
INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE  35:  771-776,  2015

Abstract. The need to overcome cancer multidrug resistance 
(MDR) has fueled considerable interest in the development of 
novel synthetic antitumor agents with cytotoxicity against cancer 
cell lines with MDR. In this study, we aimed to investigate 
CIP-36, a novel podophyllotoxin derivative, for its inhibitory 
effects on human cancer cells from multiple sources, particularly 
cells with MDR in vitro. The human leukemia cell line, K562, 
and the adriamycin-resistant subline, K562/A02, were exposed 
to CIP-36 or anticancer agents, and various morphological and 
biochemical properties were assessed by Hoechst 33342 staining 
under a fluorescence microscope. Subsequently, cytotoxicity, 
cell growth curves and the cell cycle were analyzed. Finally, 
the effects of CIP-36 on topoisomerase IIα (Topo IIα) activity 
were determined. Treatment with CIP-36 significantly inhibited 
the growth of the K562 and MDR K562/A02 cells. Our data 
demonstrated that CIP-36 induced apoptosis, inhibited cell 
cycle progression and inhibited Topo IIα activity. These findings 
suggest that CIP-36 has the potential to overcome the multidrug 
resistance of K562/A02 cells by mediating Topo IIα activity.

Introduction

Multidrug resistance (MDR), a cross-resistance of cancer 
cells to seemingly unrelated drugs, such as anthracyclines 
vinca alkaloids (doxorubicin and daunorubicin), epipodophyl-
lotoxins, (vincristine and vinblastine) and taxanes (taxol and 
taxotere), is a major clinical concern in the treatment of human 
cancers with conventional chemotherapeutic drugs (1).

Topoisomerase  II (Topo  II) poisons widely used in 
clinical practice, such as etoposide, adriamycin (ADM) 

and their analogues often induce dose-limiting toxicity and 
MDR, resulting in treatment failure after the initial effective 
therapy (2,3). Therefore, increasing research has focused on the 
development of novel Topo II-targeting drugs, with the aim to 
overcome current hurdles (4-6).

Although reversal agents have been assessed for their efficacy 
against cancers with MDR, the majority have shown little or no 
therapeutic potential due to their high toxicity in vivo at the doses 
required to reverse MDR, as observed with verapamil (7). Over 
the past few years, podophyllotoxin derivatives have been widely 
used as cancer chemotherapeutic agents (8). For instance, etopo-
side, a low toxicity semisynthetic podophyllotoxin analogue, has 
been utilized for the treatment of a broad spectrum of tumors, for 
its Topo II-targeting properties (9,10). The suppression of Topo II 
activity by Topo II-targeting drugs, such as etoposide and ADM, 
can lead to double-stranded DNA breaks (11,12). In addition, 
other newly developed derivatives (e.g., NPF and GL-331) (13-15) 
which have displayed better pharmacology profiles are currently 
being evaluated in clinical trials (16). However, compared to 
many previously described drugs, they have not shown sufficient 
potency in the treatment of cancers with MDR. Recently, a novel 
podophyllotoxin derivate, CIP-36 (Fig. 1), was synthesized in our 
laboratory and presented the advantages of effectiveness, stability 
and low toxicity. In this study, we aimed to investigate CIP-36 for 
its effects on cancer cells with MDR. In vitro enzymatic assay 
demonstrated the effectiveness of CIP-35 in inhibiting Topo IIα 
activity. CIP-36 inhibited the proliferation of multiple cancer 
cells, including multidrug-resistant K562/A02 cells, suggesting 
that it has the potential for use as an optional chemical agent in 
the treatment of cancers with MDR.

Materials and methods

Anticancer drugs. CIP-36 (purity >98%) was synthesized in 
the laboratory of Professor Hong Chen by Dr Pengfei Yu. Its 
molecular structure is illustrated in Fig. 1. ADM was purchased 
from Shenzhen Wanle Pharmaceutical Co., Ltd. (Shenzhen, 
China) and etoposide (VP-16) was from Jiangsu Hengrui 
Medicine Co., Ltd. (Jiangsu, China).

Cells. The human leukemia cell line, K562, and the ADM subline, 
K562/A02, were obtained from the Institute of Hematology and 
Blood Disease Hospital, Chinese Academy of Medical Sciences 
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and Peking Union Medical College (Beijing, China). Other cell 
lines, including human uterine cervical adenocarcinoma cells 
(HeLa), human breast adenocarcinoma cells (MCF-7), human 
oral squamous carcinoma cells (KB) and their multidrug resis-
tant counterpart (KBv200 cells), human osteosarcoma cells 
(HOS), human colon carcinoma cells (LoVo), human hyper-
trophic scar fibroblasts (FBs) and human vascular endothelial 
cells (VECs) were supplied by the Institute of Materia Medica, 
Chinese Academy of Medical Sciences and Peking Union 
Medical College (Beijing, China). These cell lines were cultured 
in RPMI-1640 (Sigma-Aldrich, St. Louis, MO, USA) containing 
10% heat-inactivated fetal bovine serum, penicillin (100 U/ml) 
and streptomycin (100 µg/ml) in a humidified environment with 
5% CO2 at 37˚C. The K562/A02 cells were stable and cultured in 
medium containing 1 µg/ml ADM in order to obtain the stability 
of drug resistance. ADM (10 and 0.5 µg/ml) was used to measured 
the cell growth curve. The KBv200 cells were stable and cultured 
in medium containing 200 nmol/l vincristine (Shenzhen Main 
Luck Pharmaceuticals Inc., Wanleyaoye, Shenzhen, China) in 
order to obtain the stability of drug resistance. The KBv200 
cells were used to measured the cytotoxic effects of CIP-36. The 
drugs were removed 2 weeks prior to the experiment.

Cytotoxicity assays. Cytotoxicity was assessed by 
sulforhodamine  B (SRB) or 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) (Sigma-Aldrich) 
cytotoxicity assay in 96-well microtiter plates as previously 
described (17,18). Briefly, the medium was replaced with fresh 
medium containing 0.5 mg/ml of MTT. After 4 h of incuba-
tion at 37˚C, the cellular formazan product was dissolved in 
dimethylsulfoxide (DMSO) and the absorbance was measured 
at a wavelength of 570  nm using a spectrophotometer 
(PerkinElmer Inc., Boston, MA, USA).

Cell growth curve following treatment with CIP-36. The K562 
and K562/A02 cells in the log phase were seeded in 96-well 
plates at a density of 8,000 cells/ml. The cells were then treated 
with various concentrations CIP-36 in RPMI-1640. The number 
of viable cells was quantified by SRB assay every 24 h for 
6 consecutive days in order to establish the growth curve in vitro.

Assessment of apoptosis by Hoechst 33342 and propidium 
iodide (PI) staining. The cells were exposed to CIP-36 at various 
concentrations for 24 h, washed twice with phoshate-buffered 
saline (PBS) and fixed with 4% formaldehyde for 10 min. The 
fixed cells were then washed and stained with 10 µg/ml of 
Hoechst 33342 and PI for 10 min. The cells were examined under 
a fluorescence microscope (XSZ-D2; Olympus, Tokyo, Japan).

Cell cycle analysis by flow cytometry. The K562/A02 cells 
(1x106) were treated with various concentrations of CIP-36 for 
6, 12 and 24 h at 37˚C, harvested, washed with PBS and fixed 
with 70% ethanol. The fixed cells were kept overnight at -20˚C 
and washed with PBS prior to treatment with 50 µg/ml PI solu-
tion in PBS, containing RNase (50 µg/ml). Cell cycle analysis 
was carried out on an Epics XL flow cytometer (Beckman 
Coulter, Miami, FL, USA).

Topo IIα DNA cleavage assay. Recombinant DNA Topo IIα was 
cloned and purified as previously described (19). DNA cleavage 

assays were carried according to the procedure described in the 
study by Lemke et al (20) with minor modifications. The total 
volume reaction mixture of 20 µl contained 20 mM Tris/HCl, 
pH 7.5, 7.5 mM MgCl2, 0.5 mM dithiothreitol, 150 mM KCl, 
1 mM ATP and 200 ng of pBR322 DNA (Toyobo Co. Ltd., 
Japan). The reaction was inititated by the addition of 5 units of 
DNA Topo IIα followed by incubation at 30˚C for 10 min. One 
unit of enzyme activity was defined as the amount of enzyme 
decatenating 0.2 µg of kinetoplast DNA in 30 min at 37˚C, 
according to the manufacturer's instructions (T8944; Sigma-
Aldrich). The reactions were terminated by the addition of 
sodium dodecyl sulfate and proteinase K at final concentrations 
of 0.35% and 0.3 mg/ml, respectively. After an additional incuba-
tion for 60 min at 37˚C, 5 µl of gel loading buffer were added to 
each reaction mixture. The samples were loaded on 1% agarose 
gels containing 0.5 µg/ml ethidium bromide and separated for 
18 h in TBE buffer at 0.5 V/cm. The gels were then destained 
in distilled water and photographed using a gel-imaging system 
(Bio-Rad, Hercules, CA, USA). The percentage of supercoiled 
DNA in each sample was determined using Quantity One Image 
software (Bio-Rad), and the relative activity of Topo IIα in the 
drug-treated cells, as previously described (21).

Statistical analysis. The statistical package SPSS 17.0 (SPSS, 
Chicago, IL, USA) was used for all analyses. Data are presented 
as the means ± standard deviation (SD) and all the experiments 
were repeated at least 3 times. Statistical significance between 
2 groups was determined by the Student's t-test. For 3 groups 
or more, one-way analysis of variance (ANOVA) was used 
and post hoc analysis by least significant difference. A value 
of P<0.05 was considered to indicate a statistically significant 
difference.

Results

Effects of CIP-36 on the proliferation of human cancer and 
normal cells. First, CIP-36 was compared to ADM for its 
efficacy. As shown in Table I, the K562 cells were sensitive 
to all drugs tested. However, the K562/A02 cells were resis-
tant to ADM, whereas no cross-resistance to CIP-36 was 
observed. Indeed, a resistance index (RI) of 3.27 was obtained 

Figure 1. Chemical structure of CIP-36.
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for CIP-36, markedly lower than the RI values obtained for 
ADM (RI of 68) and VP-16 (RI of 33.85). Subsequently, the 
anti-proliferative activity of CIP-36 was further assessed in 
8 human cancer cell lines. CIP-36 showed a broad-spectrum 
anti-proliferative activity, with rather similar inhibitory proper-
ties against various human cancer cells: the concentration for 
50% of maximal inhibition of cell proliferation (GI50) or half 
maximal inhibitory concentration (IC50) values ranged from 
0.14-3.34 µmol/l for CIP-36, generally lower than those of 
etoposide (VP-16; 0.45‑34.76 µmol/l). Of note, as observed for 
the K562/A02 cells, the KBv200 cells were resistant to etopo-

side, but not CIP-36 (Table II). Importantly, CIP-36 displayed 
less cytotoxicity towards normal human cell lines (fibroblasts, 
VECs), with significantly higher IC50 values recorded for the 
normal cells in comparison with the cancer cells. Furthermore, 
we demonstrated that the effects of CIP-36 on the K562 and 
K562/A02 cells occurred in a concentration- and time-depen-
dent manner, confirming the above-mentioned results (Fig. 2).

Effects of CIP-36 on the apoptosis of K562/A02 cells. To deter-
mine the mechanisms of the CIP-36-induced cytotoxic effects, 
we evaluated the ability of the compound to induce apoptosis, 
using Hoechst 33342 staining and flow cytometry. We found 
that CIP-36 induced morphological changes, characteristic of 
apoptosis in the K562/A02 cells, such as chromosome conden-
sation (Fig. 3). Flow cytometric analysis of the K562/A02 cells 

Figure 3. Nuclear morphological changes in the K562/A02 cells treated 
with CIP-36 at various doses. Cells treated with CIP-36 were stained with 
Hoechst 33342 and observed under a fluorescence microscope. Cells under-
going apoptosis showed condensed chromosome structures. Treatment 
with (A) 0.1% dimethylsulfoxide (DMSO); (B) 1 µmol/l of CIP-36 for 24 h; 
(C) 2 µmol/l of CIP-36 for 24 h; (D) 4 µmol/l of CIP-36 for 24 h.

Figure 2. Effects of CIP-36 on cell growth and viability are exerted in a time-
and concentration dependent manner. (A) K562/A02 cells and (B) K562 cells 
were treated with dimethylsulfoxide (DMSO; control), adriamycin (ADM), 
VP-16 or CIP-36 at various concentrations. The viable cells were accessed 
each day following treatment by MTT assay.

Table I. Cytotoxic activity of ADM, CIP-36 and VP-16 against 
K562 and K562/A02 cells by SRB assay.

	 GI50
	 ------------------------------------------------------------------------------
	 ADM	 VP-16	 CIP-36
Cancer cell lines	 (µg/ml)	 (µmol/l)	 (µmol/l)

K562	 0.21±0.17	 1.08±0.42	 1.02±0.58
K562/A02	 14.28±1.21	 36.56±2.31	 3.34±1.12
RI	 68	 33.85	 3.27a

Data are presented as the means ± SD; n≥3. ADM, adriamycin; VP-16, 
etoposide; SRB, sulforhodamine  B; GI50, concentration for 50% of 
maximal inhibition of cell proliferation; RI, resistance index. Numbers 
in bold indicate statistical significance. aP<0.05 compared with VP-16 
group.

Table II. Cytotoxic effects of CIP-36 on different cell lines.

Cancer cells	 VP-16	 CIP-36

KB	 1.71±0.04	 1.41±0.06
KBv200	 12.1±1.23	 2.06±0.38a

HeLa	 2.56±0.53	 1.96±0.46
MCF-7	 8.61±0.88	 3.13±0.22
LoVo	 2.38± 0.76	 2.01±0.36
HOS	 2.32±0.25	 3.39±0.85
VECs	 55.57±1.78	 15.11±0.77
FBs	 57.87±3.45	 26.08±2.29

Half maximal inhibitory concentration (IC50) values (µmol/l) were 
determined by MTT assay. Data are the means ± SD from at least 
3 independent replicates. VP-16, etoposide. Numbers in bold indicate 
statistical significance. aP<0.05 compared with KBv200 cell line IC50 
values of VP-16.
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treated with CIP-36 confirmed the morphological observations 
mentioned above. At a low concentration (1 µmol/l) CIP-36 
induced the apoptosis of 4.14, 8.82 and 22.25% of K562/A02 
cells after 6, 12 and 24 h, respectively (Fig. 4). The proportion 
of apoptotic cells increased at a high CIP-36 concentration 
(4 µmol/l), with 5.4, 15.5 and 35.2% of K562/A02 cells under-
going apoptosis after 6, 12 and 24 h, respectively. These data 
indicated that the apoptotic effects of CIP-36 occurred in a 
time- and dose-dependent manner.

Effects of CIP-36 on cell cycle progression. The cells were 
treated with CIP-36 at the indicated concentrations (1 and 
4 µmol/l) for 6, 12 and 24 h, and distinct changes in the cell 
cycle distribution were observed (Fig. 5). At 6 and 12 h, flow 
cytometric analysis revealed higher DNA contents (S phase) in 
the CIP-36-treated cells compared with the controls (treated 
with DMSO). However, the cells had mainly accumulated 
in the S/G2 + M phase after 24 h. These results suggest that 
CIP-36 blocks K562/A02 cells in the S/G2  +  M  phase, in 
contrast to VP-16, which blocks the K562/A02 cells in the 
S phase. These findings demonstrate the differences in the 
mechanisms underlying the antitumor activities of CIP-36 and 
VP-16.

CIP-36 inhibits Topo IIα activity. The novel podophyllotoxin 
derivative, CIP-36, was examined for its effects on DNA 
cleavage mediated by human DNA Topo IIα. We found that 
CIP-36 increased Topo  II-DNA cleavage complex (nicked 
DNA) levels. Indeed, the DNA bands corresponding to nicked 
DNA were more intense with 2 or 4 µmol/l CIP-36 (Fig. 6A, 
lanes 4 and 5). The effects of CIP-36 on DNA cleavage were 
more prominent than those of the reference compound, etopo-
side (Fig. 6A, lane 6). The quantification of DNA bands by gel 
densitometry confirmed these results. CIP-36 increased the 

Figure 5. Alterations in cell cycle phase distribution in response to CIP-36 
treatment in K562/A02 cells. The cell populations in different stages of the cell 
cycle were measured using propidium iodide (PI) staining and flow cytometric 
analysis. (A) Cell cycle fraction of K562/A02 cells exposed to 0.1% dimethyl-
sulfoxide (DMSO) or CIP-36 for 6 h. (B) Cell cycle fraction of K562/A02 cells 
exposed to 0.1% DMSO or 10 µmol/l VP-16 or exposed to CIP-36 for 12 h. 
(C) Cell cycle fraction of K562/A02 cells exposed to 0.1% DMSO or 10 µmol/l 
VP-16 or exposed to CIP-36 for 24 h.

Figure 4. Percentage of apoptotic K562/AO2 cells following treatment with 
CIP‑36. Treated cells were stained with propidium iodide (PI) and analyzed 
by flow cytometry. Apoptotic cell populations were measured as cells con-
taining less than diploid DNA contents. Quantitative results from at least 
3 independent experiments are presented. Data are the means ± SD. *P<0.05 
compared with the control group. Figure 6. Effects of CIP-36 on DNA cleavage by topoisomerase IIα (Topo IIα). 

(A) Representative images of agarose gels are shown. Supercoiled pBR322 
DNA was incubated with 4 units of Topo IIα in the absence or presence of 
drugs. Lanes 1, DNA substrate; lane 2, reaction mixture containing enzyme 
but no drugs; lanes 3-5, reaction in the presence of 1, 2 and 4 µΜ CIP‑36; 
lane 6, 10 µΜ etoposide. (B) The rad-equivalents of the supercoiled form, 
nicked form and linear form in each lane were quantified, and the relative 
activity of Topo IIα was calculated. The data presented were obtained from 
triplicate experiments. N, nicked DNA; L, linear DNA; S, supercoiled DNA.
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amounts of nicked DNA while reducing the quantities of linear 
DNA, in a dose-dependent manner (Fig. 6B).

Discussion

It is now clear that chemotherapy is indispensable for cancer 
treatment. However, the occurrence of MDR constitutes 
one of the main obstacles facing the field of oncology. In this 
study, we demonstrated that CIP-36 effectively killed not only 
parental K562 and KB cell lines, but also MDR sublines, such as  
K562/A02, KBv200 to an equivalent degree. To date, 3 different 
forms of MDR have been described in more detail: classical 
MDR, non-Pgp MDR and atypical MDR (22). Atypical MDR 
has been shown to be associated with quantitative and qualitative 
alterations in Topo IIα, a nuclear enzyme that actively partici-
pates in the lethal action of cytotoxic drugs. Topo II is an essential 
enzyme involved in DNA replication and cell division through 
the cleavage and religation of double-stranded DNA (23). It is 
known that the expression of this enzyme begins to increase 
in the late G1 phase, peaks in the G2/M phase and markedly 
decreases in the G1/G0 phase of the cell cycle (23,24). Topo II 
exists in 2 forms, namely Topo IIα (170 kDa) and Topo IIβ 
(180 kDa). The α form is highly expressed in proliferating cells, 
whereas the β form is preferentially expressed in cells in the 
stationary phase (25,26). Several studies characterizing Topo II 
expression and activity in mammalian cells have demonstrated 
that the enzyme is more abundant and active in neoplastic cells 
compared to normal cells (27-29). Therefore, mammalian Topo II 
has been used as a primary cellular target in the development 
of several antitumor drugs, such as anthracyclines, acridines, 
epipodophyllotoxins and amonafide (30). However, the majority 
of drugs targeting Topo IIα, including retigeric acid B (31), 
19-tert-butyldiphenylsilyl-8, 17-epoxy andrographolide (32) and 
others (33) have been mainly characterized for conventional 
cancer cells and those tested in cancer cells with MDR are 
usually effective only at toxic doses (34), indicating their limited 
potential in the treatment of MDR cancer types.

In the present study, the novel epipodophyllotoxin derivative, 
CIP-36, displayed a broad-spectrum activity and exerted signifi-
cant antitumor activity against the K562 and K562/A02 cells 
in vitro. Furthermore, the novel drug selectivity inhibited cancer 
cells, with an IC50 value significantly lower compared with the 
values obtained for normal cells, including human VECs and 
fibroblasts (FBs). Of note, we demonstrated that CIP-36 inhib-
ited Topo IIα activity, which may explain these findings.

The induction of apoptosis is a strategy used widely in the 
treatment of cancer (35). Our data demonstrated that CIP-36 
induced the apoptosis of the K562/A02 cells in time- and concen-
tration-dependent manner, as demonstrated by Hoechst 33342 
staining and flow cytometry. Of note, it has been demonstrated 
that 5k, a novel β-O-demethyl-epipodophyllotoxin analogue, 
is effective against cells with MDR both in vitro and in vivo, 
albeit inducing apoptotic signaling pathways only at high 
concentrations of 1.25-5.00 µmol/l (36).

In conclusion, in the present study, we demonstrated that 
CIP-36 inhibited Topo IIα activity and induced apoptosis, 
thus inhibiting the growth of multiple cancer cells, including 
K562/A02 cells with MDR. These findings suggest that CIP-36 
has the potential to be used in the treatment of patients with 
cancers with MDR. Ongoing studies are being carried out in 

our laboratory for further characterization of this important 
molecule.
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