild-type p53 prostate and colorectal 
cancer cells (15). Microtubule disrupting drugs can also 
trigger cell death via the mitotic catastrophe pathway (51). The 
DNA damage response and cell cycle checkpoints of cancer 
cells make them more susceptible to mitotic catastrophe (52). 
Our data indicated that VDT markedly increased cytotoxicity 
through apoptosis and mitotic catastrophe in LNCaP cells. 
Previous studies also showed that various tubulin-binding 
drugs, such as vinblastine, naphthazarin or 2-methoxyestradiol, 
contribute to anticancer activity by stimulating autophagic cell 
death in different cancer cell lines (24,25,53-55). Specifically, 
vinblastine has been shown to increase formation of autopha-
gosomes as is indicated by increased levels of autophagic cell 
death (56,57). In the present study, we evaluated VDT as a 
microtubule targeting agent and clearly showed that it induced 
autophagic cell death. To confirm the mechanism underlying 
the autophagic cell death pathway, we investigated whether 
any functional links between microtubules and autophagic 
cell death exist. Similarly, other studies have also tried to gain 
insights/knowledge on the mechanisms underlying the asso-
ciation between microtubule targeting drugs and autophagy. 
LC31A/1B is a microtubule-associated protein (MAP) (58). 
Moreover, both LC31 and lapidated LC3II are found in 
subcellular fractions containing fragments of microtubules, 
suggesting an interaction between LC3 and microtubules (59). 
Therefore, we predict that tubulin- or microtubulin-targeting 
drugs may impact the initiation and termination of autophagy 
by releasing LC3 into the cytoplasm. A previous study showed 
a similar association between LC3 and autophagy, concluding 
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that LC3 must be released from microtubules to participate 
in the initiation of autophagy (60). However, several previous 
studies using different microtubule-associated agents 
including taxol or nocodazole denied the participation of 
microtubules in autophagosome formation in different cancer 
cell lines (22,24,61). In contrast, disassembling microtubules 
treated with high doses of nocodazole was shown to prevent 
autophagosome formation, thus highlighting the function of 
microtubules in autophagy (23). In addition, another study 
showed that vinca alkaloid enhances autophagosome forma-
tion (24). Recently, microtubules have been suggested as 
global and local integrators of autophagic responses in the 
formation and motility of autophagosomes rather than in their 
fusion with lysosomes (62).

In conclusion, our data showed that VDT significantly 
inhibited proliferation of prostate cancer cells and induced 
autophagic cell death in LNCaP cells via disturbance of tubulin 
formation. Further studies are necessary to better understand 
the effect of autophagy inhibition on autophagosome produc-
tion and lysosomal degradation. However, the results of the 
present study highlight autophagic cell death following VDT 
treatment in LNCaP cells and also predict a functional rela-
tionship between microtubules and autophagy in the context 
of anticancer chemotherapy. Furthermore, we also showed 
that VDT treatment induced slight apoptosis and cell death 
via the mitotic catastrophe pathway. Despite the promise of 
VDT treatment demonstrated here, further investigation is 
necessary to elucidate the relationship between autophagy and 
microtubules after VDT treatment in LNCaP cells.
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