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Eupafolin enhances TRAIL-mediated apoptosis through 
cathepsin S-induced down-regulation of Mcl-1 expression and 
AMPK-mediated Bim up-regulation in renal carcinoma Caki cells
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ABSTRACT

Eupafolin, a flavone found in Artemisia princeps, has been reported for its anti-
tumor activity in several cancer cells. In this study, we examined whether eupafolin 
could sensitize TRAIL-mediated apoptosis in human renal carcinoma Caki cells. We 
found that eupafolin alone and TRAIL alone had no effect on apoptosis. However, 
combined treatment with eupafolin and TRAIL markedly induced apoptosis in 
human renal carcinoma (Caki) cells, glioma cells (U251MG), and prostate cancer 
cells (DU145), but not normal cells [mesangial cells (MC) and normal mouse kidney 
cells (TCMK-1)]. Eupafolin induced down-regulation of Mcl-1 expression at the post-
translational levels in cathepsin S-dependent manner, and over-expression of Mcl-1 
markedly blocked apoptosis induced by combined treatment with eupafolin and TRAIL. 
In addition, eupafolin increased Bim expression at the post-translational levels via 
AMP-activated protein kinase (AMPK)-mediated inhibition of proteasome activity. 
Knock-down of Bim expression by siRNA inhibited eupafolin plus TRAIL-induced 
apoptosis. Furthermore, combined treatment with eupafolin and TRAIL reduced tumor 
growth in xenograft models. Taken together, these results suggest that eupafolin 
enhanced TRAIL-mediated apoptosis via down-regulation of Mcl-1 and up-regulation 
of Bim in renal carcinoma Caki cells.

INTRODUCTION

Eupafolin (6-methoxy 5, 7, 30, 40-tetrahydroxyflavone) 
is a flavone extracted from the Artemisia princeps. It has 
been widely used by Chinese or native Indians as traditional 
medicine [1]. Eupafolin exhibits multiple functions including 
anti-inflammatory, anti-oxidant and anti-proliferative effects 
[2–5]. Recently, it has been reported that eupafolin induces 
apoptosis in human cervical adenocarcinoma cells through 
induction of mitochondrial membrane depolarization [3]. 
Eupafolin suppresses proliferation and growth of prostate 
cancer cells through inhibition of PI3K activity [4]. Molecular 
mechanisms underlying the anti-cancer effects of eupafolin 
can be associated with activation of caspase [3], down-
regulation of anti-apoptotic proteins [3] and the inhibition of 
Akt signaling pathway [4]. However, the exact mechanism of 
anti-cancer effect of eupafolin remains elusive.

Tumor necrosis factor-related apoptosis-inducing 
ligand (TRAIL) is the member of the TNF ligand 

family, and it has been shown to be effective in inducing 
apoptosis in variety tumor cells, but not normal cells [6, 
7]. Binding of TRAIL to death receptor (DR) 4 and 5, 
allows the recruitment of FADD and caspase-8, which 
results in the formation of the death-inducing signal 
complex (DISC) [8]. In addition, TRAIL also triggers 
the mitochondrial apoptotic pathway through disruption 
of the mitochondrial membrane permeability resulting 
in the releases of cytochrome c into the cytosol [9]. 
Although TRAIL selectively induces cancer cell death, 
the down-regulation of pro-apoptotic proteins and 
death receptors and up-regulation of anti-apoptotic 
proteins such as c-FLIP, Bcl-2, Bcl-xL and inhibitor of 
apoptosis proteins (IAPs) lead to resistance to TRAIL-
induced apoptosis [10–14]. Therefore, there are several 
limitations to using the TRAIL or the TRAIL receptor 
antibody. The short half-life of human soluble TRAIL, 
inherent TRAIL resistance and acquired TRAIL 
resistance by repeated TRAIL exposure are considered 
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to be the limitation factors. Therefore, identification of 
TRAIL sensitizers is needed to overcome the hurdle of 
TRAIL resistance.

In this present study, we investigated whether the 
TRAIL resistance in cancer cells could be overcome 
by combination treatment with eupafolin and TRAIL. 
Moreover, the molecular mechanisms underlying 
eupafolin plus TRAIL-induced apoptosis was further 
investigated.

RESULTS

Effect of eupafolin on TRAIL-mediated 
apoptosis in human renal carcinoma Caki cells

Because eupafolin has anti-tumor activity in 
several cancer cells [3, 4], we investigated whether 
eupafolin could sensitize TRAIL-mediated apoptosis in 
human renal carcinoma Caki cells. First, Caki cells were 
treated with eupafolin alone (20, 30 μM), TRAIL alone 
(50 ng/mL), and combined treatment with eupafolin 
and TRAIL. Apoptosis was determined using flow 
cytometric and Western blotting. As shown in Figure 
1A, combined treatment with eupafolin and TRAIL 
markedly induced accumulation of sub-G1 population 
and cleavage of PARP, whereas treatment with eupafolin 
alone and TRAIL alone had no effect on apoptosis. In 
addition, combined treatment with eupafolin and TRAIL 
also induced accumulation of sub-G1 population and 
cleavage of PARP in a time dependent manner (Figure 
1B and 1C). Combined treatment with eupafolin and 
TRAIL also induced apoptotic characteristics such 
as apoptotic body formation, cell shrinkage, and cell 
detachment on the plate (Figure 1D). Next, we analyzed 
nuclear condensation and DNA fragmentation, which 
is the hallmark of apoptosis. Eupafolin plus TRAIL-
induced the DNA fragmentation and the nuclear 
condensation (Figure 1E and 1F). Moreover, combined 
treatment with various concentrations of eupafolin and 
TRAIL showed synergistic effects (Figure 1G). Next, we 
examined whether caspase activation plays a critical role 
in eupafolin plus TRAIL-induced apoptosis. Eupafolin 
plus TRAIL increased caspase-3 activity (Figure 1H), 
but not caspase-2, -8 and -9 (Supplementary Figure S1). 
The activation of caspase-3, accumulation of sub-G1 
population and cleavage of PARP were completely 
prevented by pre-treatment with the pan-caspase 
inhibitor, z-VAD-fmk (Figure 1I). It has been known 
that the loss of mitochondria membrane potential (MMP) 
plays a critical role in apoptosis by releasing cytochrome 
c into the cytoplasm [15]. Therefore, we examined 
whether the loss of MMP is involved in eupafolin plus 
TRAIL-induced apoptosis, by using rhodamine123 
fluorescence dye. As shown in Figure 1J, eupafolin 
markedly reduced MMP levels, and increased cytosolic 

cytochrome c release in combined treatment with 
eupafolin and TRAIL (Figure 1K). These results suggest 
that combined treatment with eupafolin and TRAIL can 
induce caspase-dependent apoptosis in Caki cells.

Effects of eupafolin on expression levels of 
apoptosis-related proteins

Next, to determine the molecular mechanisms 
underlying eupafolin-mediated TRAIL sensitization, 
we investigated expression levels of apoptosis-
related proteins. Eupafolin markedly induced down-
regulation of Mcl-1 expression, and up-regulation of 
Bim expression (Figure 2). In contrast, levels of other 
apoptosis-related proteins were not altered in response 
to eupafolin.

Eupafolin induces down-regulation of Mcl-1 
expression at the post-translational level

To further determine the potential mechanisms 
underlying the eupafolin-induced down-regulation 
of Mcl-1 expression, we examined whether Mcl-1 
expression is regulated at the transcriptional levels. 
Eupafolin reduced Mcl-1 protein expression within 
6 h, but mRNA expression of Mcl-1 did not alter 
(Figure 3A). Because eupafolin had no effect on Mcl-
1 mRNA expression, we subsequently examined the 
protein stability of Mcl-1. Caki cells were treated 
with cycloheximide (CHX, 20 μg/mL), an inhibitor 
of protein biosynthesis, in the presence or absence of 
eupafolin for various time points. As shown in Figure 
3B, CHX alone gradually reduced Mcl-1 expression, 
but combined treatment with CHX and eupafolin more 
rapidly reduced Mcl-1 proteins expression. Since Mcl-1 
is mainly degraded by the ubiquitin-proteasome pathway 
[16, 17], we tested whether proteasome-mediated Mcl-
1 protein degradation is occurred in eupafolin-treated 
cells. Proteasome inhibitor (lactacystin) did not block 
eupafolin-induced down-regulation of Mcl-1 expression 
(Figure 3C). Next, to investigate whether Mcl-1 
degradation was dependent on lysosome-degradation 
pathway, Caki cells were treated with inhibitor of 
lysosome function or lysosomal enzyme in the absence or 
presence of eupafolin. Chloroquine (CQ: lysosomotropic 
agent) and bafilomycin A (vacuolar ATPase inhibitor) 
inhibited eupafolin-mediated down-regulation of Mcl-1 
expression (Figure 3D). Since cathepsin has a key role 
on lysosomal-mediated proteasome degradation pathway 
[18], we further investigated whether degradation of 
Mcl-1 expression was caused by cathepsins. Cathepsin 
S inhibitor (Z-FL-COCHO) and cathepsin B inhibitor 
(E64D) rescued eupafolin-mediated down-regulation 
of Mcl-1 expression, but not cathepsin D inhibitor 
(Figure 3E). In addition, cathepsin S inhibitor inhibited 
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Figure 1: Eupafolin sensitizes TRAIL-induced apoptosis in Caki cells. A-C. Caki cells were treated with 50 ng/ml TRAIL in the 
presence or absence of the indicated concentrations with eupafolin for 24 h (A) or indicated time periods (B and C). Apoptosis was analyzed 
as a sub-G1 population by flow cytometer. The protein levels of PARP and actin were determined by Western blotting. The level of actin 
was used as a loading control. D-F. Caki cells were treated with 50 ng/ml TRAIL in the presence or absence of 30 μM eupafolin for 24 h. 
Cell morphology was detected by interference light microscopy (D). The condensation and fragmentation of the nuclei were detected by 
4’, 6’-diamidino-2-phenylindole staining (E). The DNA fragmentation detection kit determined the fragmented DNA (F). G. Isoboles were 
obtained by plotting the combined concentrations of each drug required to produce 50% cell death. The straight line connecting the IC50 values 
obtained for the two agents when applied alone corresponded to the addition of their independent effects. Values below this line indicate 
synergy, whereas values above this line indicate antagonism. H. Caki cells were treated with 50 ng/ml TRAIL in the presence or absence of 30 
μM eupafolin for 24 h. Caspase activities were determined with colorimetric assays using caspase-3 DEVDase assay kits. I. Caki cells were 
treated with 30 μM eupafolin plus 50 ng/ml TRAIL for 24 h in the presence or absence of 20 μM z-VAD-fmk (z-VAD). The sub-G1 fraction 
was measured by flow cytometry. The protein expression levels of PARP, caspase-3, cleaved caspase-3 and actin were determined by Western 
blotting. The level of actin was used as a loading control. J. Caki cells were treated with 30 μM eupafolin for the indicated time periods and 
loaded with a rhodamine123 fluorescent dye. The mitochondrial membrane potential (MMP) was measured using a flow cytometer. K. Caki 
cells were treated with 50 ng/ml TRAIL in the presence or the absence of 30 μM eupafolin for 24 h. Cytoplasmic fractions were analyzed 
for cytochrome c release. The level of COX IV was used as a mitochondria loading control. The level of actin was used as a loading control. 
Apoptosis was analyzed as a sub-G1 population by FACS. The values in (A, B, F, H, I and J) represent the mean ± SD from three independent 
samples. * p < 0.05 compared to the control. # p < 0.01 compared to the combined treatment with eupafolin and TRAIL.
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Figure 2: Effects of eupafolin on expression levels of apoptosis-related proteins. Caki cells were treated with the indicated 
concentrations of eupafolin for 24 h. The protein levels of Mcl-1, Bcl-xL, Bcl-2, Bim, Bax, DR5, FADD, c-FLIP, cIAP1, cIAP2, XIAP, and 
actin were determined by Western blotting. The level of actin was used as a loading control.
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Figure 3: Eupafolin induced cathepsin S-mediated down-regulation of Mcl-1 expression. A. Caki cells were treated with 
30 μM eupafolin for the indicated time periods. The protein and mRNA levels of Mcl-1 were determined by Western blotting (left panel), 
RT-PCR (middle panel) and real-time PCR (right panel), respectively. The level of actin was used as a loading control. B. Caki cells were 
pre-treated with 20 μg/mL cycloheximide (CHX) for 30 min, and then treated with 30 μM eupafolin for the indicated time periods. The 
protein levels of Mcl-1 were determined by Western blotting. The level of actin was used as a loading control. The band intensity of the 
Mcl-1 protein was measured using ImageJ (public domain JAVA image-processing program; http://rsb.info.nih.gov/ij, lower panel). C. 
Caki cells were pre-treated with lactacystin 2.5 μM for 30 min, and then treated with 30 μM eupafolin for 24 h. The protein levels of Mcl-
1 and actin were determined by Western blotting. The level of actin was used as a loading control. D. Caki cells were pre-treated with 
chloroquine (CQ, 10 μM) and bafilomycin A (10 nM) for 30 min, and then added 30 μM eupafolin for 24 h. The protein levels of Mcl-1 
and actin were determined by Western blotting. The level of actin was used as a loading control. E. Caki cells were pretreated with the 2 
μM ZFL, 20 μg/ml E64D, and 2 μM pepstatin A for 30 min, and then added with 30 μM eupafolin for 24 h. The protein levels of Mcl-1 and 
actin were determined by Western blotting. The level of actin was used as a loading control. F. Caki cells were pretreated with the indicated 
concentrations of ZFL for 30 min, and then added with 30 μM eupafolin for 24 h. G and H. Caki cells were transiently transfected with 
cathepsin S (Cat S, G), cathepsin B (Cat B, H) siRNA or control siRNA. After transfection, cells were treated with 30 μM eupafolin for 
24 h. The protein levels of Mcl-1, cathepsin B, cathepsin S, and actin were determined by Western blotting. The level of actin was used 
as a loading control. I. Vector cells (Caki/vector) and Mcl-1-overexpressed cells (Caki/Mcl-1) were treated with 50 ng/mL TRAIL in the 
presence or absence of 30 μM eupafolin for 24 h. Apoptosis was analyzed as a sub-G1 population by FACS. The protein levels of PARP and 
actin were determined by Western blotting. The level of actin was used as a loading control. The values in panel (B) represent the mean ± 
SD from three independent samples. * p < 0.05 compared to CHX.
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xenograft model. Mice bearing tumors were treated 
with eupafolin alone, TRAIL alone, and combined with 
eupafolin and TRAIL. As shown in Figure 6A and B, 
combined treatment with eupafolin and TRAIL markedly 

suppressed tumor growth, compared with that of the vehicle, 
eupafolin alone, and TRAIL alone. TUNEL analysis also 
showed that eupafolin plus TRAIL induced cell death 
(Figure 6C). Eupafolin plus TRAIL treatment had no effect 

Figure 6: Tumor growth in vivo is reduced by the combined treatment with eupafolin and TRAIL. Nude mice were 
subcutaneously inoculated with Caki cells. Tumor volume was monitored during the following treatments: vehicle, eupafolin (10 mg/kg; 
i.p.), GST-TRAIL (3 mg/kg, i.p.), or eupafolin plus TRAIL for 21 days. A. The graph shows changes in the tumor volume. Number of 
animals per group = 7. Data are means ± SE (n=7). * p < 0.05 compared to vehicle. B. The size of the dissected-out tumors is shown. C. 
Representative images of tumors sections that were analyzed by TUNEL assay. Nuclear staining was performed with DAPI. D. Bodyweight 
changes during the experiment. E. Schematic models of eupafolin-mediated TRAIL sensitization.


