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Abstract. Deoxypodophyllotoxin (DPT), an active compound 
isolated from a number of herbs and used in traditional medicine, 
has been reported to exhibit promising anti‑tumor activity. A 
newly synthesized derivative, N‑(1‑oxyl‑4'‑demethyl‑4‑deoxyp 
odophyllic)‑L‑methine‑4'‑piperazine carbamate (LJ12) may 
have improved antitumor activity and fewer side effects. The 
present study assessed the effect of LJ12 on cell viability, apop-
tosis, cell cycle distribution and mitotic catastrophe in A549 
human lung cancer cells in vitro. The molecular mechanisms 
underlying the antitumor activity of LJ12 were also exam-
ined. The results demonstrated that LJ12 reduced A549 cell 
viability in a time‑ and dose‑dependent manner, with a lower 
half maximal inhibitory concentration of ~0.1 µM, compared 
with another known DPT derivative, etoposide (10  µM). 
Flow cytometric analysis showed that LJ12 induced tumor 
cell arrest at the G2/M phase of the cell cycle. The present 
study also observed an expected concomitant decrease in the 

numbers of cells cells in the G0/G1 and S phases. LJ12 was 
found to upregulate the protein expression levels of Cdc2 and 
Cyclin B1. Furthermore, LJ12 induced tumor cell apoptosis 
and the protein expression of B cell lymphoma‑2‑associated 
X protein, caspase‑3 and p53. The present study also observed 
the formation of giant, multinucleated cells, indicating that 
LJ12 induced mitotic catastrophe in the tumor cells. These 
results indicated that LJ12 has anti‑non‑small cell lung cancer 
activity in vitro. Further investigations aim to develop LJ12 as 
a therapeutic agent for the treatment of lung cancer.

Introduction

Lung cancer is one of the leading causes of cancer‑associated 
mortality worldwide (1). Non‑small cell lung cancer (NSCLC) 
constitutes up to 85% of all lung cancer cases  (2) and is 
frequently diagnosed at the advanced stages of disease; 
thus, curable surgical intervention is not usually an option. 
Additionally, NSCLC is resistant to chemotherapy (3,4) and 
radiation treatment, resulting in a poor overall 5‑year survival 
rate for patients with NSCLC of <15% (2). Cisplatin is the most 
widely used chemotherapeutic agent for NSCLC treatment; 
however, the effect of cisplatin on NSCLC has several limita-
tions, including insensitivity in certain patients and high levels 
of toxicity (5). Thus, there is a critical requirement for the 
improved early diagnosis of lung cancer and development of 
novel therapies and strategies for the treatment of lung cancer. 
The development of anticancer therapeutic agents from natural 
products is an area of considerable interest and importance (5).

Podophyllotoxin (PPT) is isolated from the roots and 
rhizomes of Podophyllum species, including Podophyllum 
hexandrum and Podophyllum peltatum. The compound 
appears to have useful antimitotic/cytotoxic activities and offers 
potential as an agent for antitumor therapy. Semi‑synthetic 
PPT compounds, including etoposide (VP16), etopophos and 
teniposide, have been developed and are currently being used 
clinically to treat lung cancer and other neoplasms, including 
refractory testicular tumors, lymphoma and nonlymphomatic 
leukemia (6,7). However, due to cancer cell drug resistance 
and the side effects associated with PPT and associated 
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compounds, the identification of more potent, but less toxic, 
anticancer analogues of PPT has become an intense area of 
investigation (8). Deoxypodophyllotoxin (DPT) is a potent 
antitumor and anti‑inflammatory agent in vitro, which has a 
close structural association with PPT (9,10). In our previous 
study, nine novel derivatives of DPT were synthesized (11). 
The results identified one novel derivative, incorporating 
L‑amino acid, which demonstrated superior antitumor activity, 
compared with VP16 in various cancer cell lines, including 
the NSCLC A549 cell line. Therefore, the present study inves-
tigated the anticancer effects and molecular activities of this 
derivative, N‑(1‑oxyl‑4'‑d emethyl‑4‑deoxypodophyllic)‑L
‑me thine‑4'‑piperazine carbamate (LJ12; Fig.1), in the human 
NSCLC A549 cell line in vitro.

Materials and methods

Cell lines and culture. Human A549 NSCLC, HepG2 hepa-
tocellular carcinoma, and Hela and SiHa cervical cancer cell 
lines were obtained from the Center of Experimental Medicine 
(Lanzhou, China) and maintained in RPMI‑1640 medium 
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), 
supplemented with 10% newborn calf serum (Hangzhou 
Sijiqing Biological Engineering Materials Co., Ltd., Hangzhou, 
China), 100 µg/ml streptomycin and 100  IU/ml penicillin 
(Sigma‑Aldrich, St. Louis, MO, USA) at 37˚C in a humidified 
atmosphere of 5% CO2.

3‑[4,5‑Dimethylthiazo l‑2‑yl]‑2,5‑diphenyl‑tetrazolium 
bromide (MTT) assay of cell viability. The effect of LJ12, 
synthesized by the School of Pharmacy of Lanzhou University 
(Lanzhou, China) on the regulation of cell viability was 
assayed using MTT (Sigma‑Aldrich). The cells were seeded 
at a density of 5x103 cells per well and grown overnight, 
following which they were treated with LJ12 at various doses 
(0.001‑10 µM) and durations (12‑60 h) at 37˚C in an atmosphere 
containing 5% CO2. LJ12 was synthesized in the laboratory 
at the School of Pharmacy of Lanzhou University, according 
to methods described previously (12), and was 8.59 mg LJ12 
was dissolved in dimethyl sulfoxide (DMSO; Sigma‑Aldrich) 
at a concentration of 100 mM as a stock solution. The final 
DMSO concentration used in the culture medium was below 
0.1% (v/v). Following incubation with the drug, 20 µl MTT 
solution (5 mg/ml) was added to each well, and the plates were 
further incubated for 4 h at 37˚C. Subsequently, 150 µl DMSO 
was added into each well to dissolve the MTT‑converted 
products, and the optical density of each well was measured 
at 570 nm using a microplate reader (Bio‑Rad 550; Bio‑Rad 
Laboratories, Inc., Hercules, CA, USA). VP16, obtained from 
Jiangsu Hengrui Medicine Co., Ltd. (Nanjing, China) was 
used, at the same concentrations as in the treatment groups, 
as a positive control. DMSO was used as the vehicle control.

Flow cytometric analysis of cell cycle and apoptosis. The 
cells were seeded in culture flasks at a density of 2.5x105 and 
treated with LJ12 or VP16 at various concentrations for 12 or 
24 h at 37˚C in 5% CO2. Following treatment, the cells were 
washed with phosphate‑buffered saline (PBS), fixed in ice‑cold 
70% ethanol at 4˚C overnight and stained with a propidium 
iodide (PI; Sigma‑Aldrich) solution (80 µg/ml) containing 

Triton  X‑100 (0.1%; v⁄v; Sigma‑Aldrich) and RNase  A 
(100 µg ⁄ml; Sigma‑Aldrich) in PBS. Following staining, the 
DNA content was analyzed using a BD FACSCalibur flow 
cytometer (BD Biosciences, Franklin Lakes, NJ, USA) and 
CellQuest Pro software (BD Biosciences).

For the assessment of cell apoptosis, the LJ12 or VP16 
treated cells were subjected to Annexin V‑PI staining using 
an Annexin V‑fluorescein isothiocyanate/PI double staining 
apoptosis detection kit (Nanjing Jiancheng Bioengineering 
Institute, Nanjing, China). Briefly, 2x105 A549 cells were 
treated with LJ12 (0.05 µM) for 6, 12 and 24 h, harvested, 
washed twice with PBS and resuspended in 500 µl 1X Hepes 
binding buffer (Nanjing Jiancheng Bioengineering Institute). 
Subsequently, 5 µl Annexin V and 5 µl PI were added to the 
cell solution, mixed and incubated at the room temperature 
in the dark for 5 min, followed by analysis using the BD 
FACSCalibur flow cytometer and CellQuest Pro 4.0 software 
(BD Biosciences, Franklin Lakes, NJ, USA).

Hoechst 33258 staining and evaluation of cell morphology. 
The apoptotic nuclei of the tumor cells were visualized using 
Hoechst 33258 (10 µg ⁄ml, Sigma‑Aldrich) staining. The A549 
cells (2.5x105/well) were grown on glass slides to ~70‑80% 
confluency, and were then treated with 0.5  µM LJ12 or 
VP16 for 24 h at 37˚C in an atmosphere containing 5% CO2. 
Following treatment, the cells were fixed, washed twice 
with PBS and stained with Hoechst 33258 staining solution, 
according to the manufacturer's protocol (Beyotime Institute 
of Biotechnology, Jiangsu, China). Chromosomal condensa-
tion and morphological changes were observed and quantified 
using an Olympus BX61 fluorescence microscope (Olympus 
Corporation, Tokyo, Japan).

Immunofluorescence. The A549 cells (2.5x105/well) were plated 
onto coverslips and then treated with or without 0.5 µM VP16 
or LJ12 for 24 h at 37˚C in an atmosphere containing 5% CO2. 
Following treatment, the cells were fixed with 4% paraformal-
dehyde (Tianjin Tuo Ou Li Yuan Chemical Co., Ltd., Tianjin, 
China) in PBS for 4 h at room temperature and permeabilized 
in 0.1% Triton X‑100 in PBS for 30 min at room temperature. 
The cells were then incubated with primary mouse anti‑human 
α‑tubulin monoclonal antibody (1:500; cat. no. sc‑5286; Santa 
Cruz Biotechnology, Inc., Santa Cruz, CA, USA) for 90 min at 
37 ,̊ followed by incubation with goat anti‑mouse fluorescein 
isothiocyanate‑labeled IgG (1:100; cat. no. ZF‑0312; Beijing 
Zhongshan Golden Bridge Biotechnology Co., Ltd., Beijin, 
China) for 30 min at 37˚C. The cells were further stained for 
5 min with 300 nM 4,6‑dianidino‑2‑phenylindole (DAPI; 
Sigma‑Aldrich). Images of the stained cells were captured and 
data were quantified using an Olympus BX61 fluorescence 
microscope (Olympus Corporation).

Protein extraction and western blot analysis. The A549 cells 
were treated, as described above, harvested and lysed with 
cell lysis buffer containing 1 mM Tris‑HCl (pH 7.5), 0.1 mM 
Na2EDTA, 15 mM NaCl, 0.1 mM EGTA, 0.25 mM sodium 
pyrophosphate, 0.1% Triton X‑100, 0.1 mM Na3VO4, 0.1 mM 
β‑glycerophosphate, 0.2 mM phenymethylsul‑fonyl fluoride 
and 0.1 µg/ml leupeptin (all from Sigma‑Aldrich). The lysates 
were centrifuged at 12,000 x g for 15 min at 4˚C and the protein 
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concentration in the supernatant was determined using the 
Bradford method. Equal quantities of protein (30‑40 µg) were 
separated via 12% sodium dodecyl sulfate‑polyacrylamide 
gel electrophoresis and electrotransferred onto polyvinylidene 
fluoride membranes (EMD Millipore, Billerica, MA, USA). 
For western blot analysis, the membranes were blocked in 
5% dried skimmed milk in Tris‑buffered saline‑Tween 20 
for 1  h, followed by incubation overnight at 4˚C with the 
indicated primary antibody. The membranes were then incu-
bated at 37˚C for 2 h with horseradish‑peroxidase‑conjugated 
secondary antibodies (1:100) and the protein band was devel-
oped using an enhanced chemiluminescence detection system 
(UVP Inc., Upland, CA, USA). β‑actin was used as a loading 
control. The primary and secondary antibodies used were 
as follows: Goat anti‑human polyclonal p‑Cdc2 (p34; 1:500; 
cat. no. sc‑7989‑R), mouse anti‑human monoclonal caspase 3 
(1:500; cat.  no.  sc‑271028), mouse anti‑human monoclonal 
p53 (1:2,000; cat. no. sc‑126), rabbit anti‑human polyclonal 
B cell lymphoma‑2 (Bcl‑2)‑associated X protein (Bax; 1:1,000; 
cat. no. sc‑493), rabbit anti‑human polyclonal Bcl‑2 (1:1,000; 
cat.  no.  sc‑492) and goat anti‑human polyclonal β‑actin 
(1:1,000; cat. no. sc‑1616) were purchased from Santa Cruz 
Biotechnology, Inc. Mouse anti‑human monoclonal cyclin B 
(1:500; cat. no. 647901), and mouse anti‑human polyclonal cdc2 
(p34) were purchased from Biolegend (BioLegend Inc. San 
Diego. CA, USA). Horse anti‑mouse IgG‑AP (cat. no. ZB‑2310), 
goat anti‑rabbit IgG‑AP (cat. no. ZB‑2308) and rabbit anti‑goat 
IgG‑AP (cat. no. ZB‑2311) (all 1:5,000) were from purchased 
from Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd.

Statistical analysis. All statistical analyses were performed 
using SPSS software version 17 (SPSS, Inc., Chicago, IL, USA). 
Statistical significance was determined at the 95% confidence 
interval using Student's t‑test. All data are expressed as the 
mean ± standard deviation, which was calculated automatically 
using SPSS. P<0.05 was considered to indicate a statistically 
significant value.

Results

Cytotoxic effects of LJ12 on cancer cell lines in vitro. With the 
aim of identifying more potent antitumor agents, the present 
study synthesized LJ12 in the laboratory and investigated 
its effects on the viability of A549, HepG2 and Hela cancer 
cells. The structure of LJ12, and how it compares with other 

derivatives, is shown in Fig. 1. In the present study, the cells 
were treated with various concentrations of LJ12 for varying 
lengths of time (Fig. 2). Subsequent MTT assays showed that 
LJ12 reduced the viability of the A549, HepG2 and Hela 
cells in a dose‑ and time‑dependent manner (Fig. 2A). The 
half maximal inhibitory concentration (IC50) values of LJ12, 
determined following 48 h treatment, were 0.183, 0.21 and 
0.191 M for the A549, HepG2 and Hela cells, respectively. The 
IC50 values determined for LJ12 were markedly lower than the 
observed corresponding IC50 values of VP16 (14.8, 28.4 and 
50.6 µM for the A549, HepG2 and Hela cells, respectively). In 
addition, it was found that the cells treated with LJ12 exhib-
ited morphological changes, which were typical of tumor cell 
apoptosis (Fig. 2B), including cell shrinkage and condensed 
chromatin. These findings suggested that LJ12 opposed the 
proliferation of A549, HepG2 and Hela cells. The present 
study focussed on A549 cells for the subsequent experiments, 
as VP16, which is similar to LJL2 structurally, is currently 
used as a first‑line treatment in small cell lung cancer (13).

LJ12 treatment induces A549 cell cycle arrest. In the initial 
cytotoxicity assessment, a significant enlargement in the size 
of certain cells was observed in the LJ12‑treated A549 cells. 
To evaluate whether LJ12 affected mitosis, the present study 
examined the effect of LJ12 treatment on the cell cycle distribu-
tion of the A549 cells. The percentage of A549 cells in the G1 
phase was substantially lower following treatment with LJ12, 
compared with the percentage of control cells in the G1 phase 
(Fig. 3A‑C). This decrease was reflected in an increase in the 
population of cells in the G2/M phase, with ~77.3% of the cells 
in the G2/M phase following 12 h treatment with 0.05 µM 
LJ12 (Fig. 3B). In the untreated control cells, the G2/M phase 
population was ~11.5%. Furthermore, the G2/M phase distri-
bution of cells treated for 12 h with 0.1, 0.2 and 0.5 µM LJ12 
(92.0‑93.7%) were 3.4‑ to 4‑fold higher, compared with the 
G2/M phase distribution of cells treated for 24 h with 0.5 µM 
VP16 (23.0%). However, the G2/M phase distribution of the 
VP16‑treated cells was significantly increased, compared with 
that of the control cells (10.1%). In additionally, even the cells 
treated with a 2.0 µM dose of VP16 for 24 h had significantly 
fewer cells in the G2/M phase, compared with the cells treated 
for 12 h with just 0.05 µM LJ12 (Fig. 3C).

LJ12 induction of tumor cell apoptosis. The Hoechst 33258 
staining performed in the present study revealed that LJ12 

Figure 1. Chemical structures of DPT and the DPT derivatives, LJ12 and VP16. DPT, deoxypodophyllotoxin; LJ12, N‑(1‑oxyl‑4'‑demethyl‑4‑deoxypo 
dophyllic)‑L‑methine‑4'‑piperazine carbamate; VP16, etoposide.
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treatment evoked typical apoptotic features in cells, including 
nuclear condensation and fragmentation, cell shrinkage and 
detachment (Fig. 4A). These observations were confirmed using 
a flow cytometric Annexin V‑PI assay (Fig. 4B). LJ12 induced 
apoptosis at a dose of 0.05 µM. The rate of early apoptosis in the 
LJ12‑treated cells was significantly increased, after 12 and 24 h, 
compared with the control cells (20.47 and 19.15%, vs. 0.06%, 
respectively). The rate of apoptosis following treatment with 
0.05 µM LJ12 for 24 h (19.15%) was also elevated, compared 
with the rate of apoptosis observed following treatment with 
0.5 µM VP16 for 24 h (13.99%; Fig. 4B).

LJ12 treatment and the regulation of microtubule structure 
and mitotic catastrophe. Mitotic catastrophe is a type of cell 
death that occurs during abnormal mitosis. It usually leads to 
the formation of large multiple nuclear cells with de‑condensed 

chromatin (14). To assess the morphology of tumor cells following 
LJ12 treatment, the present study used indirect immunofluores-
cence with anti‑tubulin antibody staining of microtubules and 
DAPI staining of nuclei. The results revealed elongated, thin 
bundles of microtubules distributed throughout the cytoplasm 
in the untreated control cells and in the VP16‑treated cells 
(Fig. 5A). By contrast, following 24 h LJ12 treatment, the cells 
became round and shrinkage was observed, but they contained 
short, dense microtubule networks. LJ12 treatment also induced 
multipolar cell division and cells that containing multiple nuclei 
were observed (Fig. 5B). Cells with double nuclei and giant 
multinuclear cells are hallmarks of mitotic catastrophe and were 
frequently observed in the LJ12‑treated A549 cells (Fig. 5B). 
The numbers of giant multinuclear cells were 21.4, 4.2 and 2.4 
in the LJ12‑treated cells, VP16‑treated cells and control cells, 
respectively, with a significant increase in the LJ12‑treated cells.

Figure 2. Antiproliferative effects of LJ12 and VP16 in different cancer cells. (A) A549, (B) HepG2 and (C) Hela cells were grown and treated with dif-
ferent concentrations of VP16 or LJ12 (0.001‑10 µM) for varying periods of time (12‑60 h). Cell viability was assayed using a 3‑[4,5‑dimethylthiazo 
l‑2‑yl]‑2,5‑diphenyl‑tetrazolium bromide assay. (D) Morphological analysis of A549 cells following 24 h treatment with 0.05 µM VP‑16 or 0.05 µM LJ12 
(magnification, x200). A549 cells treated with LJ12 displayed typical morphological features of apoptosis, including cell shrinkage and condensed chromatin. 
Values are expressed as the mean ± standard error of the mean from at least four independent experiments (n=4). *P<0.05, vs. VP16, **P<0.01, vs. VP16. LJ12, 
N‑(1‑oxyl‑4'‑demethyl‑4‑deoxypo dophyllic)‑L‑methine‑4'‑piperazine carbamate; VP16, etoposide.
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Figure 3. Effects of LJ12 and VP16 treatments on A549 cell cycle distribution. The response of cells treated with (A) 0.1, 0.2 and 0.5 µM LJ12 for 24 h, the 
response of cells treated with (B) 0.05 µM LJ12 for 0, 6, 12 and 24 h and the response of cells to (C) VP16 (0.5 and 2 µM) for 24 h were examined. Following 
treatment, the cells were subjected to a flow cytometric analysis for detection of the cell cycle distribution. Representative cell cycle distribution figures are 
shown. The percentages of the cell populations in the different phases of the cell cycle (G0/G1, S and G2/M) were analyzed. *P<0.05 and **P<0.05, vs. the 
control. LJ12, N‑(1‑oxyl‑4'‑demethyl‑4‑deoxypo dophyllic)‑L‑methine‑4'‑piperazine carbamate; VP16, etoposide.

Figure 4. LJ12 induces A549 cell apoptosis. (A) Hoechst staining of A549 cells. The cells were treated with or without 0.5 µM LJ12 or VP16 for 48 h, and were 
observed using a phase contrast microscope. Fragmented nuclei and apoptotic bodies are indicated by yellow arrows. (n=15; **P<0.001, vs control and VP16). 
(B) Apoptosis of the A549 cells following treatment with 0.05 µM LJ12 for 12‑24 h, detected using flow cytometry with an Annexin V/PI apoptosis detection 
kit. (n=3; *P<0.05, vs VP16). Error bars represent the mean ± standard error of the mean. LJ12, N‑(1‑oxyl‑4'‑demethyl‑4‑deoxypo dophyllic)‑L‑methine‑4'‑pi-
perazine carbamate; VP16, etoposide; PI, propidium iodide; FITC, fluorescein isothiocyanate.
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LJ12 treatment and regulation of the expression levels 
of p53, Bax, caspase‑3 and cyclin‑dependent kinase  2 
(cdc2)/cyclin B1. The present study also assessed the effect of 
LJ12 treatment on the expression levels of various proteins. 
The results revealed a marked increase in the protein expres-
sion levels of cyclin B1 and cdc2 in the LJ12‑treated A549 
cells, compared with the control cells. However, the protein 
expression of p‑cdc2 was decreased relative to the control cells 
(Fig. 6A). Following 0.1‑5 µM LJ12 treatment, the expression 

levels of p53, Bax and caspase 3 were all induced in the A549 
cells (Fig. 6B). The effect of LJ12 treatment on the expression 
of cell‑cycle regulator proteins was also dose‑dependent.

Discussion

In the present study, the in vitro antitumor effects of LJ12 in 
NSCLC cells were examined. The data revealed that LJ12 
treatment significantly reduced A549 cell viability, and that 

Figure 5. LJ12 effects on microtubule formation and mitotic catastrophe in A549 cells. (A) Immunofluorescence staining of microtubules in the A549 cells. 
The A549 cells were treated with 0.05 µM LJ12 or VP16 for 24 h. Microtubules were stained with anti‑α‑tubulin antibody and a fluorescein isothiocya-
nate‑conjugated secondary antibody (green). Chromosomal DNA was stained with 4,6‑dianidino‑2‑phenylindole (blue). The morphology of the cells was 
observed and images were captured using a fluorescence microscope. (B) Immunofluorescence staining of microtubules and cell nuclei. A number of double 
nuclei cells and giant multinuclear cells (indicated by yellow arrows) were observed in the LJ12‑treated A549 cells. (C) Numbers of double nuclei cells and 
multinuclear cells. (n=15; *P<0.05, vs. control and VP16). Error bars represent the mean ± standard error of the mean. LJ12, N‑(1‑oxyl‑4'‑demethyl‑4‑deoxypo 
dophyllic)‑L‑methine‑4'‑piperazine carbamate; VP16, etoposide.

Figure 6. LJ12 regulates gene expression in A549 cells. The A549 cells were treated with 0, 0.1, 1 or 5 µM LJ12 for 24 h and subjected to (A) western blot 
analyses of apoptosis‑associated proteins or (B) cell cycle‑associated proteins. The graphs show the quantified data of the corresponding western blot. Data 
are expressed as the mean ± standard error of the mean (n=3; *P<0.05, **P<0.01 and ***P<0.001, vs control; #P<0.01, vs. VP16 and ##P<0.001, vs. VP16). LJ12, 
N‑(1‑oxyl‑4'‑demethyl‑4‑deoxypo dophyllic)‑L‑methine‑4'‑piperazine carbamate; VP16, etoposide. Bax, B cell lymphoma‑2‑associated X protein; p‑cdc2, 
phosphorylated‑cyclin‑dependent kinase 2.
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the antitumor activity of LJ12 was more marked, compared 
with that of the closely associated VP16. It was observed that 
LJ12 treatment regulated the expression levels of various 
genes, including cell cycle and apoptosis‑associated genes. 
The expression profiles of these genes following LJ12 treat-
ment were different from the expression profiles following 
VP16 treatment. These findings indicated that LJ12 may offer 
potential as an anti‑NSCLC drug. However, in vivo investi-
gations are required prior to this drug being considered for 
testing in Phase I or II clinical trials.

To evaluate the potential effectiveness of LJ12 as an 
antitumor therapeutic agent, the present study investigated 
the time‑ and dose‑dependent regulation of the lung carci-
noma A549 cell line by LJ12. The IC50 of LJ12 was 0.1 µM, 
which was favorable, compared with the VP16 DPT deriva-
tive, (IC50, 10 µM). Apoptosis is a type of programmed cell 
death with common identifiable characteristics, which include 
membrane blebbing, cell shrinkage, chromosome condensa-
tion and specific biochemical changes, including activation 
of the caspase‑cascade (15). The present study demonstrated 
LJ12 treatment induced >40% of the A549 cells to undergo 
apoptosis, compared with < 10% in the VP16‑treated tumor 
cells. This lower IC50 value and elevated apoptotic induction 
indicated that LJ12 may have more marked antitumor activity 
and lower toxicity, compared with VP16.

Mitotic catastrophe is a type of cell death, which usually 
occurs during mitosis in response to DNA damage or 
anti‑mitotic agents (16). In addition to inducing tumor cell death 
via apoptosis, LJ12 treatment also induced mitotic catastrophe, 
supporting previous evidence that LJ12 may be an ideal anti-
tumor therapeutic agent (17,18). Although several biochemical 
changes associated with mitotic catastrophe have been found, 
there remains no specific mitotic catastrophe marker  (19). 
Therefore, the identification of mitotic catastrophe depends 
on cell morphology. Anticancer agents can induce cytoki-
nesis failure, which results in multinucleation and may lead 
to cell death (20). Multinuclear cells, premature chromosome 
condensation, aberrant mitotic figures and the accumulation of 
affected cells in the G2/M phase are characteristic of mitotic 
catastrophe (20). In the present study, it was found that LJ12 
treatment of the A549 cells induced multinucleate giant cells 
and cells with double nuclei, indicating that LJ12‑induced 
cell death occurred partially through mitotic catastrophe. It 
was also demonstrated that the LJ12‑treated cells expressed 
apoptotic and mitotic catastrophe‑associated biochemical 
markers, providing further evidence that LJ12 induces apop-
tosis and mitotic catastrophe in A549 cells. Certain previous 
studies have shown that mitotic catastrophe and apoptosis are 
independent pathways, whereas others indicated that mitotic 
catastrophe may be a specific type of apoptosis, or a precursor 
of apoptosis or necrosis (21,22). However, the present study 
was unable not delineate whether apoptosis induced by LJ12 
was an independent event, or whether apoptosis occurred due 
to LJ12‑induced mitotic catastrophe. Therefore, further inves-
tigation is required to clarify which LJ12‑induced cell death 
pathway is dominant in A549 cells. However, despite this point 
of controversy, cell death is always the final result.

The suppression of microtubule dynamics by microtu-
bule‑targeting drugs, including vinca alkaloids and taxol, can 
engage the mitotic spindle checkpoint and suppress cell cycle 

progression, eventually inducing apoptosis (23). However, the 
direct inhibition of microtubule dynamics may also disrupt a 
number of normal cellular processes, including the transpor-
tation of intracellular cargo or organelles within cells (24). 
Substantial effort is being made to identify, design and develop 
antimitotic agents, which bind indirectly to tubulin and alter 
microtubule dynamics with minimal toxicity to normal tissues. 
Tubulin is a basic microtubule component, which is involved 
in several important cellular processes, including cell division, 
chromosome segregation and cell shape maintenance (25). 
Tubulin polymerization is a key mechanism of normal 
microtubule function. Therefore, agents, which affect tubulin 
polymerization can induce cell death (26). The induction or 
inhibition of tubulin polymerization can affect the dynamic 
instability, proper attachment and movement of chromosomes 
during the various stages of the mitotic phase, leading to 
mitotic arrest and cell death (26). Thus, highly proliferative 
cancer cells can be selectively eliminated by drugs, which 
affect the dynamics of tubulin polymerization (27). A number 
of anticancer agents targeting this mechanism have been devel-
oped and used to treat human cancer (28). However, further 
investigation is required to investigate how LJ12 treatment 
targets tubulin polymerization in tumor cells, and whether this 
mechanism contributes to LJ12 antitumor activity.

The results of the present study are only ‘proof‑of‑prin-
ciple’ and a substantial further investigation is required prior 
to LJ12 treatment being used in a clinical trials. In addition, 
the present study has certain limitations to be considered. 
Firstly, the present study only examined the effects of LJ12 
in vitro, thus the in vivo toxicity of LJ12 is unknown. Secondly, 
the present study used a limited number of cell lines, and 
the majority of the investigations were confined to just one 
human cancer cell line. In addition, although the present study 
showed that LJ12 regulated the expression of certain proteins, 
how these mediate the antitumor activities of LJ12 remain to 
be elucidated. However, the preliminary data demonstrated 
the potential usefulness of LJ12 as an anticancer therapeutic 
agent. In addition, LJ12 demonstrates more marked antitumor 
activity and lower toxicity towards NSCLC cells in  vitro, 
compared with the closely associated PPT derivative, VP16.
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