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Abstract: Maritoclax, an active constituent isolated from marine bacteria, has been known to
induce Mcl-1 downregulation through proteasomal degradation. In this study, we investigated
the sensitizing effect of maritoclax on tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL)-induced apoptosis in human renal carcinoma cells. We found that combined treatment
with maritoclax and TRAIL markedly induced apoptosis in renal carcinoma (Caki, ACHN and
A498), lung cancer (A549) and hepatocellular carcinoma (SK-Hep1) cells. The upregulation of
death receptor 5 (DR5) and downregulation of cellular FLICE-inhibitory protein (cFLIP) were
involved in maritoclax plus TRAIL-induced apoptosis. Maritoclax-induced DR5 upregulation
was regulated by induction of C/EBP homologous protein (CHOP) expression. Interestingly,
maritoclax induced cFLIP downregulation through the increased expression of miR-708. Ectopic
expression of cFLIP prevented combined maritoclax and TRAIL-induced apoptosis. Taken together,
maritoclax sensitized TRAIL-induced apoptosis through CHOP-mediated DR5 upregulation and
miR-708-mediated cFLIP downregulation.
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1. Introduction

The tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) has been considered a
promising anticancer agent, because it selectively induces apoptotic cell death in cancer cells, but not
in normal cells [1–4]. There are several reasons why normal cells are more resistant to TRAIL than
cancer cells. One of the reasons is that normal cells highly express decoy death receptors (DcRs), which
could interfere with the TRAIL-mediated apoptotic pathway [5]. In contrast, since cancer cells have
high levels of death receptor (DR)5 proteins, compared with those in normal cells, cancer cells are
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more sensitive to DR5 receptor agonistic antibodies [6]. In addition, normal cells have redundancy in
resistance pathways [7]. Single anti-apoptotic protein inhibition or pro-apoptotic proteins induction
is enough to induce TRAIL-mediated apoptosis in cancer cells [8,9]. However, upregulation of DR5
proteins or downregulation of cFLIP fails to increase TRAIL sensitivity in normal astrocytes [10], and
inhibition of both cFLIP and XIAP expression or inhibition of both cFLIP expression and activity of
anti-apoptotic Bcl-2 proteins increases TRAIL-induced apoptosis in normal fibroblast [7]. Although
TRAIL specifically increases cell death in cancer cells, there are many limitations in treatment of
TRAIL as an anti-cancer drug. The major limitation of the TRAIL treatment is an acquired resistance
to TRAIL [11–14]. Downregulation of DR expression and upregulation of anti-apoptotic proteins
are main cause of acquired TRAIL resistance in cancer cells [15–19]. Combination treatment with
TRAIL and chemotherapeutic drugs could effectively reduce TRAIL resistance through modulation
of apoptosis-related proteins expression. Therefore, novel TRAIL sensitizing agents are required to
overcome TRAIL resistance.

Maritoclax is a natural compound which was identified in marine-derived Streptomycetes [20].
It is a novel class of Bcl-2 family inhibitors that selectively induces the proteasomal degradation of
Mcl-1 [21]. Recently, it has been reported that maritoclax synergizes with Bcl-xL antagonist ABT-737 to
overcome Mcl-1-mediated ABT-737 resistance [22]. Varadarajan et al. reported that maritoclax induces
apoptosis in both a Mcl-1-dependent and -independent manner [23]. Maritoclax induces Bax/Bak- and
caspase-9-mediated apoptosis in a Mcl-1-dependent manner in NSCLC cell lines, whereas maritoclax
also induced apoptosis through increase of mitochondrial fragmentation and ROS accumulation in
Mcl-1-deficient MEFs [23]. Furthermore, Eichhorn et al. also reported that maritoclax have equal
effectiveness to induce apoptosis in Mcl-1- and Bcl-2-dependent leukemia cells, and fails to induce
selective cytotoxicity in Mcl-1-overexpressed Hela cells [24]. Therefore, maritoclax would have other
functions to induce apoptosis other than downregulation of Mcl-1 expression.

In this present study, we assess the functional role of maritoclax as a TRAIL sensitizer. Maritoclax
does not decrease the expression level of Mcl-1. Maritoclax enhances TRAIL-induced apoptotic cell
death through upregulation of DR5 and downregulation of cFLIP expression.

2. Results

2.1. Effect of Maritoclax on TRAIL-Mediated Apoptosis in Human Renal Carcinoma Caki Cells

We investigated whether maritoclax, a Mcl-1 specific inhibitor, could sensitize TRAIL-induced
apoptotic cell death in Caki cells. Cells were treated with maritoclax alone (1, 2 µM), TRAIL
alone (25, 50 ng/mL), and combined maritoclax and TRAIL treatment. As shown in Figure 1A,
combined treatment with 2 µM maritoclax plus 50 ng/mL TRAIL markedly induced accumulation
of sub-G1 population and cleavage of poly (ADP-ribose) polymerase (PARP). The single treatment
with maritoclax or TRAIL did not alter the morphologies, but combined treatment indicated typical
apoptotic morphologies in Caki cells (Figure 1B). Furthermore, maritoclax plus TRAIL induced
the nuclear condensation and the DNA fragmentation, which is the typical property of apoptosis
(Figure 1C,D). These data suggest that maritoclax enhances sensitivity for TRAIL-induced apoptosis.
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Figure 1. Maritoclax enhances TRAIL-induced apoptosis in Caki cells. (A,B) Caki cells were treated 
with TRAIL (25 and 50 ng/mL) in the presence or absence of the indicated concentrations with 
maritoclax for 24 h. Apoptosis was analyzed as a sub-G1 population by flow cytometer. The protein 
levels of PARP and actin were determined by Western blotting (A). The cell morphology was 
examined using interference light microscopy (B). (C,D) Caki cells were treated with 50 ng/mL 
TRAIL in the presence or absence of 2 μM maritoclax for 24 h. The condensation and fragmentation 
of the nuclei were detected by 4′,6′-diamidino-2-phenylindole staining (C). The DNA fragmentation 
detection kit determined the fragmented DNA (D). −, no treatment; +, treatment. The values in 
graph (A,D) represent the mean ± SD from three independent samples. * p < 0.01 compared to the 
control by ANOVA and Student-Newman-Keuls methods. 

2.2. The Effect of Caspase Activation on Maritoclax Plus TRAIL-Induced Apoptosis 

Combined treatment with maritoclax and TRAIL induced DEVDase (caspase-3) activation, but 
not in each single treatment (Figure 2A). Next, we investigated whether caspase activation is 
involved in maritoclax plus TRAIL-induced apoptosis. Pan-caspase inhibitor, z-VAD-fmk, 
completely inhibited maritoclax plus TRAIL-induced apoptosis and cleavage of PARP (Figure 2B). 
To understand the mechanisms behind the induced apoptosis observed in renal carcinoma Caki 
cells, we analyzed the expression levels of apoptosis-related proteins. Maritoclax induced 
downregulation of survivin and cFLIP expression, whereas other proteins (Bcl-xL, Mcl-1, Bim, 
cIAP2, and XIAP) did not change (Figure 2C). In addition, maritoclax markedly upregulated DR5 
expression levels (Figure 2C). These data suggest that maritoclax plus TRAIL-induced apoptosis is 
associated with caspase-dependent pathway, and maritoclax induces downregulation of cFLIP and 
upregulation of DR5 expression. 

Figure 1. Maritoclax enhances TRAIL-induced apoptosis in Caki cells. (A,B) Caki cells were treated
with TRAIL (25 and 50 ng/mL) in the presence or absence of the indicated concentrations with
maritoclax for 24 h. Apoptosis was analyzed as a sub-G1 population by flow cytometer. The protein
levels of PARP and actin were determined by Western blotting (A). The cell morphology was examined
using interference light microscopy (B). (C,D) Caki cells were treated with 50 ng/mL TRAIL in the
presence or absence of 2 µM maritoclax for 24 h. The condensation and fragmentation of the nuclei
were detected by 4′,6′-diamidino-2-phenylindole staining (C). The DNA fragmentation detection kit
determined the fragmented DNA (D). −, no treatment; +, treatment. The values in graph (A,D)
represent the mean ± SD from three independent samples. * p < 0.01 compared to the control by
ANOVA and Student-Newman-Keuls methods.

2.2. The Effect of Caspase Activation on Maritoclax Plus TRAIL-Induced Apoptosis

Combined treatment with maritoclax and TRAIL induced DEVDase (caspase-3) activation, but
not in each single treatment (Figure 2A). Next, we investigated whether caspase activation is involved
in maritoclax plus TRAIL-induced apoptosis. Pan-caspase inhibitor, z-VAD-fmk, completely inhibited
maritoclax plus TRAIL-induced apoptosis and cleavage of PARP (Figure 2B). To understand the
mechanisms behind the induced apoptosis observed in renal carcinoma Caki cells, we analyzed the
expression levels of apoptosis-related proteins. Maritoclax induced downregulation of survivin and
cFLIP expression, whereas other proteins (Bcl-xL, Mcl-1, Bim, cIAP2, and XIAP) did not change
(Figure 2C). In addition, maritoclax markedly upregulated DR5 expression levels (Figure 2C). These
data suggest that maritoclax plus TRAIL-induced apoptosis is associated with caspase-dependent
pathway, and maritoclax induces downregulation of cFLIP and upregulation of DR5 expression.
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Figure 2. Combined maritoclax and TRAIL treatment induces caspase-dependent apoptosis. (A) 
Caki cells were treated with 50 ng/mL TRAIL in the presence or absence of 2 μM maritoclax for 24 h. 
Caspase activities were determined using caspase-3 DEVDase assay kits. (B) Caki cells were treated 
with 2 μM maritoclax plus 50 ng/mL TRAIL for 24 h in the presence or absence of 20 μM z-VAD-fmk 
(zVAD). The sub-G1 fraction was measured by flow cytometry. The protein expression levels were 
determined by Western blotting. (C) Caki cells were treated with indicated concentrations of 
maritoclax for 24 h. The protein expression levels were determined by Western blotting. The band 
intensity of the proteins was measured using ImageJ (public domain JAVA image-processing 
program; http://rsb.info.nih.gov/ij). −, no treatment; +, treatment. The values in graph (A,B) represent 
the mean ± SD from three independent samples. * p < 0.01 compared to the control. # p < 0.01 
compared to maritoclax plus TRAIL by ANOVA and Student-Newman-Keuls methods. 

2.3. The Effect of DR5 Upregulation on Maritoclax Plus TRAIL-Induced Apoptosis 

As shown in Figure 2C, maritoclax upregulated DR5 protein expression. Next, we examined 
whether maritoclax could increase DR5 expression at a transcriptional level. Maritoclax treatment 
markedly increased DR5 mRNA levels in a dose-dependent manner (Figure 3A). Several 
transcription factors such as p53, NF-κB and CHOP/GADD153 have been reported to regulate DR5 
expression in various stimuli [25–28]. Since CHOP is a main transcription factor in endoplasmic 
reticulum (ER) stress responses [29], we next examined whether maritoclax could induce ER stress. 
Maritoclax increased the expression of ER stress marker proteins (ATF4, REDD1, and CHOP) 
(Figure 3B). To determine whether the CHOP is directly associated with maritoclax-induced 
transcriptional activation of DR5, we employed mutant DR5 promoter, which had lost the ability to 
interact with CHOP. The promoter activity of DR5 increased with maritoclax treatment, but not in 
CHOP-mutated DR5 promoter (Figure 3C). We further examined the role of CHOP in 
maritoclax-mediated DR5 upregulation using small interfering RNA (siRNA). Knockdown of CHOP 

Figure 2. Combined maritoclax and TRAIL treatment induces caspase-dependent apoptosis. (A) Caki
cells were treated with 50 ng/mL TRAIL in the presence or absence of 2 µM maritoclax for 24 h.
Caspase activities were determined using caspase-3 DEVDase assay kits. (B) Caki cells were treated
with 2 µM maritoclax plus 50 ng/mL TRAIL for 24 h in the presence or absence of 20 µM z-VAD-fmk
(zVAD). The sub-G1 fraction was measured by flow cytometry. The protein expression levels were
determined by Western blotting. (C) Caki cells were treated with indicated concentrations of
maritoclax for 24 h. The protein expression levels were determined by Western blotting. The band
intensity of the proteins was measured using ImageJ (public domain JAVA image-processing program;
http://rsb.info.nih.gov/ij). −, no treatment; +, treatment. The values in graph (A,B) represent the
mean ± SD from three independent samples. * p < 0.01 compared to the control. # p < 0.01 compared to
maritoclax plus TRAIL by ANOVA and Student-Newman-Keuls methods.

2.3. The Effect of DR5 Upregulation on Maritoclax Plus TRAIL-Induced Apoptosis

As shown in Figure 2C, maritoclax upregulated DR5 protein expression. Next, we examined
whether maritoclax could increase DR5 expression at a transcriptional level. Maritoclax treatment
markedly increased DR5 mRNA levels in a dose-dependent manner (Figure 3A). Several transcription
factors such as p53, NF-κB and CHOP/GADD153 have been reported to regulate DR5 expression
in various stimuli [25–28]. Since CHOP is a main transcription factor in endoplasmic reticulum (ER)
stress responses [29], we next examined whether maritoclax could induce ER stress. Maritoclax
increased the expression of ER stress marker proteins (ATF4, REDD1, and CHOP) (Figure 3B).
To determine whether the CHOP is directly associated with maritoclax-induced transcriptional
activation of DR5, we employed mutant DR5 promoter, which had lost the ability to interact with
CHOP. The promoter activity of DR5 increased with maritoclax treatment, but not in CHOP-mutated
DR5 promoter (Figure 3C). We further examined the role of CHOP in maritoclax-mediated DR5
upregulation using small interfering RNA (siRNA). Knockdown of CHOP by siRNA significantly
inhibited maritoclax-induced expression of DR5 (Figure 3D). In addition, maritoclax enhanced the

http://rsb.info.nih.gov/ij
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surface expression of DR5 (Figure 3E). Downregulation of DR5 by siRNA markedly blocked maritoclax
plus TRAIL-induced apoptosis and PARP cleavage (Figure 3F). Taken together, our results clearly
indicate that maritoclax-mediated CHOP induction plays a critical role in upregulation of DR5
expression that leads to sensitize TRAIL-induced apoptosis.
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downregulation is indeed essential for combined treatment-induced apoptotic cell death.  

Figure 3. Maritoclax induces CHOP-mediated DR5 upregulation in Caki cells. (A,B) Caki cells were
treated with indicated concentrations of maritoclax for 24 h (A) or 9 h (B). The mRNA level of DR5
was determined by RT-PCR (A). The protein expressions were determined by Western blotting (B).
(C) Caki cells were transiently transfected with a plasmid harboring the luciferase gene under the
control of the DR5/-605 and DR5/-605 mutant CHOP (mCHOP) promoter. After transfection, cells
were treated with 2 µM maritoclax for 24 h, and the luciferase activity was analyzed. (D) Caki cells
were transfected with control or CHOP siRNA, and then cells were treated with 2 µM maritoclax
for 24 h. The protein expression levels were determined by Western blotting. (E) Caki cells were
treated with 2 µM maritoclax for 24 h. The cell surface expression level of DR5 was measured by flow
cytometry analysis. (F) Caki cells were transiently transfected control siRNA or DR5 siRNA, and then
cells were treated with 50 ng/mL TRAIL plus 2 µM maritoclax for 24 h. Apoptosis was analyzed as a
sub-G1 population by flow cytometry. The protein levels were determined by Western blotting. −, no
treatment; +, treatment. The values in graph (C,F) represent the mean ± SD from three independent
samples. * p < 0.01 compared to the control. # p < 0.01 compared to 2 µM maritoclax-treated pDR5/-605.
** p < 0.01 compared to the control & p < 0.01 compared to the maritoclax plus TRAIL-treated control
siRNA by ANOVA and Student-Newman-Keuls methods.

2.4. The Effect of cFLIP Downregulation on Maritoclax Plus TRAIL-Induced Apoptosis

To investigate the role of the downregulation of cFLIP and survivin protein in maritoclax plus
TRAIL-induced apoptosis, we used overexpressing cells. Ectopic expression of cFLIP inhibited
combined maritoclax and TRAIL treatment-induced apoptosis and PARP cleavage (Figure 4A).
However, combined treatment-induced apoptosis in survivin overexpressed cells showed the similar
to that of Caki/vector cells (Figure 4B). These data suggest that the maritoclax-induced cFLIP
downregulation is indeed essential for combined treatment-induced apoptotic cell death.
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(Caki/Survivin) were treated with 50 ng/mL TRAIL in the presence or absence of 2 μM maritoclax for 
24 h. The sub-G1 fraction was measured by flow cytometry. The protein expression levels were 
determined by Western blotting. −, no treatment; +, treatment. The values in graph (A,B) represent 
the mean ± SD from three independent samples. * p < 0.05 compared to the maritoclax plus 
TRAIL-treated Caki/Vec by ANOVA and Student-Newman-Keuls methods. 
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examined mRNA levels of cFLIP in maritoclax-treated cells. Since maritoclax did not alter cFLIP 
mRNA expression (Figure 5A), we investigated whether maritolax decreases cFLIP protein 
expression at post-translation level. Degradation of cFLIP protein is regulated by E3 ligases, Cbl and 
Itch [30,31]. However, maritoclax did not alter expression levels of Cbl and Itch (Figure 5B). 
Moreover, expression levels of two critical proteasome subunits, 26S proteasome non-ATPase 
regulatory subunit 4 (PSMD4/S5a) and 20S proteasome subunit alpha type 5 (PSMA5), were not 
changed by maritoclax (Figure 5B). To further confirm the involvement of proteasome or lysosome 
on maritoclax-induced downregulation of cFLIP expression, we used proteasome inhibitors (MG132 
and lactacystin) and lysosomal inhibitors (chloroquine and bafilomycin A1). Maritoclax-induced 
cFLIP down-regulation was not changed by both inhibitors (Figure 5C). 

Next, we examined the effect of maritoclax on the protein stability of cFLIP using protein 
biosynthesis inhibitor, cycloheximide (CHX). Combined treatment with CHX plus maritoclax 
showed similar degradation pattern to CHX alone treatment (Figure 5D). Therefore, our data 
suggested that downregulation of cFLIP is independent of degradation by proteasome and 
lysosome. 

Figure 4. The ectopic expression of cFLIP inhibits maritoclax plus TRAIL-induced apoptosis.
(A,B) Vector cells (Caki/Vec), cFLIP overexpressed cells (Caki/cFLIP) and survivin overexpressed
cells (Caki/Survivin) were treated with 50 ng/mL TRAIL in the presence or absence of 2 µM maritoclax
for 24 h. The sub-G1 fraction was measured by flow cytometry. The protein expression levels were
determined by Western blotting. −, no treatment; +, treatment. The values in graph (A,B) represent the
mean ± SD from three independent samples. * p < 0.05 compared to the maritoclax plus TRAIL-treated
Caki/Vec by ANOVA and Student-Newman-Keuls methods.

To clarify the underlying mechanism in maritoclax-induced downregulation of cFLIP,
we examined mRNA levels of cFLIP in maritoclax-treated cells. Since maritoclax did not alter
cFLIP mRNA expression (Figure 5A), we investigated whether maritolax decreases cFLIP protein
expression at post-translation level. Degradation of cFLIP protein is regulated by E3 ligases, Cbl and
Itch [30,31]. However, maritoclax did not alter expression levels of Cbl and Itch (Figure 5B). Moreover,
expression levels of two critical proteasome subunits, 26S proteasome non-ATPase regulatory subunit
4 (PSMD4/S5a) and 20S proteasome subunit alpha type 5 (PSMA5), were not changed by maritoclax
(Figure 5B). To further confirm the involvement of proteasome or lysosome on maritoclax-induced
downregulation of cFLIP expression, we used proteasome inhibitors (MG132 and lactacystin) and
lysosomal inhibitors (chloroquine and bafilomycin A1). Maritoclax-induced cFLIP down-regulation
was not changed by both inhibitors (Figure 5C).

Next, we examined the effect of maritoclax on the protein stability of cFLIP using protein
biosynthesis inhibitor, cycloheximide (CHX). Combined treatment with CHX plus maritoclax showed
similar degradation pattern to CHX alone treatment (Figure 5D). Therefore, our data suggested that
downregulation of cFLIP is independent of degradation by proteasome and lysosome.

miR-708 is known to target cFLIP and increases TRAIL sensitivity in renal carcinoma cells [32].
We previously reported that cFLIP 3′-UTR contains potential binding site for miR-708 at nucleotides
2489 to 2495 (Figure 6A). Maritoclax treatment induced miR-708 expression (Figure 6B). We constructed
luciferase system for miR-708 binding sequence of cFLIP wild type and mutant type (Figure 6A).
Maritoclax markedly suppressed the luciferase activity of 3′-UTR in cFLIP (Figure 6C). In contrast,
the luciferase activity of the reporter vector containing a mutant 3′-UTR in cFLIP was not altered by
maritoclax treatment in human renal carcinoma Caki and human lung carcinoma A549 cells (Figure 6C).
Thus, these data indicate that induction of miR-708 by maritoclax have a role in downregulation
of cFLIP.
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treated with 2 μM maritoclax for 24 h. The protein expression levels were determined by Western 
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cycloheximide (CHX) for the indicated time periods. The protein levels were determined by Western 
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2489 to 2495 (Figure 6A). Maritoclax treatment induced miR-708 expression (Figure 6B). We 
constructed luciferase system for miR-708 binding sequence of cFLIP wild type and mutant type 
(Figure 6A). Maritoclax markedly suppressed the luciferase activity of 3′-UTR in cFLIP (Figure 6C). 
In contrast, the luciferase activity of the reporter vector containing a mutant 3′-UTR in cFLIP was not 
altered by maritoclax treatment in human renal carcinoma Caki and human lung carcinoma A549 
cells (Figure 6C). Thus, these data indicate that induction of miR-708 by maritoclax have a role in 
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Figure 5. Maritoclax-induced cFLIP downregulation is not associated with proteasomal pathway.
(A,B) Caki cells were treated with indicated concentrations of maritoclax for 24 h. The mRNA level was
determined by RT-PCR (A). The protein expression levels were determined by Western blotting (B).
(C) Caki cells were pretreated with proteasome inhibitors (1 µM MG132 and 2.5 µM lactacystin)
and lysosomal inhibitors (10 µM chloroquine (CQ) and 10 nM bafilomycin A1) for 30 min, and then
treated with 2 µM maritoclax for 24 h. The protein expression levels were determined by Western
blotting. (D) Caki cells were treated with or without 2 µM maritoclax in the presence of 20 µg/mL
cycloheximide (CHX) for the indicated time periods. The protein levels were determined by Western
blotting (left panel). The band intensity of the cFLIP protein was measured using ImageJ (public
domain JAVA image-processing program; http://rsb.info.nih.gov/ij, right panel). −, no treatment;
+, treatment.Molecules 2018, 23, x FOR PEER REVIEW  8 of 14 
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Figure 6. Maritoclax induces miR-708 mediated cFLIP downregulation. (A) miR-708 binding sites
in the 3′-UTR of cFLIP mRNA (left panel). Schematic representation of putative miR-708 target sites
in cFLIP 3′-UTR, and the mutated nucleotides in cFLIP 3′-UTR mutant (right panel). (B) Caki cells
were treated with 2 µM maritoclax for 24 h. The miR-708 expression levels were analyzed by qPCR.
(C) Luciferase constructs for cFLIP 3′-UTR wild-type (WT) and cFLIP 3′-UTR mutant (Mut) were
transfected and then further culture for 24 h. Caki (left panel) and A549 (right panel) cells were
treated with 2 µM maritoclax for 24 h, and the luciferase activity was analyzed. −, no treatment;
+, treatment. The values in graph (B,C) represent the mean ± SD from three independent samples.
* p < 0.05 compared to the control. # p < 0.05 compared to the maritoclax-treated cFLIP 3′-UTR WT by
ANOVA and Student-Newman-Keuls methods.
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2.5. Effect of Combined Treatment with Maritoclax and TRAIL on Apoptosis in Other Cancer Cells

Next, we investigated that the effect of maritoclax on TRAIL-induced apoptosis in other renal
carcinoma (ACHN and A498) and other type carcinoma (lung carcinoma A549 and hepatocellular
carcinoma SK-Hep1). As shown in Figure 7A, combined maritoclax and TRAIL treatment markedly
enhanced the sub-G1 population and PARP cleavage in all tested cells. Maritoclax induced
downregulation of cFLIP and upregulation of DR5 in dose-dependent manner in cancer cells
(Figure 7B). These data indicate that maritoclax enhances TRAIL-mediated apoptosis in various
cancer cells.Molecules 2018, 23, x FOR PEER REVIEW  9 of 14 
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Figure 7. The effects of combined treatment with maritoclax and TRAIL on apoptosis in other
carcinoma cells. (A) ACHN and A498 (renal carcinoma), A549 (lung carcinoma) and SK-Hep1
(hepatocellular carcinoma) cells were treated with 50 ng/mL TRAIL in the presence or absence
of 2 µM maritoclax for 24 h. The level of apoptosis was measured by the sub-G1 fraction using
flow cytometry. The protein expression levels were determined by Western blotting. (B) Cells were
treated with the indicated concentrations of maritoclax for 24 h. The protein expression levels were
determined by Western blotting. −, no treatment; +, treatment. The values in graph (A) represent
the mean ± SD from three independent samples. * p < 0.05 compared to the control by ANOVA and
Student-Newman-Keuls methods.

3. Discussion

Our results demonstrated that combined maritoclax and TRAIL treatment induced apoptosis
through upregulation of DR5 expression and downregulation of cFLIP. Maritoclax-induced DR5
upregulation was caused by the induction of CHOP which is an ER stress master transcription factor.
Maritoclax upregulated miR-708 expression, and then suppressed cFLIP expression. Downregulation
of DR5 and ectopic expression of c-FLIP blocked apoptosis in combined maritoclax and TRAIL-treated
cells. Therefore, our data suggest that maritoclax could be an effective TRAIL sensitizer through
modulation of DR5 and cFLIP expression in cancer cells.
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Maritoclax is identified as a Mcl-1 specific inhibitor, and inhibitory mechanism is related with
degradation of Mcl-1 by proteasome [21]. Since melanoma has high levels of Mcl-1 expression, these
cells have resistance to ABT-737 (a selective inhibitor of Bcl-2, Bcl-xL, and Bcl-w)-induced apoptosis.
Combined treatment with maritoclax and ABT-737 enhances apoptosis through downregulation
of Mcl-1 expression in melanoma cells [33]. Doi et al. also reported that maritoclax could
kill acute myeloid leukemia cells and primary cells through proteasomal degradation-mediated
Mcl-1 downregulation [22]. However, maritoclax (2 µM) did not induce Mcl-1 downregulation in
Caki cells (Figure 2C). Previous studies reported that effect of maritoclax on downregulation of
Mcl-1 is dependent on cell types [23,24]. This discrepancy might be due to different cancer cell
contexts and expression levels of ubiquitin-proteasome system. In our study, one of mechanisms
of maritoclax-mediated TRAIL sensitization is upregulation of DR5 expression. As shown in
Figure 3F, knockdown of DR5 by siRNA markedly blocked maritoclax plus TRAIL-induced apoptosis.
Multiple studies have been investigated the transcriptional regulation of DR5 by a variety of
transcription factors such as p53, CHOP, NF-κB, Sp1, FOXO, and YY1 [34]. We found that maritoclax
induced ER stress marker proteins, such as CHOP, REDD1, and ATF4 (Figure 3B). Therefore,
we tested the involvement of CHOP on maritoclax-induced DR5 expression. Maritoclax failed
increase of CHOP-mutated DR5 promoter activity (Figure 3C), and CHOP knockdown by siRNA
markedly suppressed maritoclax-induced expression of DR5 (Figure 3D). These findings suggest
that maritoclax-induced ER stress has a critical role in CHOP-dependent DR5 expression to enhance
TRAIL-induced apoptosis.

The other mechanism of maritoclax-mediated TRAIL sensitization is down-regulation of cFLIP
expression (Figure 4A). Interestingly, maritoclax-mediated cFLIP degradation was not associated
with ubiquitin-proteasome pathway and/or autophagy-lysosome pathway. As shown in Figure 5C,
inhibitors of proteasome and lysosome did not abolish maritoclax-mediated cFLIP degradation.
In addition, maritoclax did not change protein stability of cFLIP (Figure 5D). It has been known
that microRNAs (miRNA) negatively regulate the expression of multiple genes by posttranscriptional
repression [35]. The expression levels of cFLIP are regulated by a variety of miRNA such as
miR-512-3p [36], miR-1246, miR-320a, and miR-196b-5p [37]. Recently, we reported that miR-708
negatively regulated cFLIP expression by binding to the 3′-UTR of cFLIP, resulted in induction of
TRAIL sensitivity [32]. Maritoclax upregulated miR-708 expression and did not activate luciferase
activity in mutant 3′-UTR in cFLIP (Figure 6B,C). Our data suggest that maritoclax induced cFLIP
downregulation through upregulation of miR-708. However, further studies are required to examine
other miRNA are involved in maritoclax-induced cFLIP suppression. Functional studies on miR-708
in renal cell carcinoma (RCC) showed that miR-708 was identified as target for survivin, Zinc finger
E-box-binding homeobox 2 (ZEB2) and B lymphoma Mo-MLV insertion region 1 homolog (BMI1), and
expression level of miR-708 was widely reduced in RCC patients [38]. ZEB2 acts as a transcriptional
repressor of E-cadherin and increases invasion [39], and high levels of BMI1 is correlated with EMT
characteristics in cancer cells [40]. Therefore, maritoclax could have multiple anti-cancer activities
through miR-708-mediated modulation of anti-apoptotic proteins expression and EMT.

In conclusion, maritoclax enhances TRAIL-mediated apoptosis through the regulation of DR5
and cFLIP expression in the human renal carcinoma cells. Therefore, maritoclax may be an attractive
sensitizer for TRAIL resistance cancer cells.

4. Materials and Methods

4.1. Cell Cultures and Materials

Human renal carcinoma cells (Caki, ACHN and A498), human lung cancer cells (A549), and
human hepatocellular carcinoma cells (SK-Hep1) were obtained from the American Type Culture
Collection (Manassas, VA, USA). The culture medium used throughout these experiments was
Dulbecco’s modified Eagle’s medium (DMEM) (Welgene, Gyeongsan, Korea) containing 10% fetal
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bovine serum (Welgene, Gyeongsan, Korea), 20 mM HEPES buffer (Thermo Fisher Scientific, Waltham,
MA, USA) and 100 µg/mL gentamicin (Thermo Fisher Scientific, Waltham, MA, USA). Maritoclax
was purchased from Selleckchem (Houston, TX, USA). The z-VAD-fmk, TRAIL and anti-survivin
antibody were obtained from R&D system (Minneapolis, MN, USA). Anti-DR5, anti-PARP, anti-S5a
and anti-PSMA5 antibodies were obtained from Cell Signaling Technology (Beverly, MA, USA).
Anti-Bim and anti-XIAP antibodies were obtained from BD Biosciences (San Jose, CA, USA). Anti-Mcl-1,
anti-cIAP2, anti-Bcl-xL, anti-CHOP, anti-ATF4, anti-Cbl and anti-Itch antibodies were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-cFLIP and anti-REDD1 antibodies were
obtained from ALEXIS Corporation (San Diego, CA, USA). Lactacystin was purchased from Biomol
Research Laboratories (Plymouth Meeting, PA, USA). MG132 was obtained Calbiochem (San Diego,
CA, USA). Anti-actin antibody, chloroquine, bafilomycin A1 and cycloheximide were purchased from
Sigma Chemical Co. (St. Louis, MO, USA).

4.2. Western Blot Analysis and Flow Cytometry Analysis

Total lysates were obtained using modified RIPA lysis buffer as described previously [41–43].
The proteins were separated by SDS-PAGE and transferred onto an Immobilon-P membrane
(GE Healthcare Life Science, Pittsburgh, PO, USA). The membranes were exposed using an enhanced
chemiluminescence Western blot kit (EMD Millipore, Darmstadt, Germany). For apoptosis analysis,
cells were harvested and fixed with 100 % ethanol for 2 h at 4 ◦C. Then cells were resuspended in
50 µg/mL RNase for 30 min at 37 ◦C, and added to 50 µg/mL propidium podide. The stained cells
were analyzed by flow cytometry (BD Biosciences, San Jose, CA, USA).

4.3. Caspase Activity Assay, DNA Fragmentation Assay and DAPI Staining

To evaluate caspase-3 (DEVDase) activity, cell were treated with TRAIL in the presence or absence
of maritoclax, and 20 µg of cell lysates were incubated with reaction buffer. For DAPI staining, cells
were stained with 300 nM 4′,6′-diamidino-2-phenylindole solution (Roche, Mannheim, Germany),
and using the cell death detection ELISA plus kit (Boehringer Mannheim, Indianapolis, IN, USA),
we performed DNA fragmentation assay as described in our previous studies [41].

4.4. Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

For obtaining of cDNA, total RNA was prepared using the TriZol reagent (Life Technologies,
Gaithersburg, MD, USA), and used M-MLV reverse transcriptase (Gibco-BRL, Gaithersburg, MD,
USA). For PCR, we used DNA polymerase with primers targeting actin and cFLIP [30]. The amplified
products were separated by electrophoresis on a 2% agarose gel and detected under ultraviolet light.

4.5. Detection of DR5 on Cell Surface

Detached cells by 0.2 % EDTA (Sigma Chemical Co., St. Louis, MO, USA) were washed with PBS
(Thermo Fisher Scientific, Waltham, MA, USA), and then suspended in 100 µM PBS including 10%
FCS and 1% sodium azide Sigma Chemical Co., St. Louis, MO, USA), and added primary antibody
(DR5-phycoerythrin; Abcam, Cambridge, MA, USA) for 1 h at room temperature. Then, the cells
washed with PBS including 10% FCS and 1% sodium azide, and DR5 on cell surface was detected by
flow cytometry.

4.6. Real-Time Quantitative RT-PCR for Detection of miR-708

Small RNAs were extracted using the miRNEasy RNA Isolation Kit (Qiagen, Germantown, MD,
USA), and RT reactions were performed using a TaqMan®MicroRNA Reverse Transcription Kit and
TaqMan®MicroRNA assays specific to the mature form of miR-708. Real-time PCR reactions were
performed using the TaqMan Universal PCR Master Mix No AmpErase UNG (Applied Biosystems,
Foster City, CA, USA) on an ABI PRISM 7000 Sequence Detection System (Applied Biosystems).
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4.7. Statistical Analysis

The data were analyzed using a one-way ANOVA and post-hoc comparisons
(Student-Newman-Keuls) using the Statistical Package for Social Sciences 22.0 software (SPSS
Inc., Chicago, IL, USA).

Author Contributions: T.K.K. and M.Y.J. conceived and designed the experiments; M.Y.J., S.M.W. and S.U.S.
performed the experiments; M.Y.J, K.-j.M., S.M.W., S.U.S., Y.H.C., S.H.K., D.E.K., T.-J.L., S.K., J.-W.P., and T.K.K.
analyzed the data; T.K.K. and T.-J.L. contributed reagents/materials/analysis tools; M.Y.J. and T.K.K. wrote
the paper.

Funding: This work was supported by an NRF grant funded by the Korea Government (MSIP)
(2014R1A5A2010008 and NRF-2016R1A2B2013393).

Conflicts of Interest: The authors declare that they have no conflict of interest.

Abbreviations

TRAIL: Tumor necrosis factor-related apoptosis-inducing ligand; DR5: Death receptor 5; PARP: Poly
(ADP-ribose) polymerase; CHOP: C/EBP homologous protein; PSMD4/S5a: 26S proteasome non-ATPase
regulatory subunit 4; PSMA5: 20S proteasome subunit alpha type 5; cFLIP: Cellular FADD-like IL-1β-converting
enzyme-inhibitory protein; 3′-UTR: 3′-untranslated region.

References

1. Pan, G.; Ni, J.; Wei, Y.F.; Yu, G.; Gentz, R.; Dixit, V.M. An antagonist decoy receptor and a death
domain-containing receptor for TRAIL. Science 1997, 277, 815–818. [CrossRef] [PubMed]

2. Sheridan, J.P.; Marsters, S.A.; Pitti, R.M.; Gurney, A.; Skubatch, M.; Baldwin, D.; Ramakrishnan, L.; Gray, C.L.;
Baker, K.; Wood, W.I.; et al. Control of TRAIL-induced apoptosis by a family of signaling and decoy receptors.
Science 1997, 277, 818–821. [CrossRef] [PubMed]

3. Cretney, E.; Shanker, A.; Yagita, H.; Smyth, M.J.; Sayers, T.J. TNF-related apoptosis-inducing ligand as a
therapeutic agent in autoimmunity and cancer. Immunol. Cell Biol. 2006, 84, 87–98. [CrossRef] [PubMed]

4. Brooks, A.D.; Jacobsen, K.M.; Li, W.; Shanker, A.; Sayers, T.J. Bortezomib sensitizes human renal cell
carcinomas to TRAIL apoptosis through increased activation of caspase-8 in the death-inducing signaling
complex. Mol. Cancer Res. 2010, 8, 729–738. [CrossRef] [PubMed]

5. Strater, J.; Hinz, U.; Walczak, H.; Mechtersheimer, G.; Koretz, K.; Herfarth, C.; Moller, P.; Lehnert, T.
Expression of TRAIL and TRAIL receptors in colon carcinoma: TRAIL-R1 is an independent prognostic
parameter. Clin. Cancer Res. 2002, 8, 3734–3740. [PubMed]

6. Ichikawa, K.; Liu, W.; Zhao, L.; Wang, Z.; Liu, D.; Ohtsuka, T.; Zhang, H.; Mountz, J.D.; Koopman, W.J.;
Kimberly, R.P.; et al. Tumoricidal activity of a novel anti-human DR5 monoclonal antibody without
hepatocyte cytotoxicity. Nat. Med. 2001, 7, 954–960. [CrossRef] [PubMed]

7. Van Dijk, M.; Halpin-McCormick, A.; Sessler, T.; Samali, A.; Szegezdi, E. Resistance to TRAIL in
non-transformed cells is due to multiple redundant pathways. Cell Death Dis. 2013, 4, e702. [CrossRef]
[PubMed]

8. Geserick, P.; Drewniok, C.; Hupe, M.; Haas, T.L.; Diessenbacher, P.; Sprick, M.R.; Schon, M.P.; Henkler, F.;
Gollnick, H.; Walczak, H.; et al. Suppression of cFLIP is sufficient to sensitize human melanoma cells to
TRAIL- and CD95L-mediated apoptosis. Oncogene 2008, 27, 3211–3220. [CrossRef] [PubMed]

9. Nieminen, A.I.; Partanen, J.I.; Hau, A.; Klefstrom, J. c-Myc primed mitochondria determine cellular sensitivity
to TRAIL-induced apoptosis. EMBO J. 2007, 26, 1055–1067. [CrossRef] [PubMed]

10. Song, J.H.; Bellail, A.; Tse, M.C.; Yong, V.W.; Hao, C. Human astrocytes are resistant to Fas ligand and
tumor necrosis factor-related apoptosis-inducing ligand-induced apoptosis. J. Neurosci. 2006, 26, 3299–3308.
[CrossRef] [PubMed]

11. Hernandez, A.; Smith, F.; Wang, Q.; Wang, X.; Evers, B.M. Assessment of differential gene expression patterns
in human colon cancers. Ann. Surg. 2000, 232, 576–585. [CrossRef] [PubMed]

12. Ganten, T.M.; Koschny, R.; Haas, T.L.; Sykora, J.; Li-Weber, M.; Herzer, K.; Walczak, H. Proteasome inhibition
sensitizes hepatocellular carcinoma cells, but not human hepatocytes, to TRAIL. Hepatology 2005, 42, 588–597.
[CrossRef] [PubMed]

http://dx.doi.org/10.1126/science.277.5327.815
http://www.ncbi.nlm.nih.gov/pubmed/9242610
http://dx.doi.org/10.1126/science.277.5327.818
http://www.ncbi.nlm.nih.gov/pubmed/9242611
http://dx.doi.org/10.1111/j.1440-1711.2005.01413.x
http://www.ncbi.nlm.nih.gov/pubmed/16405656
http://dx.doi.org/10.1158/1541-7786.MCR-10-0022
http://www.ncbi.nlm.nih.gov/pubmed/20442297
http://www.ncbi.nlm.nih.gov/pubmed/12473583
http://dx.doi.org/10.1038/91000
http://www.ncbi.nlm.nih.gov/pubmed/11479629
http://dx.doi.org/10.1038/cddis.2013.214
http://www.ncbi.nlm.nih.gov/pubmed/23828565
http://dx.doi.org/10.1038/sj.onc.1210985
http://www.ncbi.nlm.nih.gov/pubmed/18084329
http://dx.doi.org/10.1038/sj.emboj.7601551
http://www.ncbi.nlm.nih.gov/pubmed/17268552
http://dx.doi.org/10.1523/JNEUROSCI.5572-05.2006
http://www.ncbi.nlm.nih.gov/pubmed/16554480
http://dx.doi.org/10.1097/00000658-200010000-00013
http://www.ncbi.nlm.nih.gov/pubmed/10998656
http://dx.doi.org/10.1002/hep.20807
http://www.ncbi.nlm.nih.gov/pubmed/16037944


Molecules 2018, 23, 3030 12 of 13

13. Zhang, L.; Fang, B. Mechanisms of resistance to TRAIL-induced apoptosis in cancer. Cancer Gene Ther. 2004,
12, 228–237. [CrossRef] [PubMed]

14. Zhang, L.; Gu, J.; Lin, T.; Huang, X.; Roth, J.A.; Fang, B. Mechanisms involved in development of resistance
to adenovirus-mediated proapoptotic gene therapy in DLD1 human colon cancer cell line. Gene Ther. 2002, 9,
1262–1270. [CrossRef] [PubMed]

15. Walczak, H.; Bouchon, A.; Stahl, H.; Krammer, P.H. Tumor necrosis factor-related apoptosis-inducing ligand
retains its apoptosis-inducing capacity on Bcl-2- or Bcl-xL-overexpressing chemotherapy-resistant tumor
cells. Cancer Res. 2000, 60, 3051–3057. [PubMed]

16. Kelly, M.M.; Hoel, B.D.; Voelkel-Johnson, C. Doxorubicin pretreatment sensitizes prostate cancer cell lines
to TRAIL induced apoptosis which correlates with the loss of c-FLIP expression. Cancer Biol. Ther. 2002, 1,
520–527. [CrossRef] [PubMed]

17. Ng, C.P.; Zisman, A.; Bonavida, B. Synergy is achieved by complementation with Apo2L/TRAIL and
actinomycin D in Apo2L/TRAIL-mediated apoptosis of prostate cancer cells: Role of XIAP in resistance.
Prostate 2002, 53, 286–299. [CrossRef] [PubMed]

18. Jin, Z.; McDonald, E.R., 3rd; Dicker, D.T.; El-Deiry, W.S. Deficient tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) death receptor transport to the cell surface in human colon cancer
cells selected for resistance to TRAIL-induced apoptosis. J. Biol. Chem. 2004, 279, 35829–35839. [CrossRef]
[PubMed]

19. Zhang, Y.; Zhang, B. TRAIL resistance of breast cancer cells is associated with constitutive endocytosis of
death receptors 4 and 5. Mol. Cancer Res. 2008, 6, 1861–1871. [CrossRef] [PubMed]

20. Haste, N.M.; Hughes, C.C.; Tran, D.N.; Fenical, W.; Jensen, P.R.; Nizet, V.; Hensler, M.E. Pharmacological
properties of the marine natural product marinopyrrole A against methicillin-resistant Staphylococcus
aureus. Antimicrob. Agents Chemother. 2011, 55, 3305–3312. [CrossRef] [PubMed]

21. Doi, K.; Li, R.; Sung, S.S.; Wu, H.; Liu, Y.; Manieri, W.; Krishnegowda, G.; Awwad, A.; Dewey, A.; Liu, X.;
Amin, S.; et al. Discovery of marinopyrrole A (maritoclax) as a selective Mcl-1 antagonist that overcomes
ABT-737 resistance by binding to and targeting Mcl-1 for proteasomal degradation. J. Biol. Chem. 2012, 287,
10224–10235. [CrossRef] [PubMed]

22. Doi, K.; Liu, Q.; Gowda, K.; Barth, B.M.; Claxton, D.; Amin, S.; Loughran, T.P., Jr.; Wang, H.G. Maritoclax
induces apoptosis in acute myeloid leukemia cells with elevated Mcl-1 expression. Cancer Biol. Ther. 2014,
15, 107710–107786. [CrossRef] [PubMed]

23. Varadarajan, S.; Poornima, P.; Milani, M.; Gowda, K.; Amin, S.; Wang, H.G.; Cohen, G.M. Maritoclax and
dinaciclib inhibit MCL-1 activity and induce apoptosis in both a MCL-1-dependent and -independent
manner. Oncotarget 2015, 6, 12668–12681. [CrossRef] [PubMed]

24. Eichhorn, J.M.; Alford, S.E.; Hughes, C.C.; Fenical, W.; Chambers, T.C. Purported Mcl-1 inhibitor
marinopyrrole A fails to show selective cytotoxicity for Mcl-1-dependent cell lines. Cell Death Dis. 2013, 4,
e880. [CrossRef] [PubMed]

25. Wu, G.S.; Burns, T.F.; McDonald, E.R., 3rd; Jiang, W.; Meng, R.; Krantz, I.D.; Kao, G.; Gan, D.D.; Zhou, J.Y.;
Muschel, R.; Hamilton, S.R.; et al. KILLER/DR5 is a DNA damage-inducible p53-regulated death receptor
gene. Nat. Genet. 1997, 17, 141–143. [CrossRef] [PubMed]

26. Ravi, R.; Bedi, G.C.; Engstrom, L.W.; Zeng, Q.; Mookerjee, B.; Gelinas, C.; Fuchs, E.J.; Bedi, A. Regulation
of death receptor expression and TRAIL/Apo2L-induced apoptosis by NF-kappaB. Nat. Cell Biol. 2001, 3,
409–416. [CrossRef] [PubMed]

27. Shiraishi, T.; Yoshida, T.; Nakata, S.; Horinaka, M.; Wakada, M.; Mizutani, Y.; Miki, T.; Sakai, T. Tunicamycin
enhances tumor necrosis factor-related apoptosis-inducing ligand-induced apoptosis in human prostate
cancer cells. Cancer Res. 2005, 65, 6364–6370. [CrossRef] [PubMed]

28. Yamaguchi, H.; Wang, H.G. CHOP is involved in endoplasmic reticulum stress-induced apoptosis by
enhancing DR5 expression in human carcinoma cells. J. Biol. Chem. 2004, 279, 45495–45502. [CrossRef]
[PubMed]

29. Oyadomari, S.; Mori, M. Roles of CHOP/GADD153 in endoplasmic reticulum stress. Cell Death Differ. 2004,
11, 381–389. [CrossRef] [PubMed]

30. Seo, B.R.; Min, K.J.; Woo, S.M.; Choe, M.; Choi, K.S.; Lee, Y.K.; Yoon, G.; Kwon, T.K. Inhibition of
Cathepsin S Induces Mitochondrial ROS That Sensitizes TRAIL-Mediated Apoptosis Through p53-Mediated
Downregulation of Bcl-2 and c-FLIP. Antioxid. Redox Signal. 2017, 27, 215–233. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/sj.cgt.7700792
http://www.ncbi.nlm.nih.gov/pubmed/15550937
http://dx.doi.org/10.1038/sj.gt.3301797
http://www.ncbi.nlm.nih.gov/pubmed/12215894
http://www.ncbi.nlm.nih.gov/pubmed/10850456
http://dx.doi.org/10.4161/cbt.1.5.169
http://www.ncbi.nlm.nih.gov/pubmed/12496481
http://dx.doi.org/10.1002/pros.10155
http://www.ncbi.nlm.nih.gov/pubmed/12430140
http://dx.doi.org/10.1074/jbc.M405538200
http://www.ncbi.nlm.nih.gov/pubmed/15155747
http://dx.doi.org/10.1158/1541-7786.MCR-08-0313
http://www.ncbi.nlm.nih.gov/pubmed/19074831
http://dx.doi.org/10.1128/AAC.01211-10
http://www.ncbi.nlm.nih.gov/pubmed/21502631
http://dx.doi.org/10.1074/jbc.M111.334532
http://www.ncbi.nlm.nih.gov/pubmed/22311987
http://dx.doi.org/10.4161/cbt.29186
http://www.ncbi.nlm.nih.gov/pubmed/24842334
http://dx.doi.org/10.18632/oncotarget.3706
http://www.ncbi.nlm.nih.gov/pubmed/26059440
http://dx.doi.org/10.1038/cddis.2013.411
http://www.ncbi.nlm.nih.gov/pubmed/24157874
http://dx.doi.org/10.1038/ng1097-141
http://www.ncbi.nlm.nih.gov/pubmed/9326928
http://dx.doi.org/10.1038/35070096
http://www.ncbi.nlm.nih.gov/pubmed/11283615
http://dx.doi.org/10.1158/0008-5472.CAN-05-0312
http://www.ncbi.nlm.nih.gov/pubmed/16024639
http://dx.doi.org/10.1074/jbc.M406933200
http://www.ncbi.nlm.nih.gov/pubmed/15322075
http://dx.doi.org/10.1038/sj.cdd.4401373
http://www.ncbi.nlm.nih.gov/pubmed/14685163
http://dx.doi.org/10.1089/ars.2016.6749
http://www.ncbi.nlm.nih.gov/pubmed/27927016


Molecules 2018, 23, 3030 13 of 13

31. Yang, F.; Tay, K.H.; Dong, L.; Thorne, R.F.; Jiang, C.C.; Yang, E.; Tseng, H.Y.; Liu, H.; Christopherson, R.;
Hersey, P.; et al. Cystatin B inhibition of TRAIL-induced apoptosis is associated with the protection of FLIP(L)
from degradation by the E3 ligase itch in human melanoma cells. Cell Death Differ. 2010, 17, 1354–1367.
[CrossRef] [PubMed]

32. Kim, E.A.; Kim, S.W.; Nam, J.; Sung, E.G.; Song, I.H.; Kim, J.Y.; Kwon, T.K.; Lee, T.J. Inhibition of c-FLIPL
expression by miRNA-708 increases the sensitivity of renal cancer cells to anti-cancer drugs. Oncotarget 2016,
7, 31832–31846. [CrossRef] [PubMed]

33. Pandey, M.K.; Gowda, K.; Doi, K.; Sharma, A.K.; Wang, H.G.; Amin, S. Proteasomal degradation of Mcl-1
by maritoclax induces apoptosis and enhances the efficacy of ABT-737 in melanoma cells. PLoS ONE 2013,
8, e78570. [CrossRef] [PubMed]

34. Mert, U.; Sanlioglu, A.D. Intracellular localization of DR5 and related regulatory pathways as a mechanism
of resistance to TRAIL in cancer. Cell. Mol. Life Sci. 2017, 74, 245–255. [CrossRef] [PubMed]

35. Bartel, D.P. MicroRNAs: Target recognition and regulatory functions. Cell 2009, 136, 215–233. [CrossRef]
[PubMed]

36. Chen, F.; Zhu, H.H.; Zhou, L.F.; Wu, S.S.; Wang, J.; Chen, Z. Inhibition of c-FLIP expression by miR-512-3p
contributes to taxol-induced apoptosis in hepatocellular carcinoma cells. Oncol. Rep. 2010, 23, 1457–1462.
[CrossRef] [PubMed]

37. Sheng, M.; Zhong, Y.; Chen, Y.; Du, J.; Ju, X.; Zhao, C.; Zhang, G.; Zhang, L.; Liu, K.; Yang, N.; et al.
Hsa-miR-1246, hsa-miR-320a and hsa-miR-196b-5p inhibitors can reduce the cytotoxicity of Ebola virus
glycoprotein in vitro. Sci. China Life Sci. 2014, 57, 959–972. [CrossRef] [PubMed]

38. Saini, S.; Yamamura, S.; Majid, S.; Shahryari, V.; Hirata, H.; Tanaka, Y.; Dahiya, R. MicroRNA-708 induces
apoptosis and suppresses tumorigenicity in renal cancer cells. Cancer Res. 2011, 71, 6208–6219. [CrossRef]
[PubMed]

39. Comijn, J.; Berx, G.; Vermassen, P.; Verschueren, K.; van Grunsven, L.; Bruyneel, E.; Mareel, M.;
Huylebroeck, D.; van Roy, F. The two-handed E box binding zinc finger protein SIP1 downregulates
E-cadherin and induces invasion. Mol. Cell 2001, 7, 1267–1278. [CrossRef]

40. Valk-Lingbeek, M.E.; Bruggeman, S.W.; van Lohuizen, M. Stem cells and cancer; the polycomb connection.
Cell 2004, 118, 409–418. [CrossRef] [PubMed]

41. Seo, S.U.; Kim, T.H.; Kim, D.E.; Min, K.J.; Kwon, T.K. NOX4-mediated ROS production induces apoptotic
cell death via down-regulation of c-FLIP and Mcl-1 expression in combined treatment with thioridazine and
curcumin. Redox Biol. 2017, 13, 608–622. [CrossRef] [PubMed]

42. Park, Y.S.; Kwon, Y.J.; Chun, Y.J. CYP1B1 Activates Wnt/beta-Catenin Signaling through Suppression of
Herc5-Mediated ISGylation for Protein Degradation on beta-Catenin in HeLa Cells. Toxicol. Res. 2017, 33,
211–218. [CrossRef] [PubMed]

43. Jo, Y.; Shin, D.Y. Repression of the F-box protein Skp2 is essential for actin damage-induced tetraploid G1
arrest. BMB Rep. 2017, 50, 379–383. [CrossRef] [PubMed]

Sample Availability: Samples of the compounds are available from the authors.

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/cdd.2010.29
http://www.ncbi.nlm.nih.gov/pubmed/20300110
http://dx.doi.org/10.18632/oncotarget.7149
http://www.ncbi.nlm.nih.gov/pubmed/27092874
http://dx.doi.org/10.1371/journal.pone.0078570
http://www.ncbi.nlm.nih.gov/pubmed/24223823
http://dx.doi.org/10.1007/s00018-016-2321-z
http://www.ncbi.nlm.nih.gov/pubmed/27510421
http://dx.doi.org/10.1016/j.cell.2009.01.002
http://www.ncbi.nlm.nih.gov/pubmed/19167326
http://dx.doi.org/10.3892/or_00000784
http://www.ncbi.nlm.nih.gov/pubmed/20372864
http://dx.doi.org/10.1007/s11427-014-4742-y
http://www.ncbi.nlm.nih.gov/pubmed/25218824
http://dx.doi.org/10.1158/0008-5472.CAN-11-0073
http://www.ncbi.nlm.nih.gov/pubmed/21852381
http://dx.doi.org/10.1016/S1097-2765(01)00260-X
http://dx.doi.org/10.1016/j.cell.2004.08.005
http://www.ncbi.nlm.nih.gov/pubmed/15315754
http://dx.doi.org/10.1016/j.redox.2017.07.017
http://www.ncbi.nlm.nih.gov/pubmed/28806703
http://dx.doi.org/10.5487/TR.2017.33.3.211
http://www.ncbi.nlm.nih.gov/pubmed/28744352
http://dx.doi.org/10.5483/BMBRep.2017.50.7.063
http://www.ncbi.nlm.nih.gov/pubmed/28648144
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Effect of Maritoclax on TRAIL-Mediated Apoptosis in Human Renal Carcinoma Caki Cells 
	The Effect of Caspase Activation on Maritoclax Plus TRAIL-Induced Apoptosis 
	The Effect of DR5 Upregulation on Maritoclax Plus TRAIL-Induced Apoptosis 
	The Effect of cFLIP Downregulation on Maritoclax Plus TRAIL-Induced Apoptosis 
	Effect of Combined Treatment with Maritoclax and TRAIL on Apoptosis in Other Cancer Cells 

	Discussion 
	Materials and Methods 
	Cell Cultures and Materials 
	Western Blot Analysis and Flow Cytometry Analysis 
	Caspase Activity Assay, DNA Fragmentation Assay and DAPI Staining 
	Reverse Transcription-Polymerase Chain Reaction (RT-PCR) 
	Detection of DR5 on Cell Surface 
	Real-Time Quantitative RT-PCR for Detection of miR-708 
	Statistical Analysis 

	References

