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Abstract. Previously, we reported the potential of a novel 
Cdk inhibitor, 2-[1,1'-biphenyl]-4-yl-N-[5-(1,1-dioxo-1λ6-
isothiazolidin-2-yl)-1H-indazol-3-yl]acetamide (BAI) as a 
cancer chemotherapeutic agent. In this study, we investigated 
mechanisms by which BAI modulates FTI-mediated apop-
tosis in human renal carcinoma Caki cells. BAI synergizes 
with FTI to activate DEVDase, cleavage of poly ADP-ribose 
polymerase (PARP), and degradation of various anti-apoptotic 
proteins in Caki cells. BAI plus LB42708-induced apoptosis 
was inhibited by pretreatment with pan-caspase inhibitor, 
z-VAD-fmk, but not by overexpression of CrmA. The ROS 
scavenger, N-acetylcysteine (NAC) did not reduce BAI 
plus LB4270-induced apoptosis. Co-treatment of BAI and 
LB42708 reduced the mitochondrial membrane potential 
(MMP, ∆Ψm) in a time-dependent manner, and induced 
release of AIF and cytochrome c from mitochondria in Caki 
cells. Furthermore, BAL plus LB42708 induced downregula-
tion of anti-apoptotic proteins [c-FLIP (L), c-FLIP (s), Bcl-2, 
XIAP, and Mcl-1 (L)]. Especially, we found that BAI plus 
LB42708-induced apoptosis was significantly attenuated by 
overexpression of Bcl-2 and partially blocked by overexpres-
sion of c-FLIP (L). Taken together, our results show that the 
activity of BAI plus LB42708 modulate multiple components 
in apoptotic response of human renal Caki cells, and indicate 

a potential as combinational therapeutic agents for preventing 
cancer such as renal carcinoma.

Introduction

Deregulation of cell cycle progression is a universal character-
istic of cancer, and the majority of human cancers have 
abnormalities in one or more components associated with 
CDK activity (1). Therefore, synthetic inhibitors of CDK 
activity present as an appropriate strategy in the development 
of new cancer therapeutic methods. Based on this hypothesis, 
we synthesized 2-[1,1'-biphenyl]-4-yl-N-[5-(1,1-dioxo-
1λ6‑isothiazolidin-2-yl)-1H-indazol-3-yl]acetamide (BAI), one 
of the 3,5-diaminoindazole derivatives, as a novel CDK 
inhibitor  (2). Our previous studies (3,4) showed that BAI 
potentially inhibited proliferation at nanomolar concentrations 
in AMC-HN4, AMC-HN6, A549, Caki, and HCT116 cells.

Ras proteins regulate diverse cellular pathways that 
are important in the growth and spread of malignancies, 
including cell proliferation, cell cycle regulation, cell 
survival, angiogenesis, cell migration (5). It has been reported 
that carcinogenesis is correlated with activation of Ras 
in various human cancers (6,7). Because farnesylation of 
Ras plays an important role in the conversion of Ras to its 
biologically active form, the inhibition of farnesyltransferase 
has been studied as a specific molecular targeting therapy 
for the treatment of various cancers (8-10). Recent studies 
revealed that several classes of farnesyltransferase inhibitors 
(FTIs) have anti-proliferative effect on human cancers (11-14). 
Furthermore, the anticancer effect of FTI can be enhanced by 
co-treatment with various chemotherapeutic drugs resulting 
in a synergistic apoptotic response in various tumor cells 
(15-18). Especially, it has been revealed that the synergistic 
effect of a cdk inhibitor enhanced FTI-induced apoptosis (18). 
Novel strategies in developing FTIs have led to a new compo-
nent in which LB42708, pyrrole-based orally active FTI, has 
a potent apoptotic effect (14,19).

In the present study, we aimed to elucidate the phenomenon 
by which the combinational therapy with BAI and LB42708 
inhibited growth of human cancer cells, as well as to uncover 
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the molecular biological basis of mechanism for their apop-
tosis induction in cancer cells.

Materials and methods

Cell lines and culture. The human non-small cell lung cancer 
(HNSCLC) A549 was obtained from the American Type 
Culture Collection (ATCC, Rockville, MD, USA) and grown 
in RPM-1640 medium supplemented with 10% heated-
inactivated fetal bovine serum (FBS), 2 mM L-glutamine, 
100 µg/µl streptomycin and 100 µg/µl penicillin. Human renal 
clear cell carcinoma Caki was obtained from the ATCC and 
grown in Dulbecco's modified Eagle's medium (DMEM), 
containing 10% heat-inactivated FBS, 20 mM HEPES buffer 
and 100 µg/µl streptomycin and 100 µg/µl penicillin.

Drugs and materials. 2-[1,1'-biphenyl]-4-yl-N-[5-(1,1-dioxo-
1λ6-isothiazolidin-2-yl)-1H-indazol-3-yl]acetamide (BAI) was 
kindly supplied by Dr J.H. Lee (Keimyung University, Daegu, 
Korea). LB42708 was purchased from TOCRIS. Anti-cIAP-1, 
anti-cIAP-2, anti-Bcl-2, anti-Mcl-1, anti-AIF, anti-HSC70, 
and anti-β-actin antibodies were purchased from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA). Anti-PARP and 
anti-ERK antibodies were purchased from Cell Signaling 
Technology (Danvers, MA, USA). Anti-OxPhos Complex II 
subunit (QPs2) antibody was purchase from Molecular 
Probes (Eugene, OR, USA). Anti-cellular FLICE-like inhibi-
tory protein (c-FLIP) antibody was purchased from Alexis 
(San Diego, CA, USA). Anti-XIAP and anti-cytochrome c 
antibodies were purchased from BD Biosciences Pharmingen 
(San  Diego, CA, USA). Antibodies against the following 
proteins were purchased from the indicated suppliers: pro-
caspase-3 from Santa Cruz Biotechnology. z-VAD-fmk was 
purchased from Biomol (Plymouth Meeting, PA, USA).

Western blot analysis. Cellular lysates were prepared by 
suspending 0.3x106 cells in 80 µl of lysis buffer (137 mM NaCl, 
15 mM EGTA, 0.1 mM sodium orthovanadate, 15 mM MgCl2, 
0.1% Triton X-100, 25 mM MOPS, 100 µM phenylmethylsul-
fonyl fluoride and 20 µM leupeptin, adjusted to pH 7.2). The 
cells were disrupted by vortexing and extracted at 4˚C for 
30 min. The proteins were electrotransferred to Immobilon-P 
membranes (Millipore Corp., Bedford, MA, USA). Detection 
of specific proteins was carried out with an ECL Western blot-
ting kit according to the manufacturer's instructions.

Construction of the expression vectors for c-FLIP (L), c-FLIP (s) 
and Mcl-1 (L). The human cDNAs encoding c-FLIP (L) and 
c-FLIP (s) were PCR amplified from plasmids [pCA-FLAG-
hFLIP (L) and pCA-FLAG-hFLIP (s); kindly provided by 
Dr S.I. Park, Korea Centers for Disease Control and Prevention, 
Seoul, Korea] containing these sequences with the specific 
primers. c-FLIP  (L) and c-FLIP  (s) cDNA fragment were 
digested with KpnI and XhoI and subcloned into the pcDNA 
3.1 (+) vector (Invitrogen), and the resulting constructs were 
confirmed by nucleotide sequencing. The human cDNA for 
Mcl-1 (L) was PCR amplified using the following specific 
primers: Mcl-1 (sense) 5'-GCGACTGGCAAAGCTTGGC 
CTCAA-3' and (anti-sense) 5'-CAACTCTAGAAACTGGT 
TTTGGTG-3'. The human Mcl-1 (L) cDNA fragments were 

subcloned into the pcDNA 3.1 (+) vector (Invitrogen, Calsbad, 
CA, USA).

Establishment of the stable cell lines overexpressing CrmA, 
Bcl-2, Mcl-1 (L), c-FLIP (L), or c-FLIP (s). Caki cells were 
transfected with the following: a mammalian expression 
vector containing CrmA cDNA, a pMAX vector containing 
the human Bcl-2 gene (provided by Dr Rakesh Srivastava, 
NIH/NIA), a vector containing Mcl-1  (L), and a vector 
encoding Flag-tagged c-FLIP (L) or c-FLIP (s). Stable cell 
lines overexpressing CrmA, Bcl-2, Mcl-1  (L), c-FLIP  (L), 
or c-FLIP (s) were selected with fresh medium containing 
500 µg/ml G418 (Calbiochem, Madison, WI, USA) for 4 weeks. 
Overexpression of CrmA, Bcl-2, Mcl-1 (L), c-FLIP (L), or 
c-FLIP (s) was analyzed by western blotting using anti-CrmA 
(BD Pharmingen), anti-Bcl-2 (Santa Cruz), anti-Mcl-1 (Santa 
Cruz), anti-Flag (Sigma, St. Louis, MO, USA), or anti-c-FLIP 
(Alexis) antibody, respectively.

Flow cytometric analysis. Approximately 0.3x106 cells were 
suspended in 100 µl PBS, and 200 µl of 95% ethanol was 
added while vortexing. The cells were incubated at 4˚C for 1 h, 
washed with PBS, and resuspended in 250 µl of 1.12% sodium 
citrate buffer (pH 8.4) together with 12.5 µg RNase. Incubation 
was continued at 37˚C for 30 min. The cellular DNA was then 
stained by applying 250 µl propidium iodide (50 µg/ml) for 
30 min at room temperature. The stained cells were analyzed 
by a FACScan flow cytometer for relative DNA content based 
on red fluorescence.

DEVDase activity assay. To evaluate caspase-3 activity, cell 
lysates were prepared after their respective treatment with 
various drugs. Assays were performed in 96-well microtiter 
plates by incubating 20 µg cell lysates in 100 µl reaction 
buffer [1% NP-40, 20  mM Tris-HCl (pH 7.5), 137  mM 
NaCl and 10% glycerol)] containing the caspase-3 substrate 
(DEVD-pNA) at 5 µM. Lysates were incubated at 37˚C for 2 h. 
Thereafter, the absorbance at 405 nM was measured with a 
spectrophotometer.

Cell viability assay. The anti-proliferative effect of the BAI 
or FTI on Caki cells was investigated using a live cell movie 
analyzer, JuLI™ Br (NanoEnTek Inc., Seoul, Korea). Briefly, 
the cells were plated in 6-well culture plates at a density of 
0.3x106 cells/well in medium and allowed to attach for 10 h. 
The cells treated with BAI in the presence or absence of 
FTI for 24 h. During this study, JuLi Br recorded images of 
Caki cells at 5 minute intervals, and confluences were also 
measured.

RNA isolation and quantitative real-time PCR. Total 
cellular RNA was extracted from tissues using the TRIzol 
reagent (Molecular Research Center, Inc., Cincinnati, OH, 
USA). RNA was quantified using Nanodrop 1000 (Thermo 
Scientific, Wilmington, DE, USA). Each cDNA was 
synthesized form 2 µg of total RNA using M-MLV reverse 
transcriptase (Promega, Madison, WI, USA) according to the 
manufacturer's protocol. By using the specific primer pairs 
described in Table I and SYBR Green Premix (Toyobo, Japan). 
Quantitative real-time PCR (qPCR) was performed on the 
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LightCycler® 480 real‑time PCR system (Roche Diagnostics, 
Mannheim, Germany). β-actin was used as a housekeeping 
gene for normalization, and a no template sample was used as 
a negative control.

Small interfering RNA. The XIAP small-interfering RNA 
(siRNA) duplexes were obtained from Cell Signaling 
Technology. Control siRNA duplexes used in this study were 
purchased from Invitrogen and had the following sequences: 
green fluorescent protein (GFP), AAG ACC CGC GCC 
GAG GUG AAG. Cells were transfected with siRNA oligo-
nucleotides using Lipofectamine RNAiMAX (Invitrogen) 
according to the manufacturer's recommendations.

Determination of the mitochondrial membrane potential by 
rhodamine 123. Rhodamine 123 (Molecular Probes) uptake by 
mitochondria is directly proportional to its membrane poten-
tial. Caki cells subjected to 4 and 10 h after treatment were 
incubated with rhodamine 123 (5 µM) for 30 min in the dark 
at 37˚C. The cells were harvested and suspended in PBS. The 
mitochondrial membrane potential was subsequently analyzed 
using a flow cytometer (BD Bioscience).

Analysis of mitochondrial cytochrome c release. Caki cells 
(0.3x106) were harvested, washed once with ice-cold PBS and 
gently lysed for 2 min in 80 µl ice-cold lysis buffer (250 mM 
sucrose, 1 mM EDTA, 20 mM Tris-HCl pH 7.2, 1 mM DTT, 
10 mM KCl, 1.5 mM MgCl2, 5 µg/ml pepstatin, 10 µg/ml 
leupeptin, 2 µg/ml aprotinin). Lysates were centrifuged at 
12,000 g at 4˚C for 10 min to obtain the supernatants (cyto-
solic extracts free of mitochondria) and the pellets (fraction 
that contains mitochondria). The resulting cytosolic fractions 
were used for western blot analysis with an anti-cytochrome c 
antibody.

Densitometry. The intensities of corresponding bands were 
quantified using the ImageJ program (National Institutes of 

Health, MD, USA) according to the manufacturer's instruc-
tions.

Statistical analysis. All data are presented as mean ± SD. 
Significant differences between the groups were determined 
using the unpaired Student's t-test. A value of *P<0.005 was 
accepted as indication of statistical significance. All the data 
shown in the figures were obtained from at least two indepen-
dent experiments with a similar pattern.

Results

Co-treatment of BAI and LB42708 induces apoptosis. In 
order to investigate the effect of co-treatment with BAI and 
FTI on Caki cells, Caki cells were treated with BAI alone, 
LB42708 alone, or BAI plus LB42708. As shown in Fig. 1A, 
the combined treatment of Caki cells with BAI and LB42708 
induced morphological features of apoptosis including cell 
shrinkage, rounding, and detachment of the cell from the plate 
and marked inhibited proliferation (Fig. 1A). Additionally, 
co-treatment with BAI and LB42708 inhibited cell viability, 
while BAI treatment alone or LB42708 treatment alone did not 
reduce cell viability (Fig. 1B). Furthermore, we analyzed the 
occurrence of apoptosis in Caki cells using flow cytometric 
analysis to detect hypodiploid cell populations. As shown in 
Fig. 1C, co-treatment of Caki cells with BAI and LB42708 
resulted in a significantly increased accumulation of sub-G1 
phase cells, whereas treatment with BAI alone or LB42708 
alone rarely increased accumulation of sub-G1 phase cells. 
Exposure to co-treatment of BAI and LB42708 led to 
increased cleaved form of PARP (Fig. 1C). To generalize these 
phenomena, we investigated whether BAI enhances LB42708-
induced apoptosis in a synergistic fashion in another human 
cancer cell type. The combined treatment strongly induced 
apoptosis in A549 cells (Fig. 1D). These results suggest that 
BAI can sensitize various malignant cancer cells to LB42708-
induced apoptosis.

Table I. Primer sequences of miRNA machinery components used in quantitative PCR.

Components	 Position	 Sequences

XIAP	 Forward	 5'-ACCGTGCGGTGCTTTAGTT-3'
	 Reverse	 5'-TGCGTGGCACTATTTTCAAGATA-3'

Mcl-1 (L)	 Forward	 5'-GTGCCTTTGTGGCTAAACACT-3'
	 Reverse	 5'-AGTCCCGTTTTGTCCTTACGA-3'

Bcl-2	 Forward	 5'- GCCTTCTTTGAGTTCGGTGG-3'
	 Reverse	 5'- ATCTCCCGGTTGACGCTCT-3'

c-FLIP (L)	 Forward	 5'- GAGGCTCCCAGAGTGTGTATGG-3'
	 Reverse	 5'- TGGCCCTCTGACACCACATAG-3'

c-FLIP (s)	 Forward	 5'- AATGTTCTCCAAGCAGCAATCC-3'
	 Reverse	 5'- CCAAGAATTTTCAGATCAGGACAAT-3'

β-actin	 Forward	 5'- CAGCCATGTACGTTGCTATCCAGG-3'
	 Reverse	 5'- AGGTCCAGACGCAGGATGGCATG-3'
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BAI plus LB42708-induced apoptosis is not associated with 
ER stress or ROS generation. Endoplasmic reticulum (ER) 
stress-mediated apoptosis is a well known mechanism of cell 
death (20). So, to evaluate whether BAI plus LB42708-induced 
apoptosis is involved in ER stress, cyclosporine A (CsA) was 
used as a potent inhibitor of ER stress-induced apoptosis. As 
shown in Fig. 2A, the apoptosis induced by the combined 
treatment with BAI and LB42708 similarly occurred in 
CsA-pretreated cells. Moreover, PARP cleavage was not 
diminished by pretreatment of CsA (Fig. 2A). Reactive oxygen 
species (ROS), natural byproducts of the normal metabolism 
of oxygen, play an important role in apoptosis under both 
physiologic and pathologic conditions (21). Therefore, we 
examined whether ROS generation is involved in BAI plus 
LB42708-induced apoptosis. As shown in Fig. 2B, pretreat-
ment with N-acetylcysteine (NAC) only slightly inhibited 

BAI plus LB42708-induced apoptosis and PARP cleavage. 
Therefore, these results clearly indicate that the combination 
of BAI and LB42708-induced apoptosis is not associated with 
ER stress and ROS generation.

BAI plus LB42708-induced apoptosis is mediated by 
DEVDase-dependent pathway. To address the significance of 
caspase activation in the combination of BAI and LB42708-
induced apoptosis, we used a general and potent inhibitor of 
caspases, z-VAD-fmk (benzyloxycarbonyl-Val-Ala-Aspfluoro-
methyl ketone). As shown in Fig. 3A, co-treatment of BAI 
and LB42708-induced apoptotic population was markedly 
inhibited by pretreatment with z-VAD-fmk. Additionally, 
the degradation of pro-caspase-3 and PARP was completely 
blocked by pretreatment of z-VAD-fmk (Fig. 3A). Not only did 
the BAI plus LB42708 induce increased DEVDase activity, 

Figure 1. BAI plus LB42708 induces apoptosis in various human cancer cells. (A) Caki cells were treated with 20 nM BAI in the presence or absence of 15 µM 
LB42708, a FTI for 24 h. Cell morphology was detected by interference light microscopy. (B) Cell viability was determined by a live cell movie analyzer, 
JuLI Br. (C) Caki cells were treated with 20 nM BAI in the presence or absence of 15 µM LB42708 for 24 h. The sub-G1 fraction was measured by flow 
cytometry (C, upper panel) as an indicator of the level of apoptosis. Equal amounts of cell lysate (40 µg) were subjected to electrophoresis and analyzed by 
western blotting with respective antibody. Cleaved form of PARP is indicated by an arrow. β-actin was used as a protein loading control (C, lower panel). 
(D) A549 cells were treated with 4 nM BAI in the presence or absence of 5 µM LB42708 for 24 h. The sub-G1 fraction was measured by flow cytometry. 
(C and D) The values represent the mean ± SD from three independent samples. *P<0.005 compared to control. **P<0.005 compared to control. Data are mean 
values from three independent experiments and bars represent standard deviations.
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but it also induced the degradation of pro-caspase-3 (Fig. 3B). 
These results suggest that BAI plus LB42708-induced apop-
tosis is mediated by the caspase-3-dependent pathway. To 
investigate which specific caspase is associated in BAI plus 
LB42708-induced apoptosis, CrmA overexpressing Caki cells 
were used. Overexpression of CrmA could not attenuate the 
apoptosis induced by BAI plus LB42708 (Fig. 3C). Collectively, 
our data suggested that BAI plus LB42708-induced apoptosis 
is involved in activation of caspase-3 and -7, with only slight 
activation of caspase-1, -4, -5, -8, -9 and -10.

Modulation of mitochondrial transmembrane potential in 
BAI plus LB42708-induced apoptosis. The induction of cell 
death is generally associated with, and probably mediated, 
by perturbations of the mitochondrial function, a mani-
festation of which is the dissipation of the transmembrane 
potential (∆Ψm). Hence, we wanted to analyze ∆Ψm during 
apoptosis induction in BAI plus LB42708-treated Caki cells. 
As shown in Fig. 4A, co-treatment of BAI and LB42708 
markedly decreased transmembrane potential (∆Ψm). It has 
been reported that mitochondria play an important role in 
apoptosis by releasing apoptogenic effectors such as cyto-
chrome c and apoptosis-inducing factor (AIF) (22). As shown 
in Fig. 4B, co-treatment of BAI and LB42708 remarkably 
induced time-dependent release of cytochrome c and AIF 
into the cytoplasm. Taken together, these results indicate 

that mitochondria may have an important role in BAI plus 
LB42708-induced apoptosis.

Modulation of IAP family, Bcl-2 family, and c-FLIPs in 
BAI plus LB42708-induced apoptosis. Next, we investigated 
whether co-treatment of BAI and LB42708 could modulate 
the expression of IAP family, Bcl-2 family, and c-FLIPs 
proteins. As shown in Fig. 5A, BAI plus LB42708 did not alter 
the expression levels of IAP family proteins such as cIAP1 and 
cIAP2, but XIAP. Moreover, the expression of Mcl-1 (L), Bcl-2, 
c-FLIP (L), and c-FLIP (s) were markedly decreased in the 
BAI plus LB42708-treated cells (Fig. 5A). To further examine 
whether the downregulation of apoptosis-related proteins by 
co-treatment of BAI and LB42708 is associated with activa-
tion of caspases, a pan-caspase inhibitor, z-VAD-fmk was 
used. As shown in Fig. 5B, pretreatment with z-VAD-fmk had 
no effect on reduction of those proteins by BAI plus LB42708, 
implying that the downregulation of those proteins induced by 
BAI plus LB42708 is not associated with the caspase activity. 
This led us to promptly identify the effect of co-treatment 
with BAI and LB42708 on transcriptional regulation of XIAP, 
Mcl-1 (L), c-FLIP (L), c-FLIP (s) and Bcl-2 in Caki cells. As 
shown in Fig. 5C, results of real-time PCR analysis revealed 
that XIAP, Mcl-1 (L), c-FLIP (L) and Bcl-2 transcripts were 
remarkably reduced in BAI plus LB42708-treated Caki cells. 
However, c-FLIP (s) mRNA expression level was not altered in 

Figure 2. BAI plus LB42708-induced apoptosis is not associated with ER stress and ROS generation. (A) Caki cells were treated with BAI plus LB42708 
in the presence or absence of 10 nM CsA, a potent inhibitor of ER stress-induced apoptosis for 24 h. Equal amounts of cell lysate (40 µg) were subjected to 
electrophoresis and analyzed by western blotting with respective antibody. Cleaved form of PARP is indicated by an arrow. HSC70 was used as a protein 
loading control (A, upper panel). The sub-G1 fraction was measured by flow cytometry (A, lower panel) as an indicator of the level of apoptosis. (B) Caki cells 
were treated with BAI plus LB42708 in the presence or absence of 10 mM NAC, a ROS scavenger for 24 h. Equal amounts of cell lysate (40 µg) were subjected 
to electrophoresis and analyzed by western blotting with respective antibody. Cleaved form of PARP is indicated by an arrow. HSC70 was used as a protein 
loading control (B, upper panel). The sub-G1 fraction was measured by flow cytometry (B, lower panel) as an indicator of the level of apoptosis. Data are mean 
values from three independent experiments and bars represent standard deviations.
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BAI plus LB42708-treated Caki cells. These results suggested 
that co-treatment with BAI and LB42708 downregulates 
XIAP, Mcl-1 (L), c-FLIP (L), and Bcl-2 at their transcriptional 
level and c-FLIP (s) at post-transcriptional level in Caki cells.

The downregulations of Bcl-2 and c-FLIP (L) are associated 
with BAI plus-LB42708-induced apoptosis. To confirm the 
functional role played by downregulated apoptosis regulatory 
proteins in BAI plus LB42708-induced apoptosis, we employed 
Caki renal carcinoma cells engineered for overexpression 
of Mcl-1 (L), c-FLIP (L), c-FLIP (s), and Bcl-2 (Fig. 6A-D). 

For the control model, vector-transfected control cells (Caki/
vector) were engineered (Fig. 6A-D). As shown in Fig. 6A 
and B, overexpression of Mcl-1 (L) and c-FLIP (s) could not 
attenuate the apoptosis induced by co-treatment with BAI and 
LB42708. Collectively, these results indicate that downregula-
tions of Mcl-1 (L) and c-FLIP (s) is not associated with the 
BAI plus LB42708-induced apoptosis in Caki cells. Next, to 
examine the functional significance of BAI plus LB42708-
induced XIAP downregulation, we employed the siRNA 
duplex against XIAP mRNA. Caki cells were transfected 
with XIAP siRNA and co-treated with or without BAI and 

Figure 3. BAI plus LB42708 induces apoptosis in a DEVDase-dependent manner. (A) Caki cells were pretreated with z-VAD-fmk or vehicle for 1 h and 
then treated with BAI plus LB42708 for 24 h. Equal amounts of cell lysate (40 µg) were subjected to electrophoresis and analyzed by western blotting with 
respective antibody. Cleaved form of PARP is indicated by an arrow. HSC70 was used as a protein loading control (A, upper panel). The sub-G1 fraction was 
measured by flow cytometry (A, lower panel) as an indicator of the level of apoptosis. (B) Caki cells were treated with 20 nM BAI in the presence or absence of 
15 µM LB42708, a FTI for 24 h. An aliquot of proteins was analyzed by an in vitro DEVDase activity using 200 µM chromogenic substrate (DEVD-pNA). The 
release of chromophore pNA was monitored spectrophotometrically at 405 nM. (C) Caki/vector and Caki/CrmA cells were treated with BAI plus LB42708 
for 24 h. Equal amounts of cell lysate (40 µg) obtained from Caki cells stably transfected with a CrmA expression vector or the empty vector were subjected to 
SDS-PAGE, transferred to membranes, and immunoblotted using respective antibody. Cleaved form of PARP is indicated by an arrow. HSC70 was used as a 
protein loading control (C, left panel). The sub-G1 fraction was measured by flow cytometry (C, right panel) as an indicator of the level of apoptosis. Data are 
mean values from three independent experiments and bars represent standard deviations.
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LB42708. Immunoblot analysis demonstrated that transfection 
of siRNA against XIAP resulted in a suppression of XIAP 
expression in Caki cells as compared to cells transfected 
with control GFP siRNA (Fig. 6C). Under these conditions, 
the BAI plus LB42708-induced accumulation of the sub-G1 
phase and PLC-γ1 cleavage were similar in cells transfected 
with XIAP siRNA as compared to control siRNA-transfected 
cells (Fig. 6C). Thus, these results suggest that downregulation 
of XIAP protein is not associated with the BAI plus LB42708-
induced apoptosis in Caki cells. It has been reported that Bcl-2 
is an anti-apoptotic member of the family and its aberrant 
expression has been linked to a variety of different cancers, 

and cancer cell lines (23). Moreover, c-FLIP has been found 
to act as a survival factor and to be overexpressed in several 
types of cancers (24). To investigate whether the decreased 
expression levels of Bcl-2 and c-FLIP (L) are important to 
induce apoptosis in BAI plus LB42708-co-treated Caki cells, 
we established Bcl-2 and c-FLIP (L) overexpressing cells. 
As shown in Fig. 6D, Caki/c-FLIP (L) cells treated with BAI 
plus LB42708 partially inhibited apoptosis in comparison 
with Cali/vector cells. Overexpression of Bcl-2 significantly 
blocked the apoptosis induced by co-treatment with BAI 
and LB42708. Additionally, PARP cleavage was attenuated 
by Bcl-2 overexpression (Fig. 6E). Therefore, these results 

Figure 4. BAI plus LB42708 induces a reduction of mitochondrial transmembrane potential (∆Ψm) and increases of cytochrome c and AIF. (A) Caki cells 
were with 20 nM BAI in the presence or absence of 15 µM LB42708 for 24 h, and loaded with a fluorescent dye, rhodamine 123. Rhodamine 123 fluorescence 
intensity was measured by flow cytometry. (B) Caki cells were treated with BAI in the presence or absence of LB42708 for 24 h. Fractionation was achieved 
using hypotonic buffer. The translocations of cytochrome c and AIF were determined by immunoblotting with respective antibody. β-actin and QPs2 were used 
as cytosolic and mitochondrial protein loading control, respectively. Data are mean values from three independent experiments and bars represent standard 
deviations.
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indicate that downregulations of mainly Bcl-2 and partially 
c-FLIP (L) induced by BAI plus LB42708 play a critical role 
in the synergistic effect in growth inhibition of Caki cell line.

Discussion

In the present study, we have investigated the synergistic effect 
of BAI plus a FTI, LB42708 in human renal cell carcinoma 
Caki cell line. We showed that the combined treatment of 
BAI and LB42708 induces significant apoptosis in Caki 
cells. In this process, the activation of caspases, the release 
of cytochrome c from mitochondria and downregulation of 
the apoptosis-related proteins were noted. Importantly, we 
provided evidence that the combination of BAI and LB42708 

induced apoptosis through the downregulation of Bcl-2 and 
c-FLIP (L).

Mutations of ras occur in approximately 30% of all 
human cancers, leading to increased invasion and metastasis, 
and decreased apoptosis since mutant Ras proteins continu-
ously activate the downstream effector pathways such as cell 
proliferation (25). Since farnesylation is required for Ras 
activation, FTI has been identified to suppress farnesylation 
of Ras protein, which play a major role in the proliferation 
and differentiation of transformed cells (26) and, thus FTI 
has been investigated as a promising cancer therapeutic 
drug (11-13). There is accumulating evidence demonstrating 
the additive or synergistic effects of FTIs when used in 
combination with other drugs (18,27,28) or especially the 

Figure 5. Regulations of apoptosis-related proteins in BAI plus LB42708-treated cells. (A) Caki cells were treated with BAI in the presence or absence of 
LB42708 for 24 h. Equal amounts of cell lysate (40 µg) were subjected to electrophoresis and analyzed by western blotting with the respective antibody. 
HSC70 was used as a protein loading control (A, left panel). Densitometric measurements of cIAP 1, cIAP 2, XIPa, Mcl-1 (L), c-FLIP (L), c-FLIP (s), and 
Bcl-2 protein levels were analyzed among different groups. Band intensity for each protein was normalized to those for HSC70 (A, right panel). (B) Caki cells 
were pretreated with z-VAD-fmk or vehicle for 1 h and then treated with BAI plus LB42708 for 24 h. Equal amounts of cell lysate (40 µg) were subjected to 
electrophoresis and analyzed by western blotting with the respective antibody. HSC70 was used as a protein loading control. (C) Caki cells were treated with 
BAI plus LB42708 for 24 h. Each mRNA expression was determined using RT and qPCR. Data are mean values from three independent experiments and bars 
represent standard deviations.
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Cdk inhibitors, olomoucine and roscovitine (18,29). Thus, we 
investigated whether co-treatment of the novel cdk inhibitor  
BAI and the novel FTI LB42708 could have synergistic effect 
on induction of apoptosis in human cancer cells.

In the initial experiments, we have demonstrated 
that co-treatment with BAI and LB42708 shows strong 

growth inhibitory effects on Caki and A549 cells (Fig. 1). 
Importantly, further biochemical analyses for apoptotic 
marker such as accumulation of sub-G1 phase cells illustrated 
that co-treatment with BAI and LB42708 strongly induces 
apoptosis in Caki cells (Fig. 1C). Recently, it is shown that 
reduction of cancer cell viability induced by manumycin A, 

Figure 6. BAI plus LB42708 induces apoptosis mainly via Bcl-2 and partially by c-FLIP (L) dependent pathway in Caki cells. (A) Caki/vector and Caki/
Mcl-1 (L) cells were treated with BAI in the presence or absence of LB42708 for 24 h. Whole cell lysates obtained from Caki cells stably transfected with a 
Mcl-1 (L) expression vector or the empty vector were subjected to SDS-PAGE, transferred to membranes, and immunoblotted using the respective antibody. 
Cleaved form of PARP is indicated by an arrow. β-actin was used as a protein loading control (A, upper panel). The sub-G1 fraction was measured by flow 
cytometry (A, lower panel) as an indicator of the level of apoptosis. (B) Caki/vector and Caki/c-FLIP (s) cells were treated with BAI in the presence or absence 
of LB42708 for 24 h. Whole cell lysates obtained from Caki cells stably transfected with a c-FLIP (s) expression vector or the empty vector were subjected to 
SDS-PAGE, transferred to membranes, and immunoblotted using the respective antibody. Cleaved form of PARP is indicated by an arrow. HSC70 was used 
as a protein loading control (B, upper panel). The sub-G1 fraction was measured by flow cytometry (B, lower panel) as an indicator of the level of apoptosis. 
(C) Caki cells were transfected with XIAP siRNA or GFP siRNA. Thirty hours after transfection, cells were treated with BAI in the presence or absence of 
LB42708 for 24 h. Whole cell lysates obtained from the Caki/Cont siRNA or Caki/XIAP siRNA cells were subjected to SDS-PAGE, transferred to membranes, 
and immunoblotted using the respective antibody. Cleaved form of PLC-γ1 is indicated by an arrow. β-actin was used as a protein loading control (C, upper 
panel). The sub-G1 fraction was measured by flow cytometry (C, lower panel) as an indicator of the level of apoptosis. (D) Caki/vector and Caki/c-FLIP (L) 
cells were treated with BAI in the presence or absence of LB42708 for 24 h. Whole cell lysates obtained from Caki cells stably transfected with a c-FLIP (L) 
expression vector or the empty vector were subjected to SDS-PAGE, transferred to membranes, and immunoblotted using the respective antibody. Cleaved 
form of PARP is indicated by arrow. β-actin was used as a protein loading control (D, upper panel). The sub-G1 fraction was measured by flow cytometry 
(D, lower panel) as an indicator of the level of apoptosis. (E) Caki/vector and Caki/Bcl-2 cells were treated with BAI in the presence or absence of LB42708 
for 24 h. Whole cell lysates obtained from Caki cells stably transfected with a Bcl-2 expression vector or the empty vector were subjected to SDS-PAGE, 
transferred to membranes, and immunoblotted using respective antibody. Cleaved form of PARP is indicated by an arrow. β-actin was used as a protein loading 
control (E, upper panel). The sub-G1 fraction was measured by flow cytometry (E, lower panel) as an indicator of the level of apoptosis. (D and E) The values 
represent the mean ± SD from three independent samples. *P<0.005 compared to control. **P<0.005 compared to control. Data are mean values from three 
independent experiments and bars represent the standard deviations.
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an inhibitor of farnesyltransferase is correlated with ER stress 
(30). Furthermore, it has been revealed that a Cdk inhibitor, 
flavopiridol induced ER stress (31). Therefore, we checked 
whether BAI plus LB42708 can induce ER stress-mediated 
apoptosis in Caki cells. At the present study, however, CsA 
pretreatment did not inhibit BAI plus LB42708-induced 
apoptosis in Caki cells (Fig. 2A). These results imply that BAI 
plus LB42708 do not induce ER stress-mediated apoptosis in 
Caki cells. Reactive oxygen species (ROS) is a very important 
mediator of apoptosis in various cancer cells (32-34). Several 
reports have demonstrated that a FTI induces apoptosis via 
induction of reactive oxygen species (ROS), which mediated 
DNA damage (35,36). Thus, we evaluated whether BAI and 
LB42708-mediated apoptosis is associated with ROS genera-
tion. In our study, BAI plus LB4270-induced apoptosis was 
not associated with the ROS generation (Fig. 2B).

Next, we elucidated which specific caspase is involved 
in BAI plus LB42708-induced apoptosis. z-VAD-fmk can 
irreversibly inhibit various caspases, such as caspase-1, -3 
(37,38), -7 (39), -8 (40), and -9 (41). Additionally, CrmA has 
been revealed to be a potent selective inhibitor of caspase-1, 
-4 and  -5 (group  I caspases) and most group III caspases 
(caspase-8, -9, and -10) (42,43). As shown in Fig. 3, z-VAD-
fmk almost completely inhibited BAI plus LB42708-induced 
apoptosis, however, CrmA-overexpressing cells did not 
attenuate the proportion of apoptosis induced by BAI plus 
LB42708. Therefore, these results suggest that the activation 
of caspase-3 or -7 is mostly involved in BAI plus LB42708-
induced apoptosis.

It has been reported that a cdk inhibitor, roscovitine syner-
gized with FTI to release cytochrome c from mitochondria and 
enhanced FTI-induced apoptosis (18). In this study, we verified 
whether BAI plus LB42708 can induce cytochrome c release 
from mitochondria. As shown in Fig. 4, co-treatment of BAI 
and LB42708 induced decreased transmembrane potential and 
increased cytochrome c release from mitochondria.

Evidence suggests that the members of IAP and/or Bcl-2 
family are involved in apoptosis of cancer cells. XIAP, a 
member of the IAP family, plays an important role in cellular 
survival by modulating death-signaling pathways at the post-
mitochondrial level (44). It has been reported that Mcl-1 is 
a member of the Bcl-2 family and has an anti-proliferative 
effect (45). Additionally, c-FLIP is known to be an inhibitory 
protein of death receptor-mediated apoptosis via inhibition 
of caspase-8 activation as well as mitochondria-mediated 
apoptosis induced by chemotherapeutic agents in cancer cells 
(46,47). However, downregulation of Mcl-1 (L), c-FLIP (s), 
and XIAP proteins is likely to be unrelated to the BAI plus 
LB42708-induced apoptosis and/or growth inhibition because 
overexpression or knockdown of the proteins in the presence 
of BAI plus LB42708 failed to rescue or enhance BAI plus 
LB42708-induced apoptosis (Fig. 6). However, in contrast 
to c-FLIP (s), c-FLIP (L) overexpression partially blocked 
apoptosis induced by BAI plus LB42708 (Fig. 6D). Evidence 
recently indicated that Bcl-2 is a pro-survival member of the 
family and its aberrant expression has been implicated in 
cancer (48). In the present study, Bcl-2 played an important 
role in BAI plus LB42708-induced apoptosis of Caki cells.

Next, we investigated whether which specific sensitizing 
mechanism of BAI on LB42708-mediated apoptosis is 

involved. While BAI treatment alone had no effect on apoptosis 
(Fig. 1B and C), BAI alone treatment markedly downregulated 
expression levels of XIAP, Mcl-1 (L), c-FLIP (L), c-FLIP (s), 
and Bcl-2 proteins (Fig. 5A). However, we found that BAI alone 
treatment hardly reduced the expression of XIAP, c-FLIP (L), 
c-FLIP (s), and Bcl-2 mRNA in comparison with the decreased 
levels of each protein, except Mcl-1  (L) (data not shown). 
Among these proteins, overexpression of c-FLIP (L) partially 
inhibited BAI plus LB42708-induced apoptosis (Fig. 6D) and 
overexpression of Bcl-2 significantly attenuated the apoptosis 
induced by co-treatment with BAI and LB42708 in Caki cells 
(Fig. 6E). Although, further assessment is needed to confirm 
the regulating mechanism of BAI on the apoptosis-related 
protein, BAI probably sensitized LB42708-mediated apoptosis 
mainly through downregulation of Bcl-2 and partially via 
c-FLIP (L) at post-transcriptional level in Caki cells.

Collectively, an important finding in this study is that 
the novel Cdk inhibitor BAI synergistically with the FTI 
LB42708 induce apoptosis of human cancer cell lines such 
as Caki and A549. Therefore, the combination of BAI and 
LB42708 exerting synergistic effects on growth of cancer 
suggest that it could be applied as a new cancer therapeutic 
strategy.
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