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Abstract. Renal cell carcinoma (RCC) is characterized by
diverse clinical manifestations, few early warning signs and
a resistance to radiotherapy and chemotherapy. Although
several clinical trials have investigated potential effective
therapeutic strategies for RCC, the chemoresistance of
RCC has not yet been overcome. An endogenous ligand for
the peroxisome proliferator‑activated receptor‑γ (PPARγ),
15‑deoxy‑Δ12,14 ‑prostaglandin J2 (15d‑PGJ2), was shown to
induce apoptosis in RCC. The aim of the present study was
to investigate the synergistic effects of carcinostatics on the
antitumor activity of 15d‑PGJ2 in the Caki‑2 human RCC
cell line with the MTT assay. Our results demonstrated that
the topoisomerase‑II inhibitor etoposide (VP‑16) exhibited
cytotoxic effects synergistically with 15d‑PGJ2. Furthermore,
the presence of the PPARγ antagonist GW9662 did not
protect Caki‑2 cells against 15d‑PGJ2‑induced cytotoxicity.
Additionally, it was observed that the combined treatment
of VP‑16 and 15d‑PGJ2 activated caspase‑3 more efficiently
compared to each treatment alone. Therefore, the combined
treatment with 15d‑PGJ2 and VP‑16 exhibited synergistic antitumor activity independently of PPARγ.
Introduction
Renal cell carcinoma (RCC) accounts for ~2% of all cancer
cases and is characterized by diverse clinical manifestations,
few early warning signs and a resistance to radiotherapy and
chemotherapy (1). Clear cell RCC accounts for the majority
of RCC cases (2) and one‑third of the patients present with
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metastases at initial diagnosis. Due to the resistance of RCC
to radiotherapy and chemotherapy, the 5‑year survival rate for
patients with metastatic RCC is <10% (3). The responsiveness
of RCC to treatment with conventional anticancer agents, such
as 5‑fluorouracil (5‑FU) and cisplatin (CDDP), was reported
to be lower compared to other types of cancer (4,5). Despite
the development of various chemotherapeutic strategies,
RCC remains a challenging tumor entity. A few patients were
reported to exhibit complete or partial response to frequently
used chemotherapeutic agents, such as gemcitabine, 5‑FU,
capecitabine and vinblastine (6). As RCC is known to be
immunogenic, several clinical trials investigated the potency
of cytokines, mainly interleukin 2 and̸or interferon‑α (7,8).
Targeted therapies, including monoclonal antibodies and
small‑molecule inhibitors, have significantly modified the
treatment of cancer over the last 10 years through inhibiting
tyrosine kinase activity or vascular endothelial growth factor
receptors (9). However, despite these novel therapies, the clinical
outcome of patients with metastatic RCC remains poor (6).
Thus, there is a pressing need to establish alternative therapeutic
modalities against RCC.
In our previous study, we reported that the topoisomerase‑I
inhibitor camptothecin exhibited toxicity synergistically
with a peroxisome proliferator‑activated receptor‑γ (PPARγ)
agonist (10). 15‑Deoxy-Δ12,14‑prostaglandin J2 (15d‑PGJ2) is an
endogenous carcinostatic agent, whose nuclear receptor is a
PPARγ. PPARγ activation was shown to induce growth inhibition in human RCC cells (11). Furthermore, 15d‑PGJ2 was also
implicated in antiproliferation independently of PPARγ (12).
The antitumor activity of 15d‑PGJ2 was also found to be
associated with the inhibition of topoisomerase‑II (13). We
previously identified novel binding sites for 15d‑PGJ2 on the
cell surface (14). With regard to targets for 15d‑PGJ2 in the
plasma membrane, molecular chaperones, glycolytic enzymes
and cytoskeletal components, such as β‑actin, were also identified (15). PPARγ agonists were shown to enhance 5‑FU-,
CDDP- or topoisomerase‑II inhibitor‑induced apoptosis in
cancer cell types other than RCC (16‑19). The aim of the
present study was to evaluate the therapeutic efficacy of the
combination treatment with 15d‑PGJ2 and the topoisomerase‑II
inhibitor etoposide (VP‑16) in RCC.
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A

Cell lines and cell culture. The Caki‑2 human RCC cell line
was obtained from Summit Pharmaceuticals International
(Tokyo, Japan). The Caki‑2 cells were routinely cultured in
RPMI‑1640 medium supplemented with 10% fetal bovine
serum, 50 mg̸l penicillin G and 50 mg̸l streptomycin
(Invitrogen, Tokyo, Japan), at 37˚C in a 5% CO2 atmosphere.
Reagents. 15d‑PGJ2 was obtained from Cayman Chemicals
(Ann Arbor, MI; Cabru, Milan, Italy). Etoposide (VP‑16)
was purchased from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan). GW9662 was obtained from Sigma‑Aldrich
(St. Louis, MO, USA); and MTT was purchased from Dojindo
Laboratories (Kumamoto, Japan).
Cell viability analysis. To evaluate the effects of 15d‑PGJ2 and
VP‑16, alone or in combination, on the growth of Caki‑2 cells,
cell viability was determined by the MTT assay. The cells were
seeded on a 96‑well tissue culture plate at 10,000 cells̸cm 2
and incubated for 24 h prior to drug exposure. The cells were
incubated with 15d‑PGJ2 and VP‑16 at increasing concentrations (0, 10, 20, 30, 40 and 50 µM of 15d‑PGJ2; and 0, 10,
20, 30, 40, 50, 60 and 70 µM of VP‑16) for 24 h. After 24 h,
the cells were incubated with MTT solution (0.1 mg̸ml in
phosphate‑buffered saline) for an additional 3 h at 37˚C. The
MTT solution was then aspirated off. To dissolve the formazan
crystals formed in viable cells, 100 µl dimethyl sulfoxide was
added to each well. Absorbance was measured at 570 nm using
a spectrophotometer (iMark Microplate Reader, Bio‑Rad
Laboratories, Hercules, CA, USA).

B

Detection of chromatin condensation (fluorescence micros‑
copy). For nuclear staining, the cells were treated with
15d‑PGJ2 and VP‑16 for 24 h. Immediately following treatment, the nuclear chromatin of trypsinized cells was stained
with 80 µg̸ml Hoechst 33342 (Nacalai Tesque, Kyoto, Japan)
for 15 min at room temperature. The cells were then observed
under a brightfield fluorescent microscope (Vanox; Olympus,
Tokyo, Japan) under UV excitation. The percentage of chromatin‑condensed cells was determined by counting >100 cells
in each experiment.

Figure 1. Treatment with 15d‑PGJ2 inhibited the proliferation of Caki‑2
cells, but treatment with VP‑16 alone did not affect cell viability. The cells
were assayed for viability using the MTT assay after treatment for 24 h with
increasing doses of (A) 15d‑PGJ2 (0, 10, 20, 30, 40 and 50 µM) and (B) VP‑16
(0, 10, 20, 30, 40, 50, 60 and 70 µM). **P<0.01 vs. control cells. Data are
expressed as means ± standard error of the mean of three independent experiments. 15d‑PGJ2, 15‑deoxy‑Δ12,14‑prostaglandin J2; VP‑16, etoposide.

Fluorimetric assay of caspase‑3 activity. Caspase‑3 activity
was assessed using a Caspase‑3 Fluorimetric Assay kit,
(Sigma‑Aldrich), according to the manufacturer's instructions.
Briefly, the cells were seeded into 96‑well plates at a density
of 10,000 cells̸cm 2 and incubated with 15d‑PGJ2 and VP‑16
for 24 h. After exposure to the drugs for 24 h, the supernatants
were aspirated and the cells were harvested with lysis buffer
[50 mM HEPES (pH 7.4), 5 mM CHAPS and 5 mM DTT].
The reaction buffer, including acetyl‑Asp‑Glu‑Val‑Asp‑7amido4 ‑methylcoumarin (Ac-DEVD-AMC), a caspase‑3
specific substrate, was added to the wells and the production
of AMC was sequentially detected with a CytoFluor ® Plate
reader (MTX Lab Systems, Vienna, VA, USA) at an excitation wavelength of 360 nm and at an emission wavelength of
460 nm. The enzyme activities were determined as initial
velocities expressed as nmol AMC̸min̸ml and were then
corrected by the quantity of protein in each well detected by

Statistical analysis. Data were statistically analyzed with the
Student's t‑test for comparison with the control group and are
expressed as means ± SEM. Data on various drugs were statistically analyzed by one‑way analysis of variance, followed by
Scheffe's F test for comparison between the groups.

bicinchoninic acid protein assays (Thermo Fisher Scientific,
Waltham, MA, USA).

Results
VP‑16 enhanced the antiproliferative effects of 15d‑PGJ2
in Caki‑2 cells. RCCs are chemoresistant to conventional
anticancer agents (3), but are sensitive to the endogenous anticancer agent 15d‑PGJ2 (20). It was previously confirmed that
15d‑PGJ2 induced apoptosis in RCCs (10,11,20,21). Therefore,
we investigated the cytotoxic effects of 15d‑PGJ2 in the Caki‑2
human RCC cell line with the MTT assay. Following incubation with 15d‑PGJ2 for 24 h, we observed that the viability of
Caki‑2 cells was significantly reduced in a dose‑dependent
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Figure 2. Treatment with VP‑16 enhanced the antiproliferative effect of
15d‑PGJ2 in Caki‑2 cells. (A) The cells were assayed for viability using
MTT following treatment with VP‑16 (0, 10, 20, 30, 40, 50, 60 and 70 µM)
(open circles) and combination treatment with VP‑16 and 15d‑PGJ2 (20 µM)
(closed triangles) for 24 h. The results are expressed as the means ± SEM
of three independent experiments. **P<0.01, vs. control cells. (B) The combination of 15d‑PGJ2 and VP‑16 induced morphological changes in Caki‑2
cells. The cells were treated with 15d‑PGJ2 alone (20 µM), VP‑16 alone
(70 µM) and the combination of the two. Caki‑2 cells were then examined by
phase contrast microscopy following 24 h of incubation. Scale bar, 100 µm.
15d‑PGJ2, 15‑deoxy‑Δ12,14‑prostaglandin J2; VP‑16, etoposide.

manner (from 30 to 50 µM; P<0.01; Fig. 1A). By contrast,
incubation with VP‑16 alone (10‑70 µM) for 24 h did not affect
the viability of Caki‑2 cells (Fig. 1B).
To investigate the synergistic cytotoxicity of VP‑16 and
15d‑PGJ2, we exposed Caki‑2 cells to VP‑16 and 15d‑PGJ2
combination treatment (Fig. 2). The Caki‑2 cells were
co‑treated with VP‑16 (10‑70 µM) and 15d‑PGJ2 (20 µM)
simultaneously and we observed that cell viability was significantly lower compared to that of cells treated with 15d‑PGJ2
alone (Fig. 2A). Furthermore, the phase contrast microscopy
analysis indicated that the combination of VP‑16 and 15d‑PGJ2
induced more prominent morphological changes compared to
15d‑PGJ2 alone (Fig. 2B). Caki‑2 cell cultures treated with
either VP‑16 or 15d‑PGJ2 exhibited marginally broadened
cells, whereas cells treated with VP‑16 and 15d‑PGJ2 exhibited
significant atrophy. As previously reported, topoisomerase‑II

A

B

Figure 3. Caki‑2 cells were assayed for (A) nuclear chromatin condensation
and (B) caspase‑3 activity following treatment for 24 h with 15d‑PGJ2 alone
(20 µM), VP‑16 alone (70 µM) and the combination of the two. Treatment
with 15d‑PGJ2 enhanced the VP‑16‑induced Caki‑2 cell apoptosis via the
activation of caspase‑3. The results are expressed as the means ± SEM
of three independent experiments. *P<0.05 vs. control cells. 15d‑PGJ2,
15‑deoxy‑Δ12,14‑prostaglandin J2; VP‑16, etoposide.

Figure 4. The synergistic cytotoxicity of 15d‑PGJ2 and VP‑16 on the proliferation of Caki‑2 cells was not associated with PPARγ. The cells were assayed for
viability using the MTT assay following treatment with VP‑16 alone (70 µM)
(open circles) and with the combination of VP‑16 (70 µM), 15d‑PGJ2 (20 µM)
and GW9662 (0, 0.1, 0.5, 1, 5, 10 and 50 µM) (closed triangles) for 24 h. The
results are expressed as means ± standard error of the mean of three independent experiments. 15d‑PGJ2, 15‑deoxy‑Δ12,14‑prostaglandin J2; VP‑16, etoposide.
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activity is inhibited by 15d‑PGJ2 (13). Thus, the synergistic
antitumor activity of 15d‑PGJ2 and VP‑16 may be mediated
via the topoisomerase‑II inhibition pathway.
15d‑PGJ2 enhanced VP‑16‑induced apoptosis via the activa‑
tion of caspase‑3. To elucidate whether the inhibition of cell
proliferation induced by the combined treatment of VP‑16 and
15d‑PGJ2 is associated with apoptosis, we assessed nuclear
chromatin condensation in Caki‑2 cells treated with VP‑16
(70 µM) and̸or 15d‑PGJ2 (20 µM) (Fig. 3A). Treatment with
either VP‑16 or 15d‑PGJ2 exhibited a tendency to increase
chromatin condensation, whereas a combination of the two was
found to strongly induce chromatin condensation (P<0.05). We
then assessed caspase‑3 activity in Caki‑2 cells treated with
VP‑16 (70 µM) and̸or 15d‑PGJ2 (20 µM) (Fig. 3B). Cells treated
with either VP‑16 or 15d‑PGJ2 exhibited a tendency to activate
caspase‑3, whereas the combination of the two significantly
induced caspase-3 activation (P<0.05). These results suggested
that 15d‑PGJ2 enhanced VP‑16‑induced apoptosis via the
activation of caspase‑3. Topoisomerase-II inhibitor‑induced
apoptosis was shown to be mediated by caspase‑3 (22). Thus,
the synergistic inhibition of topoisomerase‑II by the combination of 15d‑PGJ2 and VP‑16 may induce caspase‑3 activation.
15d‑PGJ2 enhanced the antitumor activity of VP‑16 indepen‑
dently of PPARγ. It was previously reported that 15d‑PGJ2
treatment inhibits cell proliferation in several types of cancer
cells via PPARγ (23‑26). In addition, topoisomerase-II inhibitors enhance the cytotoxicity of 15d‑PGJ2 in RCC. However,
whether the inhibition of topoisomerase‑II and the activation
of PPARγ result in synergistic toxicity, has not been fully
elucidated. To determine whether 15d‑PGJ2 enhanced the
antitumor activity of VP‑16 via PPARγ activation, Caki‑2 cells
were co‑treated with VP‑16 (70 µM), 15d‑PGJ2 (20 µM) and
the PPARγ inhibitor, GW9662 (0.1‑50 µM) (Fig. 4). Our results
demonstrated that the synergistic cytotoxic effects of VP‑16
and 15d‑PGJ2 combination treatment were not decreased by
PPARγ inhibition, suggesting that 15d‑PGJ2 enhanced the
antitumor activity of VP‑16 independently of PPARγ. 15d‑PGJ2
was also reported to induce apoptosis via the activation of
caspase‑3 independently of PPARγ (26).
Discussion
In the present study, we demonstrated that the topoisomerase‑II
inhibitor, VP‑16, enhanced the cytotoxicity of 15d‑PGJ2 in
RCC. Moreover, the PPARγ antagonist, GW9662, did not
protect Caki‑2 cells against 15d‑PGJ2‑induced cytotoxicity.
These findings suggested that 15d‑PGJ2 exhibited synergistic
antitumor activity with VP‑16 independently of the PPARγ
pathway.
RCCs are chemoresistant to conventional anticancer
agents (3), but are sensitive to the endogenous anticancer
agent 15d‑PGJ2 (20). Several previous studies confirmed that
15d‑PGJ2 induced apoptosis in RCCs (11,20,21). Additionally,
the responsiveness of RCC cells to treatment with 5‑FU and
CDDP was found to be lower compared to that of other types
of cancer cells (4,5), whereas cancer cells other than RCC cells
were found to be sensitive to conventional anticancer agents
when co‑treated with 15d‑PGJ2 (27).
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Topoisomerase-II inhibitors enhance the cytotoxicity
of 15d‑PGJ2 in RCC. However, whether the inhibition of
topoisomerase‑II and the activation of PPARγ synergistically
produce toxicity, has not been fully elucidated. The PPARγ
antagonist, GW9662, did not affect the responsiveness of RCC
to the combined treatment with 15d‑PGJ2 and VP‑16, suggesting
that 15d‑PGJ2 exhibited synergistic antitumor activity with
VP‑16 independently of PPARγ. Topoisomerase‑II was shown
to be inhibited by 15d‑PGJ2 (13). Thus, 15d‑PGJ2 may exhibit
synergistic antitumor activity with VP‑16 via the inhibition of
topoisomerase‑II. Topoisomerase‑II introduces double‑strand
breaks in DNA, which may subsequently be converted into
chromosomal damage following chromatin condensation (28).
In this study, increased chromatin condensation was observed
following 15d‑PGJ2 and VP‑16 combination treatment for
RCC. However, chromatin condensation was not significantly increased following treatment with 15d‑PGJ2 alone.
Furthermore, 15d‑PGJ2 treatment induced marked morphological changes in Caki‑2 cells, whereas treatment with VP‑16
alone did not affect cell morphology. Cytoskeletal proteins are
responsible for maintaining cell morphology. The effects of
15d‑PGJ2 on the organization of the actin cytoskeleton were
shown to be mediated by a direct covalent modification of
proteins through electrophilic cyclopentenone binding (15,29).
It has been hypothesized that VP‑16 and 15d‑PGJ2 induce
chromatin condensation and morphological changes via the
inhibition of topoisomerase‑II and the disruption of the actin
cytoskeleton, respectively.
It was reported that 15d‑PGJ2 may induce apoptosis via
the activation of caspase‑3 independently of PPARγ (26).
Topoisomerase-II inhibitor-induced apoptosis is also mediated
by caspase‑3 (30). In the present study, 15d‑PGJ2 and VP‑16
increased caspase‑3 activity, both individually and synergistically.
In conclusion, we demonstrated that 15d‑PGJ2 and VP‑16
synergistically inhibited the proliferation of RCC independently of the PPARγ pathway. Furthermore, 15d‑PGJ2
enhanced VP‑16‑induced apoptosis. We hypothesized that
15d‑PGJ2 induced changes in cell morphology independent
of the PPARγ pathway and that VP‑16 induced chromatin
condensation via topoisomerase‑II inhibition; thus, the
combination of 15d‑PGJ2 and VP‑16 exerted synergistic
anticancer effects involving caspase‑3 activation. Our
results suggested that the 15d‑PGJ2 and VP‑16 combination
treatment may be a novel chemotherapeutic option for the
treatment of RCC.
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