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ABSTRACT
Drug resistance is a major hurdle in anticancer chemotherapy. Combined therapy 

using drugs with distinct mechanisms of function may increase anticancer efficacy. 
We have recently identified the novel chalcone derivative, chalcone-24 (Chal-24), 
as a potential therapeutic that kills cancer cells through activation of an autophagy-
mediated necroptosis pathway. In this report, we investigated if Chal-24 can be 
combined with the frontline genotoxic anticancer drug, cisplatin for cancer therapy. 
The combination of Chal-24 and cisplatin synergistically induced apoptotic cytotoxicity 
in lung cancer cell lines, which was dependent on Chal-24-induced autophagy. While 
cisplatin slightly potentiated the JNK/Bcl2/Beclin1 pathway for autophagy activation, 
its combination with Chal-24 strongly triggered proteasomal degradation of the cellular 
inhibitor of apoptosis proteins (c-IAPs) and formation of the Ripoptosome complex that 
contains RIP1, FADD and caspase 8. Furthermore, the cisplatin and Chal-24 combination 
induced dramatic degradation of cellular FLICE (FADD-like IL-1β-converting enzyme)-
inhibitory protein large (cFLIPL) which suppresses Ripoptosome-mediated apoptosis 
activation. These results establish a novel mechanism for potentiation of anticancer 
activity with the combination of Chal-24 and cisplatin: to enhance apoptosis signaling 
through Ripoptosome formation and to release the apoptosis brake through c-FLIPL 
degradation. Altogether, our work suggests that the combination of Chal-24 and 
cisplatin could be employed to improve chemotherapy efficacy.

INTRODUCTION

Because chemoresistance is the major hurdle in 
anticancer therapy, sensitizing cancer cells to chemotherapy 
is the main challenge to improve survival in cancer patients. 
The main mechanism of current anticancer therapeutics 
is to directly kill cancer cells [1]. However, primary or 

acquired chemoresistance in cancer cells blunts the efficacy 
of anticancer drugs, thereby causing therapy failure [2, 
3]. The main mechanism by which chemotherapeutics 
kill cancer cells is through activation of apoptosis and 
thus, evasion of apoptosis substantially contributes to 
chemoresistance [4–6]. Therefore, releasing the apoptosis 
brake in cancer cells will increase cytotoxicity induced by 
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anticancer chemotherapy [5]. Combination therapy that 
combines drugs with distinct mechanisms of function, 
would significantly increase anticancer efficacy.

Two major apoptosis activation pathways exist. 
The extrinsic pathway is activated through the ligation 
of tumor necrosis factor (TNF) family cytokines to their 
respective receptors initiating formation of the death- 
inducing signaling complex (DISC) [7, 8]. Intracellular 
stresses activate the intrinsic pathway that involves loss 
of mitochondrial potential and release of mitochondrial 
proteins such as cytochrome C and SMAC to form the 
apoptosome consisting of cytochrome C, APAF-1 and 
caspase 9. Many anticancer drugs, such as cisplatin, 
activate the intrinsic apoptosis pathway through DNA 
damage and genotoxic stress [9, 10]. Recently, it was 
found that genotoxic anticancer therapeutics such as 
etoposide induce an alternative apoptosis pathway 
that involves formation of a complex called the 
Ripoptosome, consisting of RIP1, FADD, and caspase 
8 [11, 12]. This pathway is likely activated through 
degradation of the cellular inhibitor of apoptosis 
proteins (c-IAPs) [11, 12]. The activation of caspase 
8 in the Ripoptosome is negatively regulated by 
cellular FLICE (FADD-like IL-1β-converting enzyme)-
inhibitory protein large (cFLIPL), and thus, suppressing 
cFLIPL would promote Ripoptosome-mediated apoptosis 
[11, 13]. Additionally, autophagy, a catabolic process 
for degradation and recycling of long-lived proteins and 
organelles, can also lead to apoptotic cell death [14, 15]. 
Thus, these apoptosis activating pathways could be 
exploited for chemosensitization.

Our recent work has suggested the novel chalcone 
derivative, Chal-24, as a potential anticancer agent 
[16, 17]. Without obvious signs of toxicity in nude 
mice, Chal-24 potently inhibited xenografted human 
tumor growth [16]. At relatively high concentrations 
(> 4 μM), Chal-24 activates autophagy through JNK-
mediated phosphorylation of Bcl-2 and Bcl-xL, leading 
to disruption of the Beclin1/Bcl-2 and Beclin1/Bcl-xL 
complexes, with subsequent degradation of the c-IAP 
proteins and formation of the Ripoptosome complex, 
resulting in necroptosis in cancer cells [17]. However, at 
lower concentrations (≤ 1 μM) Chal-24 mainly induces 
apoptosis and cell cycle arrest [17, 18]. The potential use 
of Chal-24 in combination with other anticancer drugs in 
chemotherapy has not been explored.

In this study, we hypothesized that due to their 
distinct cytotoxic mechanisms, Chal-24 and cisplatin 
would synergistically kill cancer cells. We found that 
the combination of Chal-24 and cisplatin synergistically 
increased cytotoxicity, which was associated with autophagy-
mediated apoptosis. While cisplatin slightly potentiated 
autophagy activation, its combination with Chal-24  
strongly enhanced proteasomal degradation of c-IAPs 
and formation of the Ripoptosome complex. Furthermore, 

the cisplatin and Chal-24 combination induced dramatic 
degradation of the Ripoptosome-inhibiting factor, c-FLIPL. 
Our results establish a novel mechanism for potentiation 
of anticancer activity with the combination of Chal-24 
and cisplatin: to enhance apoptosis signaling through 
Ripoptosome formation and to release the apoptosis brake 
through c-FLIPL degradation. Data from this study suggest 
that the combination of Chal-24 and cisplatin could be 
employed to improve chemotherapy efficacy.

RESULTS

Combination of Chal-24 and cisplatin results in 
synergistic apoptotic cell death in lung cancer cells

To investigate the potential of combination of  Chal-24  
and cisplatin for chemotherapy, we first treated A549 cells 
with increasing concentrations of cisplatin (10–30 μM) 
and a fixed concentration of Chal-24 (0.5 μM). Cell 
death was detected and quantified by LDH assay. While 
treatment with Chal-24 alone at this low concentration 
caused little cell death, Chal-24 synergistically potentiated 
cisplatin-induced cytotoxicity in a cisplatin dose-
dependent manner (Combination index, CI: 0.5625)  
(Fig. 1A). Consistently, a similar synergy was also 
observed with increasing concentrations of Chal-24 
(0.125–1.0 μM) and a fixed cisplatin dose (10 μM) (CI: 
0.375) (Fig. 1B). Because Chal-24 at 1 μM exerted limited 
cytotoxicity but effectively potentiated cisplatin-induced 
cell death, this concentration of Chal-24 was used for 
later experiments. To confirm whether the potentiation of 
cytotoxicity induced by cisplatin and Chal-24 combination 
is a common phenomenon, three additional human lung 
cancer cell lines, H23, H460 and H1299, were tested 
under similar conditions. Comparable sensitization 
in the anticancer effect was seen in all these cell lines  
(Figs. S1A–S1C). Collectively, these results suggest that 
Chal-24 and cisplatin synergistically kill lung cancer cells.

Next, we performed a series of experiments 
to elucidate the mechanism of cell death induced by 
cisplatin and Chal-24 combination. Results from all these 
experiments supported that apoptosis was the main cell 
death mode: with activation of caspase 3 and cleavage 
of PARP (hallmarks of apoptosis) (Figs. 1C, S1D); with 
morphological apoptotic features in dead cells detected 
by acridine orange/ethidium bromide (AO/EB) staining 
(cell shrinkage, cell membrane blebbing, and nuclear 
condensation) (data not shown); Annexin V positive in 
the main portion of dead cells (data not shown); and with 
effective suppression of cell death by the pan-caspase 
inhibitor z-VAD or caspase 9 knockdown (Figs. 1D, 1E, 
S1E and S1F). These results suggest that the cisplatin 
and Chal-24 combination mainly induces apoptotic 
cytotoxicity in cancer cells.
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Autophagy is required for cell death induced by 
the Chal-24 and cisplatin combination

We previously found that Chal-24 induces 
autophagy-dependent necroptosis at higher concentrations 
(8–32 μM) [17]. Therefore, we investigated whether the 
combination of cisplatin and a lower concentration of 
Chal-24 induces autophagy. Chal-24 at 1 μM evidently 
induced autophagy, which was shown as conversion 
of LC3I to LC3II (4–24 h) and reduction of p62 (24 h). 
While cisplatin alone had little effect on the autophagy 
markers, the co-treatment with cisplatin and Chal-24 

slightly potentiated autophagy (Fig. 2A). Induction of 
autophagy by the cisplatin and Chal-24 combination 
was further confirmed by an autophagic flux assay  
(Fig. 2B). The role of autophagy in cell death induced by 
the Chal-24 and cisplatin combination was examined with 
the use of different autophagy inhibitors to inhibit different 
steps in the autophagy process. All these three inhibitors 
significantly suppressed cytotoxicity induced by Chal-24 
and cisplatin co-treatment (Figs. 2C and S2). Supporting 
this observation, knockdown of the key autophagy 
mediator, ATG7, effectively attenuated the cytotoxicity 
induced by cisplatin plus Chal-24 (Fig. 2D). These data 

Figure 1: Combination of Chal-24 and cisplatin results in synergistic apoptotic cell death in lung cancer cells. (A) A549 
cells were treated with cisplatin (10–30 μM) and Chal-24 (0.5 μM) for 48 h. Cell death were measured by LDH release assay. Data shown 
are mean ± SD, representative of three independent experiments. (B) A549 cells were treated with cisplatin (10 μM) and Chal-24 (0.125–1 
μM) for 48 h. Cell death were measured as described in A. (C) A549 cells were treated with cisplatin (10 μM) and Chal-24 (1 μM) for 
indicated time periods. Cell extracts were resolved in 12% SDS-PAGE gels. PARP and active caspase-3 were detected by Western blot. 
GAPDH was detected as an input control. (D) A549 cells were pretreated with z-VAD (10 μM) for 30 min, followed by 48 h treatment 
with cisplatin (10 μM) and Chal-24 (1 μM), cell death were detected as described in A. (E) the cells were transfected with indicated siRNA 
for 24 h, and treated with (10 μM) and Chal-24 (1 μM) for additional 48 h. Cell death was measured as described in A. **p < 0.01. Insert, 
knockdown of caspase 9 expression was confirmed by Western blot.
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suggest that the cisplatin and Chal-24 combination induces 
cytotoxicity depending on Chal-24-induced autophagy.

Combination of cisplatin and Chal-24 activates 
the JNK-mediated autophagy pathway involving 
phosphorylation of Bcl-2

Our recent studies showed that Chal-24 induces 
autophagy through activation of JNK, phosphorylation 
of Bcl-2, and disruption of the Beclin1/Bcl-2 complex 
[17]. Therefore, we investigated whether the cisplatin 
and Chal-24 combination induces autophagy by the 
same mechanism. While cisplatin barely affected JNK 
activity, the drug combination induced a higher level of 
JNK activation compared to that of Chal-24 alone (Figs. 
3A and S3A). Inhibition of JNK effectively suppressed 
the cytotoxicity induced by cisplatin and Chal-24 co-
treatment in both A549 and H460 cell lines (Figs. 3B, 

S3B). Moreover, Chal-24 induced phosphorylation of 
Bcl-2 (Figs. 3C, and S3C). Interestingly, the co-treatment 
with cisplatin resulted in reduction of phosphorylated Bcl-
2 (Figs. 3C, 3D, 3E). This was likely due to degradation 
of this phosphorylated protein in proteasome, because 
phosphorylated Bcl-2 was restored by the proteasome 
inhibitor MG132 but not the lysosome inhibitor 
chloroquine (Figs. 3D, 3E). Together with previous 
studies showing that JNK-mediated phosphorylated Bcl-2 
releases Beclin-1 to activate autophagy [17], these results 
suggest that the cisplatin and Chal-24 combination induces 
cell death dependent on autophagy activation involving 
JNK-mediated phosphorylation and degradation of Bcl-
2. Furthermore, suppression of JNK inhibited autophagy, 
caspase 3 activation and PARP cleavage induced by 
combination of Chal-24 and cisplatin (Fig. S1F and data 
not shown), suggesting JNK is involved in autophagy-
mediated apoptosis induced by this drug combination.

Figure 2: Autophagy is required for cell death induced by Chal-24 and cisplatin combination. (A) A549 cells were treated 
with cisplatin (10 μM), Chal-24 (1 μM) alone or in combination for the indicated times. The indicated proteins were detected by Western 
blot. β-tubulin was used as an input control. (B) the cells were preteated with chloroquine (CQ, 20 μM) for 30 min, and then treated 
with cisplatin and Chal-24 (24 h or 4 h for upper panel for p62 detection and lower panel for LC3 detection, respectively). The indicated 
proteins were detected by Western blot. GAPDH was detected as an input control. (C) A549 cells were pretreated with autophagy inhibitors 
(CQ, 20 μM; WTM, 1 μM; 3MA, 10 μM) for 30 min, followed by cisplatin (10 μM) and Chal-24 (1 μM) co-treatment for an additional 
48 h, cell death was measured as described in Figure 1. (D) the cells were transfected with the indicated siRNA for 24 h, then the cells 
were treated with cisplatin (10 μM) and Chal-24 (1 μM) for 48 h, cell death was measured by LDH assay. *p < 0.05, **p < 0.01. Insert, 
knockdown of ATG7 expression was confirmed by Western blot.
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Combination of cisplatin and Chal-24 induces 
ERK-mediated degradation of the IAP proteins

Our recent studies found that Chal-24 at high 
concentrations causes ERK- and autophagy-dependent 
degradation of IAPs [17]. Because the IAP family 
proteins are important antiapoptotic factors [19–22], we 
then examined if the cisplatin and Chal-24 co-treatment 
impacts the expression of IAPs. Under the experimental 
condition with moderate drug concentrations, cisplatin or 
Chal-24 alone had little effect on the expression of cIAP1, 
cIAP2 and XIAP. However, the combination of these 
two agents dramatically suppressed the expression of 
these proteins (Figs. 4A, S4A). The proteasome inhibitor, 
MG132, significantly restored the expression of IAPs, 
suggesting that the cisplatin and Chal-24 co-treatment 
enhanced proteasomal degradation of the IAPs (Figs. 4B 
and S4B). Consistent with previous studies [17], Chal-
24 alone at a lower concentration also activated ERK, 
which was slightly increased by cisplatin (Fig. 4C and 
S4C). Inhibition of ERK significantly attenuated IAPs 
degradation and the cytotoxicity induced by cisplatin 
and Chal-24 co-treatment (Figs. 4D, 4E, S4D and S4E). 
In addition, cytotoxicity induced by cisplatin and Chal-
24 co-treatment was substantially attenuated by ectopic 
expression of cIAP1, cIAP2 and XIAP (Fig. 4F). 

Furthermore, ERK suppression inhibited apoptosis but 
not autophagy (data not shown), consisting with that ERK 
is involved in IAP suppression but not autophagy [17]. 
Altogether, these results suggest that combined treatment 
with cisplatin and Chal-24 induces ERK-mediated 
proteasomal degradation of IAP proteins for promoting 
apoptosis.

Combination of cisplatin and Chal-24 triggers 
Ripoptosome formation and cFLIPL degradation

Because suppressing expression of cIAPs by 
genotoxic drugs or high concentrations of Chal-24 results 
in formation of the Ripoptosome complex consisting of 
RIP1, FADD, cFLIPL and caspase 8 that mediates cell death 
[11–13, 17, 23], we examined, by co-immunoprecipitation 
with an anti-RIP1 antibody, if the cisplatin and Chal-24 
co-treatment triggers Ripoptosome formation. Under 
this condition, Chal-24 but not cisplatin alone induced 
the formation of the Ripoptosome. Interestingly, the 
co-treatment with cisplatin enhanced the recruitment of 
caspase 8 to the Chal-24-induced Ripoptosome (Fig. 5A). 
RIP1 is the central factor for Ripoptosome formation 
and function [11, 13, 24, 25]. Knockdown of RIP1 
expression with siRNA or suppression of RIP1 kinase 
activity with Necrostatin-1 significantly suppressed 

Figure 3: Combination of cisplatin and Chal-24 activates JNK-and phosphorylation of Bcl-2. (A) A549 cells were treated 
with cisplatin (10 μM) and Chal-24 (1 μM) alone or in combination for indicated times. JNK1 and phospho-JNK were examined by 
Western blot. GAPDH was detected as an input control. (B) the cells were pretreated with SP600125 (10 μM) for 30 min, and then treated 
with cisplatin (10 μM) and Chal-24 (1 μM) for an additional 48 h, cell death were detected by LDH assay. **p < 0.01. (C) A549 cells 
were treated with cisplatin (10 μM) and Chal-24 (1 μM) alone or in combination for indicated times. The indicated proteins were detected 
by Western blot. GAPDH was used as an input control. (D, E) A549 cells were pretreated with CQ (20 μM) or MG132 (5 μM) for 30 min, 
respectively, then treated with cisplatin (10 μM), Chal-24 (1 μM) or in combination for an additional 8 h. The indicated proteins were 
detected by Western blot, GAPDH was detected as an input control.
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cytotoxicity induced by cisplatin and Chal-24 co-treatment 
(Fig. 5B, 5C, S5A), suggesting that the Ripoptosome is 
important for mediating the anticancer effect of cisplatin 
and Chal-24 co-treatment. cFLIPL was reported to be a 

negative regulator of Ripoptosome-mediated apoptosis 
and cisplatin was shown to suppress cFLIPL expression 
[11, 26, 27]. Thus, we investigated the effect of Chal-24 
and cisplatin combination on cFLIPL expression. In A549 

Figure 4: Combination of cisplatin and Chal-24 induces ERK-mediated degradation of the IAP proteins. (A) A549 
cells were treated with cisplatin (10 μM), Chal-24 (1 μM), or in combination for indicated times. The indicated proteins were detected  
by Western blot. β-actin was detected as an input control. (B) the cells were pretreated with MG132 (5 μM) for 30 min, and then treated 
with cisplatin (10 μM) and Chal-24 (1 μM) for an additional 24 h, the indicated proteins were detected by Western blot. β-tubulin was 
detected as an input control. (C), A549 cells were treated with cisplatin (10 μM), Chal-24 (1 μM), or in combination for indicated times. 
The indicated proteins were examined by Western blot. β-tubulin was detected as an input control. (D) the cells were pretreated with 
U0126 (10 μM) for 30 min, and then treated with cisplatin (10 μM) and Chal-24 (1 μM) for an additional 24 h, the indicated proteins were 
examined by Western blot. β-actin was detected as an input control. (E) the cells were pretreated with U0126 (10 μM) for 30 min, and then 
treated with cisplatin (10 μM) and Chal-24 (1 μM) for an additional 48 h, cell death was measured by LDH assay. (F) A549 cells were 
transfected with plasmids expressing the IAPs or the empty vector pcDNA with EGFP, and treated with cisplatin (10 μM) and Chal-24  
(1 μM) for 40 h. Survival of EGFP-positive cells was quantified by counting live cells with green fluorescence. Data shown are mean 
± SD. **p < 0.01. Upper, expression of transfected proteins was confirmed by Western blot.
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cells, cisplatin individually caused a moderate decrease 
of cFLIPL expression. However, the co-treatment with 
Chal-24 significantly promoted cisplatin-induced c-FLIPL 
expression suppression (Fig. 5D). A similar trend for 
this effect was also detected in H460 cells, although 
cisplatin individually induced decrease of cFLIPL is 
more evident at a later time point (24 h, Fig. S5B). The 
proteasome inhibitor MG132 significantly restored 
c-FLIPL expression in cells treated with the Chal-24 
and cisplatin combination (Fig. 5E), suggesting the   
co-treatment triggered proteasomal degradation of cFLIPL. 
Consistently, the recruitment of cFLIPL to the Ripotosome 
was significantly reduced in the cisplatin and Chal-24  
co-treated cells, which was associated with increased 
caspase 8 recruitment (Fig. 5A). Importantly, ectopic 
expression of cFLIPL strongly attenuated cytotoxicity 
induced by cisplatin and Chal-24 co-treatment (Fig. 5F). 
Altogether, these data suggest that the combination of 
cisplatin and Chal-24 induces cell death by promoting 
Ripoptosome-mediated apoptosis (Fig. 6).

DISCUSSION

In this study, we demonstrate that the combination 
of cisplatin and Chal-24 significantly potentiates 
apoptotic cytotoxicity in several human lung cancer 
cell lines. These results establish a novel mechanism 
for combination therapy with these agents that involves 
a series of processes: Chal-24 induces autophagy and 
Ripoptosome formation that are effectively enhanced by 
cisplatin, and cisplatin promotes degradation of c-FLIPL 
to release the brake on Ripoptosome-mediated apoptosis. 
The autophagy- and Ripotosome-mediated apoptosis 
signaling pathways, together with the DNA damage-
mediated apoptosis pathway activated by cisplatin, 
cooperatively contribute to the synergistic anticancer 
effect of cisplatin and Chal-24 combination (Fig. 6). This 
novel cancer cell killing mechanism could be exploited for 
chemotherapy, and the cisplatin and Chal-24 combination 
could be a potential effective approach for improving 
anticancer therapeutic efficacy and overcoming cancer 
chemoresistance.

Theoretically, combinations of drugs that cause a 
similar effect but function through distinct mechanisms 
could achieve a synergistic effect in outcome [28, 29]. 
It is well established that cisplatin kills cancer cells 
by crosslinking DNA resulting in DNA strand breaks 
during mitotic cell division to induce apoptosis [9, 10]. 
In contrast, Chal-24 kills cancer cells through autophagy- 
and Ripoptosome-mediated cell death [17]. Thus, 
we hypothesize the combination of these agents will 
synergistically kill cancer cells. Indeed, the results verified 
this hypothesis. In addition, acquired cisplatin resistance 
is common in patients receiving platinum-based therapy, 
which involves increased drug detoxification and DNA 

repair and apoptosis inhibition [30]. Chal-24 may prevent 
and attenuate acquired cisplatin resistance by targeting 
different pathways from those activated by cisplatin, which 
deserve further studies.

We reported recently that Chal-24 activates 
autophagy and Ripoptosome formation for cancer cell 
necroptosis at relatively high concentrations (> 8 μM) 
[17]. However, it was noticed that at a lower concentration 
(0.3 μM), Chal-24 induces apoptosis and cell cycle 
arrest [17, 18]. At the high Chal-24 concentrations, 
the JNK-mediated Bcl-2 and Bcl-xL phosphorylation 
pathway that disrupts the Beclin1/Bcl-2 and Belin1/ 
Bcl-xL complexes is required for autophagy, and the 
ERK- and autophagy-mediated degradation of IAPs 
promotes Ripoptosome formation. Interestingly, we found 
in this report that these cancer cell-killing pathways can 
be activated by relatively low Chal-24 concentrations  
(≤ 1 μM) and further potentiated by cisplatin, although the 
cellular outcome is apoptosis instead of necroptosis. The 
outcome of apoptotic cell death is not surprising, because 
both the autophagy process and the Ripoptosome can 
lead to either apoptosis or necroptosis depending on cell 
context and the types of stimulation [12–14, 25, 31, 32]. 
Interestingly, mitosis inhibitors such as taxol induce  
Bcl-2 phosphorylation involving MAPKs such as JNK 
[33, 34]. However, consistent with literature [35], there is 
limited potentiation of cytotoxicity in Taxol and cisplatin 
co-treatment (data not shown). Thus, it is likely that 
the induction of JNK-mediated Bcl-2 phosphorylation 
is insufficient and additional important pathways are 
required for synergistic cytotoxicity induced by Chal-24  
and cisplatin combination. It would be interesting to 
investigate in the future if Chal-24-induced and JNK-
mediated Bcl-2 and Bcl-xL phosphorylation involves cell 
cycle signaling pathways.

The IAP proteins are important for promoting the 
NF-κB cell survival pathway and suppressing cell death 
during TNFR1 signaling [19, 36, 37]. IAPs are frequently 
overexpressed in cancer cells, which contributes to cell 
survival, chemoresistance, disease progression and poor 
prognosis [23]. Thus, IAPs are proposed to be targets 
for cancer chemotherapy [38]. One major IAP-regulated 
factor is RIP1, a key mediator of both cell survival and 
death pathways and the central protein of the Ripoptosome 
complex [23]. Under certain conditions such as DNA 
damage induced by DNA topoisomerase II inhibition, 
IAPs are degraded to trigger Ripoptosome formation, 
and the Ripoptosome serves as a cell death-inducing 
platform for either apoptosis or necroptosis [12, 13, 25]. 
The Ripoptosome-mediated cell death pathways are 
kept in check by c-FLIPL [11, 12]. Data from the current 
study suggest that cisplatin is able to effectively cause 
FLIPL degradation to release the brake on Ripoptosome-
mediated cell death pathways. Interestingly, c-FLIP is 
overexpressed in cancer cells and involved in cancer 
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pathogenesis [39]. It is also proposed that c-FLIP could 
be a target for cancer therapy [40]. Because the cisplatin 
and Chal-24 combination simultaneously suppresses 
both IAPs and c-FLIP, it could be an ideal approach to 
achieve synergistic anticancer efficacy by targeting these 
two antiapoptotic factors that function through different 
mechanisms. It is remarkable that p53 is a key factor 
for DNA damage response that affects the anticancer 

activity of cisplatin. Our results show that the response 
to cisplatin and Chal-24 combination in cells with p53 
mutation (H23) or deletion (H1299) was comparable to 
cell lines having wild-type p53 (A549 and H460) (Figs. 
1A and S1A–C). Furthermore, knockdown of p53 in A549 
had no detectable effect on cell death induced by this drug 
combination (Data not shown). Thus, it is likely that the 
apoptotic response induced by combination of Chal-24 and 

Figure 5: Combination of cisplatin and Chal-24 triggers Ripoptosome formation and c-FLIPL degradation. (A) A549 
cells were treated with cisplatin (10 μM), Chal-24 (1 μM), or in combination for 24 h, the indicated proteins were detected by Western blot 
after co-immunoprecipitation with an anti-RIP1 antibody. (B) the cells were transfected with the indicated siRNA for 24 h, then the cells 
were treated with (10 μM) and Chal-24 (1 μM) for 48 h, cell death was measured by LDH assay. *p < 0.05. Inset, knockdown of RIP1 
expression was confirmed by Western blot. (C) the cells were pretreated with necrostatin-1 (NEC-1, 10 μM) for 30 min, and then treated 
with cisplatin (10 μM) and Chal-24 (1 μM) for an additional 48 h, cell death was measured by LDH assay. *p < 0.05. D, A549 cells were 
treated with cisplatin (10 μM), Chal-24 (1 μM) alone, or in combination for indicated times. The indicated proteins were examined by 
Western blot. β-actin was detected as an input control. (E) the cells were pretreated with MG132 (5 μM) for 30 min, and then treated with 
cisplatin (10 μM) and Chal-24 (1 μM) for an additional 24 h. The indicated proteins were examined by Western blot. GAPDH was detected 
as an input control. (F) A549 cells were transfected with V5-c-FLIPL or pcDNA with EGFP, and treated with cisplatin (10 μM) and Chal-
24 (1 μM) for 40 h. Cell survival was quantified by counting cells with green fluorescence. Data shown are mean ± SD. *p < 0.05. Insert, 
expression of transfected protein was confirmed by Western blot.
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cisplatin is independent of p53, making the combination 
useful in killing p53-mutanted cancer cells.

Altogether, our results establish a novel mechanism 
for killing cancer cells by the cisplatin and Chal-24 
combination that involves induction of autophagy, 
formation of the Ripoptosome and degradation of 
IAPs and c-FLIPL (Fig. 6), which may be exploited for 
improving chemotherapy efficacy. Further in vivo studies 
are warranted for determining the anticancer effectiveness 
and chemoresistance attenuation potential of this drug 
combination.

MATERIALS AND METHODS

Reagents

Cisplatin (479306) was from Sigma (St. Louis, 
MO). Anti-RIP1 (610458), JNK1 (544285), c-IAP2 
(552782), FADD (556402), Caspase 8 (551242), 
Caspase 3 (559565) and p62 (610832) antibodies 
were from BD Biosciences (San Diego, CA, USA). 
Antibodies against Bcl-2 (sc-7382), and GAPDH (sc-
32233) were from Santa Cruz Biotechnology (Santa 
Cruz, CA, USA). Anti-phospho-JNK (44682G) and 
phospho-ERK (AHO0061) were from Invitrogen 
(Camarillo, CA, USA). Antibody for XIAP (2042) was 
from Cell Signaling (Danvers, MA, USA). Anti-poly  
(ADP-ribose) polymerase (PARP, ALX-210-222), FLIP 
(ALX-804-961-0100) were from Enzo Life Sciences 
(Farmingdale, NY, USA). Antibody for actin (A1978) 
and LC3B (L7543) was purchased from Sigma-Aldrich 
(St Louis, MO, USA). Anti-ATG7 (PA5-17216) was 
from Thermo Scientific (Barrington, IL, USA). The JNK 

inhibitor SP600125 (420119), Wortmannin (12–338) and  
MG-132 (474790) were from Calbiochem (La Jolla, CA, 
USA). Chloroquine (C6628) and 3MA (M9281) were 
from Sigma-Aldrich. Necrostatin-1 (1864–5) was from 
BioVision (Milpitas, CA). Pan-caspase inhibitor z-VAD 
(ALX-260-039) was from Enzo Life Sciences. The 
ERK inhibitor U0126 (9903) was from Cell Signaling. 
Short-interfering RNAs for ATG7 (M-020112-01-0005), 
RIP1 (M-004445-02-0005) and the non-targeting siRNA 
were purchased from Dharmacon (Lafayette, CO, USA). 
Chal-24 was synthesized following reported procedures 
[16]. The FLAG-cIAP1, FLAG-cIAP2 and pEBB-XIAP 
plasmids were from Addgene (Cambridge MA) [41–43]. 
The pEGFP-C1 plasmid was from Clontech (Mountain 
View, CA). The V5-c-FLIP plasmid (HsCD00445121) 
was purchase from DNASU Plasmid Repository.

Cell culture

A549, H460, H23 and H1299 cells were obtained 
from America Type Culture Collection (Manassas, VA, 
USA) and grown in RPIM 1640 medium supplemented with 
10% fetal bovine serum, 2mM L-glutamine, 100 U penicillin 
and 100 μg/ml streptomycin. All cells were cultured in 
standard incubator conditions at 37°C with 5% CO2.

Cytotoxicity assay

Cytotoxicity assay was conducted with a 
cytotoxicity detection kit (Promega) based on the 
release of lactate dehydrogenase (LDH). Cells were 
seeded in a 48-well plate at 40–50% confluence. After 
overnight culture, cells were treated as indicated in each 

Figure 6: A model for Chal-24 and cisplatin combination in induction of apoptotic cell death. Combination of Chal-24 and 
cisplatin kills cancer cells through apoptosis involving multiple pathways: the enhancement of Ripoptosome formation involving IAPs 
suppression and release the apoptosis brake involving c-FLIP degradation, autophagy involving JNK-mediated Bcl-2 phosphorylation, and 
cisplatin-induced DNA damage.
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figure legend. LDH release was measured as described 
previously [44]. Combination index (CI) was calculated as 
described [45]. To examine the effect of ectopic expression 
of cIAP2 or c-FLIP on cytotoxicity induced by the Chal-24 
and cisplatin combination, A549 cells were transfected 24 
h with EGFP and pcDNA, EGFP and c-IAP2 expression 
plasmids or EGFP and FLIP expression plasmids. EGFP 
was used as a transfection marker. Then the cells were 
treated with cisplatin (10 μM) and Chal-24 (1 μM) for 
40 h and examined under a fluorescence microscope. The 
percentage of live cells in the treated samples relative to 
their respective untreated cells was calculated as described 
previously [46].

Western blot and immunoprecipitation

Cell lysates were prepared by suspending cells 
in M2 buffer (20 mM Tris-HCl pH 7.6, 0.5% NP40, 
250 mM NaCl, 3 mM EDTA, 2 mM DTT, 0.5 mM 
phenylmethylsulfonylfluoride, 20 mM β-glycerophosphate, 
1 mM sodium vanadate, and 1 μg/ml leupeptin). Equal 
amounts of protein from each cell lysates were resolved 
by 8% or 12% SDS-PAGE and analyzed by Western 
blot. The proteins were visualized with enhanced 
chemiluminescence (Millipore) following the instructions 
of the manufacture. Each experiment was repeated at 
least three times and representative results are shown. 
For immunoprecipitation, cells were cultured in 100-mm 
dishes, treated as indicated in each figure legend, and 
lysed in M2 buffer. Cell lysates were incubated with 1 mg 
RIP1 antibody and 20 μl protein A-agarose beads (50%) 
overnight. Then the beads were washed six times with M2 
buffer, and immunoprecipitates were eluted off the beads 
with electrophoresis sample buffer. The samples were 
boiled for 5 min and resolved on 12% SDS-PAGE gel. 
Proteins of interest were detected by Western blot [47, 48].

Knockdown protein expression by RNAi

A549 and H460 cells were seeded in a 12-well 
plate and 48-well plate the day before transfection at 
40–50% confluence. siRNA was transfected with siRNA 
INTERFERin (polyplus-transfection.) [48]. Twenty-four 
hours after transfection, cisplatin (10 μM) and Chal-24 
(1 μM) were added to the culture for 48 h and LDH 
release was measured to examine cisplatin and Chal-
24 induced cytotoxicity. Knockdown was confirmed by 
Western blot.

Statistical analysis

All data were expressed as mean ± SD and statistical 
significance was examined with one-way analysis of 
variance (ANOVA) pairwise comparison. p < 0.05 was 
considered statistically significant.

ACKNOWLEDGMENTS

We thank Dr. Beth Maloy for technical help. This 
study was partly supported by grants from NIEHS/NIH 
(R01ES017328), NCI/NIH (R01CA142649), and the 
Office of Science (BER), U.S. Department of Energy 
(DE-FG02-09ER64783) and National Natural Science 
Foundation of China (No. 81272821). S. Shi is a recipient 
of the joint student training award sponsored by China 
Scholarship Council.

REFERENCES

1. Seve P, Dumontet C. Chemoresistance in non-small cell 
lung cancer. Curr Med Chem Anticancer Agents. 2005; 
5:73–88.

2. Hanahan D, Weinberg RA. Hallmarks of cancer: the next 
generation. Cell. 2011; 144:646–674.

3. Lonning PE. Molecular basis for therapy resistance. Mol 
Oncol. 2010; 4:284–300.

4. Ghavami S, Hashemi M, Ande SR, Yeganeh B, Xiao W, 
Eshraghi M, Bus CJ, Kadkhoda K, Wiechec E, Halayko  AJ, 
Los M. Apoptosis and cancer: mutations within caspase 
genes. J Med Genet. 2009; 46:497–510.

5. Ocker M, Hopfner M. Apoptosis-modulating drugs for 
improved cancer therapy. Eur Surg Res. 2012; 48:111–120.

6. Fulda S. Tumor resistance to apoptosis. Int J Cancer. 2009; 
124:511–515.

7. Wang X, Lin Y. Tumor necrosis factor and cancer, buddies 
or foes?. Acta Pharmacol Sin. 2008; 29:1275–1288.

8. Aggarwal BB. Signalling pathways of the TNF superfamily: 
a double-edged sword. Nat Rev Immunol. 2003; 3:745–756.

9. Chang A. Chemotherapy, chemoresistance and the chang-
ing treatment landscape for NSCLC. Lung Cancer. 2011; 
71:3–10.

10. Wang G, Reed E, Li QQ. Molecular basis of cellular 
response to cisplatin chemotherapy in non-small cell lung 
cancer (Review). Oncol Rep. 2004; 12:955–965.

11. Feoktistova M, Geserick P, Kellert B, Dimitrova DP, 
Langlais C, Hupe M, Cain K, MacFarlane M, Hacker G, 
Leverkus M. cIAPs block Ripoptosome formation, a RIP1/
caspase-8 containing intracellular cell death complex differ-
entially regulated by cFLIP isoforms. Molecular Cell. 2011; 
43:449–463.

12. Tenev T, Bianchi K, Darding M, Broemer M, Langlais C, 
Wallberg F, Zachariou A, Lopez J, MacFarlane M, Cain  K, 
Meier P. The Ripoptosome, a signaling platform that 
assembles in response to genotoxic stress and loss of IAPs. 
Molecular Cell. 2011; 43:432–448.

13. Bertrand MJ, Vandenabeele P. The Ripoptosome: 
death decision in the cytosol. Molecular Cell. 2011; 
43:323–325.



Oncotarget1650www.impactjournals.com/oncotarget

14. Todde V, Veenhuis M, van der Klei IJ. Autophagy: princi-
ples and significance in health and disease. Biochim Biophys 
Acta. 2009; 1792:3–13.

15. Mizushima N, Komatsu M. Autophagy: renovation of cells 
and tissues. Cell. 2011; 147:728–741.

16. Srinivasan B, Johnson TE, Lad R, Xing C. Structure-
activity relationship studies of chalcone leading to 
3-hydroxy-4,3′,4′,5′-tetramethoxychalcone and its ana-
logues as potent nuclear factor kappaB inhibitors and their 
anticancer activities. Journal of Medicinal Chemistry. 2009; 
52:7228–7235.

17. He W, Wang Q, Srinivasan B, Xu J, Padilla MT, Li Z, 
Wang X, Liu Y, Gou X, Shen HM, Xing C, Lin Y. A 
JNK-mediated autophagy pathway that triggers c-IAP 
degradation and necroptosis for anticancer chemotherapy. 
Oncogene. 2014; 33:3004–3013.

18. Warmka JK, Solberg EL, Zeliadt NA, Srinivasan B, 
Charlson AT, Xing C, Wattenberg EV. Inhibition of mito-
gen activated protein kinases increases the sensitivity of 
A549 lung cancer cells to the cytotoxicity induced by a kava 
chalcone analog. Biochemical and Biophysical Research 
Communications. 2012; 424:488–492.

19. LaCasse EC, Mahoney DJ, Cheung HH, Plenchette S, 
Baird S, Korneluk RG. IAP-targeted therapies for cancer. 
Oncogene. 2008; 27:6252–6275.

20. Varfolomeev E, Goncharov T, Fedorova AV, Dynek JN, 
Zobel K, Deshayes K, Fairbrother WJ, Vucic D. c-IAP1 and 
c-IAP2 are critical mediators of tumor necrosis factor alpha 
(TNFalpha)-induced NF-kappaB activation. The Journal of 
Biological Chemistry. 2008; 283:24295–24299.

21. Vince JE, Wong WW, Khan N, Feltham R, Chau D, 
Ahmed AU, Benetatos CA, Chunduru SK, Condon SM, 
McKinlay  M, Brink R, Leverkus M, Tergaonkar V, 
Schneider P, Callus BA, Koentgen F, et al. IAP Antagonists 
Target cIAP1 to Induce TNFalpha-Dependent Apoptosis. 
Cell. 2007; 131:682–693.

22. Wang L, Du F, Wang X. TNF-alpha induces two distinct 
caspase-8 activation pathways. Cell. 2008; 133:693–703.

23. Darding M, Meier P. IAPs: guardians of RIPK1. Cell Death 
and Differentiation. 2012; 19:58–66.

24. Loder S, Fakler M, Schoeneberger H, Cristofanon  S, 
Leibacher J, Vanlangenakker N, Bertrand MJ, 
Vandenabeele P, Jeremias I, Debatin KM, Fulda S. RIP1 is 
required for IAP inhibitor-mediated sensitization of child-
hood acute leukemia cells to chemotherapy-induced apop-
tosis. Leukemia. 2012; 26:1020–1029.

25. Imre G, Larisch S, Rajalingam K. Ripoptosome: a novel 
IAP-regulated cell death-signalling platform. J Mol Cell 
Biol. 2011; 3:324–326.

26. Abedini MR, Muller EJ, Brun J, Bergeron R, Gray DA, 
Tsang BK. Cisplatin induces p53-dependent FLICE-like 
inhibitory protein ubiquitination in ovarian cancer cells. 
Cancer Research. 2008; 68:4511–4517.

27. Ding L, Yuan C, Wei F, Wang G, Zhang J, Bellail AC, 
Zhang Z, Olson JJ, Hao C. Cisplatin restores TRAIL apop-
totic pathway in glioblastoma-derived stem cells through 
up-regulation of DR5 and down-regulation of c-FLIP. 
Cancer Investigation. 2011; 29:511–520.

28. Pritchard JR, Bruno PM, Gilbert LA, Capron KL, 
Lauffenburger DA, Hemann MT. Defining principles of 
combination drug mechanisms of action. Proceedings of 
the National Academy of Sciences of the United States 
of America. 2013; 110:E170–179.

29. Jia J, Zhu F, Ma X, Cao Z, Li Y, Chen YZ. Mechanisms of 
drug combinations: interaction and network perspectives. 
Nature Reviews Drug Discovery. 2009; 8:111–128.

30. Stordal B, Pavlakis N, Davey R. A systematic review of 
platinum and taxane resistance from bench to clinic: an 
inverse relationship. Cancer Treatment Reviews. 2007; 
33:688–703.

31. Wu WK, Coffelt SB, Cho CH, Wang XJ, Lee CW, 
Chan  FK, Yu J, Sung JJ. The autophagic paradox in cancer 
therapy. Oncogene. 2011; 31:939–953.

32. Kreuzaler P, Watson CJ. Killing a cancer: what are the 
alternatives?. Nat Rev Cancer. 2012; 12:411–424.

33. Blagosklonny MV. Unwinding the loop of Bcl-2 phosphor-
ylation. Leukemia. 2001; 15:869–874.

34. Blagosklonny MV. Mitotic arrest and cell fate: why and 
how mitotic inhibition of transcription drives mutually 
exclusive events. Cell cycle. 2007; 6:70–74.

35. Sawada S, Mese H, Sasaki A, Yoshioka N, Matsumura  T. 
Combination chemotherapy of paclitaxel and cisplatin 
induces apoptosis with Bcl-2 phosphorylation in a cisplatin-
resistant human epidermoid carcinoma cell line. Cancer 
Chemotherapy and Pharmacology. 2003; 51:505–511.

36. Vanlangenakker N, Vanden Berghe T, Vandenabeele P. 
Many stimuli pull the necrotic trigger, an overview. Cell 
Death and Differentiation. 2012; 19:75–86.

37. Bertrand MJ, Milutinovic S, Dickson KM, Ho WC, 
Boudreault A, Durkin J, Gillard JW, Jaquith JB, Morris SJ, 
Barker PA. cIAP1 and cIAP2 facilitate cancer cell survival 
by functioning as E3 ligases that promote RIP1 ubiquitina-
tion. Molecular Cell. 2008; 30:689–700.

38. Straub CS. Targeting IAPs as an approach to anti-cancer 
therapy. Curr Top Med Chem. 2011; 11:291–316.

39. Dutton A, Young LS, Murray PG. The role of cellular FLICE 
inhibitory protein (c-FLIP) in the pathogenesis and treatment 
of cancer. Expert Opin Ther Targets. 2006; 10:27–35.

40. Shirley S, Micheau O. Targeting c-FLIP in cancer. Cancer 
Letters. 2013; 332:141–150.

41. Yang Y, Fang S, Jensen JP, Weissman AM, Ashwell JD. 
Ubiquitin protein ligase activity of IAPs and their deg-
radation in proteasomes in response to apoptotic stimuli. 
Science. 2000; 288:874–877.

42. Hu S, Du MQ, Park SM, Alcivar A, Qu L, Gupta S, 
Tang J, Baens M, Ye H, Lee TH, Marynen P, Riley JL, 



Oncotarget1651www.impactjournals.com/oncotarget

Yang  X. cIAP2 is a ubiquitin protein ligase for BCL10 
and is dysregulated in mucosa-associated lymphoid tissue 
lymphomas. The Journal of Clinical Investigation. 2006; 
116:174–181.

43. Hu S, Yang X. Cellular inhibitor of apoptosis 1 and 2 
are ubiquitin ligases for the apoptosis inducer Smac/
DIABLO. The Journal of biological chemistry. 2003; 
278:10055–10060.

44. Chen W, Bai L, Wang X, Xu S, Belinsky SA, Lin Y. 
Acquired activation of the Akt/cyclooxygenase-2/Mcl-1 
pathway renders lung cancer cells resistant to apoptosis. 
Mol Pharmacol. 2010; 77:416–423.

45. Chou TC. Drug combination studies and their synergy 
quantification using the Chou-Talalay method. Cancer 
Research. 2010; 70:440–446.

46. Wang Q, Shi S, He W, Padilla MT, Zhang L, Wang X, 
Zhang  B, Lin Y. Retaining MKP1 expression and attenuat-
ing JNK-mediated apoptosis by RIP1 for cisplatin resistance 
through miR-940 inhibition. Oncotarget. 2014; 5:1304–1314.

47. Wang Q, Chen W, Bai L, Chen W, Padilla MT, Lin AS, 
Shi  S, Wang X, Lin Y. Receptor-interacting protein 1 
increases chemoresistance by maintaining inhibitor of apop-
tosis protein levels and reducing reactive oxygen species 
through a microRNA-146a-mediated catalase pathway. The 
Journal of Biological Chemistry. 2014; 289:5654–5663.

48. He W, Wang Q, Xu J, Xu X, Padilla MT, Ren G, Gou X, 
Lin Y. Attenuation of TNFSF10/TRAIL-induced apoptosis 
by an autophagic survival pathway involving TRAF2- and 
RIPK1/RIP1-mediated MAPK/JNK activation. Autophagy. 
2012; 8:1811–1821.


