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Introduction

Many types of cancer cells are able to evade apoptosis. Among the 
major regulators of cellular response to apoptotic stimuli is the Bcl-2 
family of proteins.1 Bcl-2 was the founding member of the family 
found to inhibit cell death,2 but more than 20 Bcl-2-related pro-
teins have been identified.3 All of them share one or more distinct 
domains of homology and function to promote or inhibit apoptosis. 
Bak and Bax are key multi-domain pro-apoptotic Bcl-2 proteins 
and cells deficient in both proteins are unable to undergo apoptosis.4 
Upon activation, Bak and Bax function to permeabilize the mito-
chondrial outer membrane and release apoptogenic factors into the 
cytosol.5 The BH3-only proteins are a second group of pro-apop-
totic Bcl-2 proteins that include BID, BIM, BIK, BAD, PUMA and 
NOXA. They share a homologous BH3 domain and are normally 
kept inactive by diverse mechanisms, becoming active in response 
to death signals to function with other Bcl-2 proteins in promot-
ing apoptotic signaling. How the BH3-only Bcl-2 proteins activate 
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Bak and Bax is still controversial,6 but BH3-only proteins have been 
shown to bind to and inactivate anti-apoptotic Bcl-2 proteins.7-9

In addition to Bcl-2, the anti-apoptotic Bcl-2 proteins include 
four other members: Bcl-X

L
, Bcl-w, Mcl-1 and A1. These pro-

teins function to protect the cell from apoptotic insults, primar-
ily by preventing disruption of mitochondrial outer membrane 
integrity by pro-apoptotic Bcl-2 proteins.5 Antagonists of anti-
apoptotic Bcl-2 proteins are an attractive target for new cancer 
therapeutics because many cancers overexpress these proteins,10 
and this overexpression can be correlated with resistance to treat-
ment.11,12 Because tumor cells are under stress and may depend 
on alterations in their apoptotic signaling pathways for survival, 
neutralizing the function of anti-apoptotic Bcl-2 proteins repre-
sents an attractive strategy for the elimination of cancer cells. 
One approach involves identifying compounds that specifically 
bind anti-apoptotic Bcl-2 proteins to neutralize their function.12 
This can be achieved by designing small molecules which mimic 
BH3-only Bcl-2 proteins.
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Bcl-2 proteins in cell death induced by actinomycin D, microar-
ray analysis was carried out to characterize the global changes in 
Bcl-2 gene expression levels upon actinomycin D treatment. In 
wild-type MEF cells treated with actinomycin D for 6 and 12 
hours, cell death was not yet observed by propidium iodide (PI) 
staining, making them suitable for studying early gene expression 
changes in response to actinomycin D. Despite being a transcrip-
tional inhibitor, actinomycin D did not reduce the expression of 
most Bcl-2 genes examined, as many remained unchanged and 
some (e.g., Noxa) were upregulated at these time points (sup. 
Fig. 2; Olberding and Li, unpublished data). However, the most 
notable change in gene expression within the Bcl-2 protein fam-
ily was Mcl-1 (Fig. 1a). While the other anti-apoptotic Bcl-2 
proteins showed little or no consistent changes in gene expression 
in response to actinomycin D, Mcl-1 gene expression was dra-
matically decreased at both the 6 hour and 12 hour time points. 
The downregulation of Mcl-1 mRNA was confirmed by real-
time PCR (Fig. 1B) and correlated with a remarkable decrease 
in Mcl-1 protein levels. While Bcl-X

L
 protein levels were reduced 

to a lesser degree compared with those of Mcl-1, no dramatic 
change was observed in Bcl-2 protein levels (Fig. 1C and d). 
These data demonstrate that Mcl-1 was downregulated most 
dramatically among anti-apoptotic Bcl-2 proteins in actinomycin 
D-treated cells.

mcl-1 downregulation is involved in actinomycin d-induced 
apoptosis. To determine whether the downregulation of Mcl-1 
plays a role in actinomycin D-induced apoptosis, the effect of 
actinomycin D on wild-type and Mcl-1-deficient (Mcl-1Δ/-) 
MEFs was studied. Comparable levels of cell death were observed 
in both cell types upon actinomycin D exposure (Fig. 2a). This 
result is not unexpected since the lack of Mcl-1 expression in 
Mcl-1Δ/- MEFs mimics the rapidly decreased Mcl-1 levels in wild-
type cells in response to actinomycin D exposure (Fig. 2B). To 
determine whether these results were specific to actinomycin D, 
Mcl-1Δ/- and wild-type MEFs were treated with ABT-737, since 
Mcl-1 knockout MEFs have been shown to be sensitive to ABT-
737.27 In contrast to actinomycin D, ABT-737 treatment did not 
decrease Mcl-1 protein levels (Fig. 2B). Furthermore, Mcl-1Δ/-

MEFs were highly susceptible to ABT-737 treatment compared 
to wild-type cells, indicating that sustained Mcl-1 protein levels 
in wild-type cells play a critical protective role (Fig. 2a). In addi-
tion, Mcl-1Δ/- MEFs overexpressing Mcl-1 were more resistant 
to actinomycin D treatment than parental and the vector con-
trol cells (Fig. 2C), which could be attributed to the substantial 
amount of Mcl-1 in Mcl-1-overexpressing cells after 48 hours of 
actinomycin D treatment (Fig. 2d). Thus, the overexpression 
of Mcl-1 allowed enough protein to be present at the later time 
point to provide a protective effect. Finally, Mcl-1 overexpression 
protected Mcl-1Δ/- MEFs from ABT-737-induced cell death (Fig. 
2C), further demonstrating the importance of Mcl-1 in deter-
mining the sensitivity to ABT-737.

actinomycin d sensitizes meF cells to aBt-737 treat-
ment in a Bak- or Bax-dependent manner. Since actinomycin 
D causes a dramatic decrease in Mcl-1 expression levels in MEFs 
and the sensitivity of MEFs to ABT-737 can be greatly enhanced 
by reducing Mcl-1 levels (Fig. 2), we studied the combinatorial 

ABT-737 is one such small molecule that binds with high 
affinity to Bcl-2, Bcl-X

L
 and Bcl-w, but not to Mcl-1 or A1.13 

A mimetic of the BH3 Bcl-2 protein BAD, ABT-737 has been 
shown to specifically induce the apoptotic signaling pathway. As 
might be expected, cells deficient in Bax and Bak or caspase-9 
can not be killed by ABT-737.14 ABT-737 has proven effective 
as a single agent in killing various tumor cell lines and primary 
patient-derived cells, including follicular lymphoma, small cell 
lung carcinoma and chronic lymphocytic leukemia.13 However, 
other tumor cell lines, such as pancreatic carcinoma and malig-
nant melanoma, are more resistant to treatment with ABT-737 
as a single agent.15,16 This resistance may be related to the critical 
role of overexpressed Mcl-1 in the survival of certain cancers,17-20 
since ABT-737 is inefficient at neutralizing Mcl-1. Therefore, 
additional studies have focused on using ABT-737 in combina-
tion with other chemotherapeutic agents, with major interest in 
compounds that downregulate Mcl-1 or promote its degrada-
tion.21 Ideally, adding ABT-737 to another agent would sensitize 
cells to a lower dosage of the chemotherapeutic agent, thereby 
minimizing its toxicity and side effects.

Here, we report a potent synergistic cytotoxic activity of the 
traditional chemotherapeutic agent actinomycin D in combina-
tion with ABT-737. Actinomycin D (Dactinomycin) is a tran-
scriptional inhibitor currently part of the treatment regimen for 
cancers such as melanoma22 and Wilms tumor.23 We found that 
actinomycin D rapidly and efficiently downregulated Mcl-1. 
Based on this finding, we tested actinomycin D in combination 
with ABT-737 and found that the combination of actinomycin D 
and ABT-737 synergistically enhanced apoptosis in two pancre-
atic tumor cell lines and two non-small cell lung cancer (NSCLC) 
lines, likely due to the comprehensive assault on anti-apoptotic 
Bcl-2 proteins. Because of the strong synergism observed between 
actinomycin D and ABT-737, this drug combination may have 
important therapeutic implications and lead to a novel cancer 
treatment strategy.

Results

pro-apoptotic Bak or Bax can mediate actinomycin d-induced 
cell death. While the pro-apoptotic Bcl-2 proteins Bak and Bax 
are redundant promoters of apoptosis in many apoptotic para-
digms,4,24 some studies suggest that apoptosis in response to 
certain death stimuli is mediated exclusively by Bak or Bax.25,26 
To determine the ability of Bak and Bax to individually medi-
ate cell death induced by actinomycin D, different mouse cell 
lines exclusively expressing Bak or Bax were generated. First, Bak 
or Bax was stably re-expressed by retroviral infection in mouse 
embryonic fibroblasts (MEFs) and IL-3-dependent hematopoetic 
cells deficient in both Bak and Bax (BB; sup. Fig. 1a and C). 
While the parental cells (BB-parental) and cells expressing the 
vector only (BB-GFP) displayed minimal cell death in response 
to actinomycin D, significant cell death was observed in cells 
expressing either Bak or Bax in a time-dependent fashion (sup. 
Fig. 1B and d).

mcl-1 mrna and protein are downregulated in response 
to actinomycin d. To further explore the involvement of other 
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Bak-/-Bax-/- parental and the empty vector control cells, it displayed 
cytotoxic activities on cells expressing either Bak or Bax (Fig. 3d). 
Therefore, Bak or Bax can individually mediate the capability of 
actinomycin D to sensitize cells to ABT-737 treatment.

actinomycin d and aBt-737 have a synergistic cytotoxic 
effect on pancreatic carcinoma and non-small cell lung carci-
noma cell lines. To explore the possibility that combining acti-
nomycin D and ABT-737 could be a therapeutic treatment for 
tumors, we investigated whether tumor cells are more sensitive 
to the drug treatment than non-tumor cells. Due to their distinct 
Bcl-2 protein expression profiles, cells derived from various tis-
sues show different sensitivity to both actinomycin D and ABT-
737 treatment. Thus, we studied the response of untransformed 
MEFs and their isogenic counterparts transformed by expressing 
the oncogenes K-Ras and E1A to the actinomycin D and ABT-
737 treatment.28 At the concentration achievable in plasma of 
patients over 12 hours following drug administration (5 ng/ml),29 
actinomycin D sensitized transformed MEF cells to ABT-737 
treatment, but not untransformed MEFs (Fig. 4). These results 
suggest that the combination of actinomycin D and ABT-737 

effects of actinomycin D and ABT-737 on cell death. Wild-type 
MEF cells were treated for 24 hours with different combina-
tions of actinomycin D and ABT-737 (Fig. 3a). While each 
agent induced minimal cell death individually, the combina-
tion of actinomycin D and ABT-737 had a significant cytotoxic 
effect on cells. This effect was more dramatic with increasing 
concentrations of ABT-737 (up to 10 μM). Furthermore, cas-
pase 3/7 activity was also greatly enhanced by the combination 
of actinomycin D and ABT-737, indicating that the activation of 
caspase signaling pathways was involved in cell death induced 
by the drug combination. Additionally, after 12 hours of drug 
treatment, Mcl-1 protein levels were more dramatically decreased 
than those of Bcl-2 or Bcl-X

L
, implicating the reduction of Mcl-1 

expression in the cytotoxicity of actinomycin D and ABT-737 
(Fig. 3C and sup. Fig. 3).

To further investigate the mechanism of cell death induced by 
the combination of actinomycin D and ABT-737, MEF cells defi-
cient in Bak and Bax with or without re-expressed Bak or Bax were 
treated with the drug combination for 24 hours. While the combi-
nation of actinomycin D and ABT-737 did not induce cell death in 

Figure 1. actinomycin D treatment leads to a decrease in Mcl-1 expression. (a) Changes in mRNa expression of anti-apoptotic Bcl-2 genes after 6 and 
12 hours of actinomycin D treatment (0.2 μg/ml) compared to untreated cells was determined in wild-type MeF cells by microarray analysis (mouse 
genome 430 2.0 array, affymetrix). The a1 probe set did not detect a1 mRNa at any time points according to signal intensities and present/absent calls 
by GCOs1.4 sofware (affymetrix). Data are represented as fold-changes in mRNa compared to untreated cells. Negative values indicate downregula-
tion. D, decrease; NC, no change. (B) RT-qpCR was used to assess relative mRNa levels of Mcl-1 in wild-type MeF cells treated with actinomycin D. Data 
are normalized to actin transcript expression and are depicted relative to mRNa levels at the zero hour time point. Data are mean ± standard deviation 
of two independent experiments. (C) The expression of anti-apoptotic Bcl-2 proteins in wild-type MeF cells upon 0.2 μg/ml actinomycin D treatment 
was determined by western blot. actin represents a loading control. 20 μg whole cell lysate per sample was analyzed. (D) The intensities of Mcl-1, Bcl-
2, Bcl-XL and actin shown in (a) were quantified using ImageJ software (NIh). The data are normalized to actin protein levels and represented relative 
to the protein levels at the zero hour time point.
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concentrations of actinomycin D (5–150 ng/ml) and ABT-737 
(0.83–25 μM) at a constant dose ratio were measured. The 
combination index (CI) values were determined. As shown in 
Figure 5C, in the range of tested drug concentrations, CI values 
were smaller than 1, indicating synergism of drug combination. 
Similarly, upon 48 hours of treatment with different combina-
tions of actinomycin D (0.5–20 ng/ml) and ABT-737 (0.25–10 
μM) at a fixed concentration ratio, the percentage of BxPC-3 
cell death was measured. The resulting combination index (CI) 
values indicated that actinomycin D and ABT-737 exhibited syn-
ergistic cytotoxic effects on BxPC-3 cells (Fig. 5d).

As in panc-1 cells, minimal cell death was observed with 
actinomycin D or ABT-737 alone in A549 non-small cell lung 
carcinoma cells, while the combination induced cell death (Fig. 
6a). Mcl-1 protein levels were dramatically decreased in A549 
cells treated with actinomycin D (Fig. 6B). Protein levels of 
Bcl-2 were also decreased in response to actinomycin D treat-
ment, while Bcl-X

L
 protein levels increased slightly. Various 

combinations of actinomycin D (5–300 ng/ml) and ABT-737 

could specifically induce cell death in tumor cells but not normal 
cells.

Certain types of tumor cells exhibit strong resistance to ABT-
737 treatment.30 Thus, we investigated whether actinomycin D 
sensitizes ABT-737-resistant tumor cells. We first studied two 
human pancreatic carcinoma cell lines that display resistance to 
ABT-737: panc-1 and BxPC-3. While ABT-737 as high as 10 μM 
failed to induce significant cell death in panc-1 cells, the combi-
nation of actinomycin D and ABT-737 exhibited strong cyto-
toxic activities 72 hours after treatment (Fig. 5a). Mcl-1 protein 
levels were dramatically reduced by actinomycin D treatment, 
regardless of the presence of ABT-737 (Fig. 5B), consistent with 
observations in MEF cells (Fig. 3C). Interestingly, while Bcl-X

L
 

protein levels were relatively unchanged, a prominent decrease in 
Bcl-2 was also observed in cells treated with actinomycin D. To 
investigate whether the cytotoxic effects of actinomycin D and 
ABT-737 were synergistic, we carried out median-effect analy-
sis using the Chou-Talalay method.31 After 72 hours of treat-
ment, the cell death levels of panc-1 cells treated with various 

Figure 2. Mcl-1 downregulation is involved in actinomycin D-induced apoptosis. (a) Wild-type (WT) and Mcl-1Δ/- (KO) MeFs were treated with 0.2 
μg/ml actinomycin D or 10 μM aBT-737 and cell viability was measured by pI staining. experiments were repeated independently three times and 
data represent mean ± standard deviation of triplicate experiments. (B) The expression of Mcl-1 in the indicated MeF cells treated with actinomycin 
or aBT-737 for 24 hours was determined by western blot (25 μg whole cell lysates). actin was a loading control. (C) Overexpressing Mcl-1 conferred 
some resistance to actinomycin D-induced cell death. MeF cells were treated with actinomycin D (0.2 μg/ml) or aBT-737 (10 μM). GFp represents cells 
containing the empty expression vector (pBabeIresGFp). (D) Levels of Mcl-1 protein expression in the indicated MeF cells treated with actinomycin D 
or aBT-737 for 24 or 48 hours were characterized by western blot using 25 μg whole cell lysates, with actin as a loading control. all cell viability experi-
ments were repeated independently three times and data represent mean ± standard deviation of triplicate experiments.
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downregulation of mcl-1 is involved in mediating the syn-
ergistic effect of actinomycin d and aBt-737 on cell death. 
We further investigated the role of Mcl-1 in the synergistic 
cytotoxic effect of actinomycin D and ABT-737 in tumor cells. 
Mcl-1 was transiently knocked down in panc-1 and A549 tumor 
cells to recapitulate Mcl-1 downregulation observed with acti-
nomycin D treatment. Introduction of Mcl-1 siRNA into both 
panc-1 and A549 cells was effective at reducing Mcl-1 protein 

(0.83–50 μM) at a constant dose ratio showed synergistic activ-
ities of the two drugs on A549 cells (Fig. 6C). Furthermore, 
different concentrations of actinomycin D (0.64–16 ng/ml) 
and ABT-737 (2–50 μM) also induced synergistic cell death in 
another human non-small cell lung carcinoma cell line, NCI-
H1299 (Fig. 6d). Overall, actinomycin D and ABT-737 had 
a strong synergistic effect on cell death in four human tumor 
cells examined.

Figure 3. aBT-737 and actinomycin D synergistically induce cell death in a Bak- or Bax-dependent manner. (a) MeF cells were treated with the indi-
cated concentrations of actinomycin D or aBT-737 for 24 hours and cell death was measured by pI staining. Data represent mean ± standard deviation 
of triplicate experiments and are representative of three independent experiments. actD, actinomycin D. (B) Caspase-3/7 activity under the indicated 
conditions was measured by fluorometric assay. Values are normalized to untreated cells. Mean ± standard deviation of triplicate experiments are 
shown and have been repeated independently three times. (C) Characterization of anti-apoptotic Bcl-2 protein expression after 12 hours of treat-
ment under the indicated conditions. 20 μg cell lysates were analyzed by western blot. (D) The indicated MeF cells were treated with actinomycin D 
or aBT-737. Cell death was measured by pI staining after 24 hours of treatment. Data represent mean ± standard deviation of triplicate experiments. 
experiments were performed independently three times.
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tumor cells overexpressing Mcl-1 were 
more resistant to cell death induced by 
the drug combination (Fig. 8). Therefore, 
Mcl-1 plays a role in preventing cell death 
induced by the combination of actinomy-
cin D and ABT-737 in the two tumor cell 
types examined.

Discussion

New cancer therapeutic strategies to acti-
vate apoptotic pathways directly in tumor 
cells have recently emerged and one 
approach aims to either reduce the activity 
of anti-apoptotic Bcl-2 proteins or enhance 
the function of pro-apoptotic Bcl-2 pro-
teins. ABT-737 is relatively new experi-
mental agent that only efficiently targets 
anti-apoptotic Bcl-2, Bcl-X

L
 and Bcl-w, 

making it less effective in killing tumor 
cells where Mcl-1 plays a critical survival 
role.21 Therefore, we investigated whether 
the combination of actinomycin D, a tra-
ditional chemotherapeutic drug that down-
regulates Mcl-1 expression and ABT-737 
effectively kills tumor cells by cooperatively 
inhibiting activities of anti-apoptotic Bcl-2 
proteins. Actinomycin D was shown to 
downregulate Mcl-1 protein expression and 
synergistically induce apoptosis in both 
human lung and pancreatic carcinoma cell 
lines when combined with ABT-737. Mcl-1 
downregulation by actinomycin D was a 
critical event in mediating this synergism, 
as Mcl-1 overexpression diminished the 
cell death induced by the drug combina-
tion. Further, Mcl-1 knockdown studies 
confirmed a critical role of Mcl-1 expres-
sion levels in ABT-737 resistance and the 
importance of downregulating/neutral-
izing Mcl-1 to achieve effective killing in 
these tumor cells. Overall, we present a 

novel chemotherapeutic drug combination that efficiently and 
systematically targets anti-apoptotic Bcl-2 proteins and induces 
apoptosis in tumor cells.

Actinomycin D is a chemotherapeutic drug used in the treat-
ment of various tumors, including Wilms tumor,23 Ewing sar-
coma,32 melanoma,22 gestational trophoblastic neoplasia33 and 
rhabdomyosarcoma.34 As an older agent, actinomycin D is often 
used in combination with other chemotherapeutic drugs to treat 
cancer patients. Recently, there are efforts to explore actinomycin 
D as a chemotherapeutic strategy to specifically target critical mol-
ecules involved in tumor development and maintenance, such as 
p53.35,36 Our current studies provide evidence that actinomycin D 
downregulates Mcl-1 and is very effective at inducing tumor cell 
death in combination with ABT-737.

expression, whereas the control siRNA had no effect on Mcl-1 
expression (Fig. 7a). Both panc-1 and A549 cells with reduced 
Mcl-1 expression were notably more sensitive to ABT-737 com-
pared to cells treated with the control siRNA (Fig. 7B). Thus, 
Mcl-1 protein levels play a role in determining ABT-737 sensitiv-
ity in both human tumor cell lines.

To further elucidate the role of Mcl-1 in the synergistic kill-
ing activity of actinomycin D and ABT-737, the effect of Mcl-1 
overexpression on cell viability was examined. Mcl-1 was over-
expressed in panc-1 and A549 tumor cells and each cell type 
was treated with actinomycin D and ABT-737 alone or in com-
bination (Fig. 8). While the parental cells and cells contain-
ing the empty expression vector (GFP) displayed high levels of 
cell death in the presence of both actinomycin D and ABT-737, 

Figure 4. The low concentrations of actinomycin D in combination with aBT-737 induce cell 
death specifically in transformed MeFs. (a) The indicated MeF cells were cultured in soft agar 
and representative images of the plates are shown. (B) The indicated MeF cells were treated with 
5 ng/ml actinomycin D or 10 μM aBT-737. Cell death was measured after 24 hours of treatment. 
Data represent mean ± standard deviation of four independent experiments.
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Mcl-1-overexpressing tumor cells treated with the drug combina-
tion (Fig. 8).

Our data indicate that the cytotoxic activity of ABT-737 and 
actinomycin D can be mediated by either Bak or Bax (Fig. 4). 
Upon the combined drug treatment, the level of cell death in cells 
individually expressing Bak or Bax was not as high as in wild-
type cells, which can be attributed to the additive effect of Bak 
and Bax in wild-type cells as compared to the cells re-expressing 
only one of the proteins. Our results are also consistent with pre-
vious studies demonstrating a redundant role of Bak and Bax 
in the regulation of apoptosis during mammalian development 
and in mediating cell death induced by various death stimuli.4,44 
Furthermore, pro-apoptotic activities of both Bak and Bax 
have been shown to be antagonized by Mcl-1. Bak is kept inac-
tive by associating with both Mcl-1 and Bcl-X

L
 and is sufficient 

to induce apoptosis individually if both Mcl-1 and Bcl-X
L
 are 

neutralized.24,45 Similarly, Mcl-1 also antagonizes Bax function, 

As an important anti-apoptotic 
Bcl-2 protein, Mcl-1 exerts its func-
tion upstream in the cellular response 
to apoptotic stimuli.37 Numerous 
cancer types have been shown to 
overexpress Mcl-1.38,39 Mcl-1 over-
expression has also been linked to 
therapeutic resistance in various 
tumor types.40,41 Thus, abrogating 
Mcl-1 anti-apoptotic function will 
render Mcl-1-dependent tumor cells 
more susceptible to chemotherapeu-
tic agents. Recently, there has been 
much focus on effective approaches 
to either reduce Mcl-1 expression 
levels or neutralize its anti-apoptotic 
activities. In our current studies, we 
provide strong evidence that actino-
mycin D efficiently downregulates 
Mcl-1 protein levels in all cell lines 
examined, in accord with a previous 
study of multiple myeloma cells.42 As 
a transcriptional inhibitor that binds 
to DNA at the transcription initia-
tion complex, actinomycin D reduces 
global mRNA levels. However, at 
lower concentrations, actinomycin 
D may specifically decrease levels of 
mRNA with a short half-life, such as 
Mcl-1 mRNA.43 This is supported 
by our microarray analysis demon-
strating that Mcl-1 mRNA levels 
decreased rapidly, as early as 6 hours 
after actinomycin D treatment in 
MEF cells (Fig. 2). By downregu-
lating Mcl-1 mRNA levels, actino-
mycin D was particularly effective 
at rapidly decreasing Mcl-1 protein 
levels (Fig. 1), since Mcl-1 is a short 
half-life protein whose degradation is regulated by caspase- 
mediated and proteasome-dependent pathways.37,42

In addition to Mcl-1, expression of other Bcl-2 proteins 
could also be affected by actinomycin D. In MEF cells, Noxa 
mRNA levels were upregulated upon actinomycin D treatment 
(sup. Fig. 2). Increased Noxa protein could interact with Mcl-1, 
leading to subsequent Mcl-1 protein degradation,1 which could 
be another mechanism for the reduction of Mcl-1 protein lev-
els in actinomycin D-treated cells. Interestingly, Bcl-2 protein 
level reduction was observed in panc-1 and A549 cells treated 
with actinomycin D, whereas Bcl-2 levels in untransformed 
MEF cells were largely unchanged (Figs. 3, 5 and 6). Decreased 
Bcl-2 levels could also render ABT-737 more effective at induc-
ing cell death. Thus, it is possible that actinomycin D enhances 
the cytotoxic activities of ABT-737 by different mechanisms. 
Among them, reducing Mcl-1 expression levels could be a major 
one, evident by the largely diminished cell death observed in 

Figure 5. actinomycin D and aBT-737 synergistically induce apoptosis in pancreatic tumor cells. (a) hu-
man pancreatic carcinoma panc-1 cells were treated with different combinations of actinomycin D and 
aBT-737 for 72 hours. Mean ± standard deviation of triplicate experiments is shown. (B) The amounts of 
anti-apoptotic Bcl-2 proteins in lysates (30 μg) from panc-1 cells treated with actinomycin D or aBT-737 
for 72 hours were examined by western blot. actin represents a control for protein loading. (C) Upon 72 
hour-treatment with various combinations of actinomycin D (5–150 ng/ml) and aBT-737 (0.83–25 μM) 
at a constant concentration ratio, the percentage of panc-1 cell death was measured and combination 
index (CI) values were calculated as described in Materials and Methods. (D) human pancreatic tumor 
cell BxpC-3 was treated with various doses of actinomycin D (0.5–20 ng/ml) and aBT-737 (0.25–10 μM) 
at a constant dose ratio for 48 hours and cell death was measured. The values of CI were determined as 
described in Materials and Methods. all cell death data are representative of three independent  
experiments.
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D and ABT-737 in a synergistic fashion. Pancreatic cancers are 
typically difficult to treat with few effective treatment strategies 
available and pancreatic carcinoma cell lines have exhibited resis-
tance to ABT-737 treatment alone.16 This resistance may be due 
to high levels of Mcl-1 expression, as numerous pancreatic can-
cers and cell lines exhibit overexpressed Mcl-1.47 The combina-
tion of ABT-737 and TRAIL has been shown to synergistically 
induce apoptosis in pancreatic carcinoma cells lines.16 However, 
the mechanism of cooperation between the two drugs did not 
appear to involve Mcl-1, although the study confirms Mcl-1 
downregulation as an effective way to sensitize pancreatic carci-
noma cells to ABT-737.

Non-small cell lung carcinoma (NSCLC) is another cancer 
type that might be treated effectively with the combination of 
actinomycin D and ABT-737. High levels of Mcl-1 expression in 
NSCLC appear to play a role in resistance to various chemothera-
pies. In NSCLC cell lines, ABT-737 resistance has been correlated 
with high levels of Mcl-l,20 making Mcl-1 an attractive target for 

as Mcl-1 inhibits Bax-mediated cytochrome c release following 
Bax’s translocation to the mitochondria.46 Because treating cells 
with actinomycin D renders Mcl-1 inactive by downregulating its 
expression levels and the addition of ABT-737 neutralizes Bcl-2 
and Bcl-X

L
, it is plausible that Bak or Bax alone is able to mediate 

apoptosis when the functions of all anti-apoptotic Bcl-2 proteins 
are completely abrogated. In contrast to our results, a previous 
study found that both Bak and Bax were necessary for a synergistic 
effect on cell death induced by the combination of ABT-737 and 
the CDK inhibitor roscovitine.27 Although Mcl-1 downregulation 
by roscovitine was responsible for the enhancement of ABT-737 
cytotoxicity in this case, it is possible that Mcl-1 expression was not 
reduced efficiently enough to allow Bak or Bax alone to mediate 
the apoptotic signaling cascade. In our studies, Mcl-1 downregula-
tion by actinomycin D was rapid and effective, possibly allowing 
for more efficient Bax or Bak pro-apoptotic function.

Our studies indicate that tumor cells resistant to ABT-737 as 
a single agent respond to the combined treatment of actinomycin 

Figure 6. actinomycin D and aBT-737 synergistically kill NsCLC tumor cells. (a) Upon treatment with different combinations of actinomycin D and 
aBT-737 for 48 hours, the percentage of cell death of human lung carcinoma a549 cells was measured. The data depict mean ± standard deviation of 
triplicate experiments. (B) The levels of different anti-apoptotic Bcl-2 proteins in a549 cell lysates (30 μg) under the indicated conditions were deter-
mined by western blot. actin represents a control for protein loading. (C) a549 cells were treated with various combinations of actinomycin D (5–300 
ng/ml) and aBT-737 (0.83–50 μM) at a fixed concentration ratio for 48 hours and cell death was measured. The values of combination index (CI) were 
determined as described in Materials and Methods. (D) Upon 80 hour-treatment with various concentrations of actinomycin D (0.64–16 ng/ml) and 
aBT-737 (2–50 μM) at a fixed dose ratio, the percentage of NCI-h1299 cell death was determined and CI values were computed as described in  
Materials and Methods. all experiments were performed independently three times.
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Abbott Laboratories (Abbott Park, IL) and diluted in DMSO. 
Antibodies used for western blot analysis were anti-β-actin mAb 
(Sigma), anti-Bak, NT pAb (Upstate; Lake Placid, NY), anti-Bax 
pAb (Abcam; Cambridge, MA), anti-Mcl-1 mAb (Epitomics; 
Burlingame, CA), anti-Bcl-X

S/L
 S-18 pAb (Santa Cruz; Santa 

Cruz, CA), anti-mouse Bcl-2 mAb (Santa Cruz), anti-human 
Bcl-2 mAb (Santa Cruz).

Cell culture. Immortalized IL-3-dependent Bak-/-Bax-/- 
hematopoietic cells were cultured as described previously.51 
Wild-type murine Bak and Bax cDNAs were re-expressed in 
IL-3-dependent Bak-/-Bax-/- cells and Bak-/-Bax-/- MEF cells by 
retroviral infection and stable clones expressing Bak and Bax 
were selected as described previously.51,52 Mcl-1Δ/- MEFs and their 
wild-type counterparts were kindly provided by Dr. J. Opferman 
and generated as described previously.53 Human non-small cell 
lung carcinoma A549 and NCI-H1299 cells were obtained from 
ATCC (Manassas, VA). Human BxPC-3 pancreatic carcinoma 
cells were obtained from ATCC and panc-1 human pancreatic 
carcinoma cells were kindly obtained from Dr. Robert Mitchell.

Untransformed and transformed MEF cells were kindly pro-
vided by Dr. Wei-Xing Zong.

mcl-1 overexpression. Murine Mcl-1 cDNA was kindly pro-
vided by Dr. J. Opferman and cloned into the retroviral expression 

NSCLC treatment. In our study using the A549 NSCLC cell line, 
downregulation of Mcl-1 expression levels sensitizes cells to ABT-
737 treatment alone, whereas overexpression of Mcl-1 decreases the 
synergistic effect of ABT-737 and actinomycin D, supporting a role 
for Mcl-1 in mediating resistance to treatment of NSCLC.

While the clinical use of ABT-737 is limited because it is not 
orally bioavailable, our data would suggest the use of actino-
mycin D in combination with ABT-263, another experimental 
but orally active agent that mechanistically functions like ABT-
737.48,49 ABT-263 has been shown to enhance apoptosis induced 
by chemotherapeutics in hematologic tumors50 and is currently 
in Phase II clinical trials. We provide evidence that the tradi-
tional chemotherapeutic agent actinomycin D, combined with 
ABT-737, is extremely effective at killing pancreatic and NSCLC 
tumor cells, probably due to its effective downregulation of Mcl-1 
and further studies with ABT-263 in these tumors are warranted. 
Overall, our studies could potentially lead to a novel therapeutic 
strategy to treat pancreatic and NSCLC cancer patients.

Materials and Methods

reagents. Actinomycin D was obtained from Sigma Aldrich (St. 
Louis, MO) and diluted in DMSO. ABT-737 was provided by 

Figure 7. Reducing Mcl-1 expression in panc-1 and a549 cells sensitizes them to aBT-737 treatment. (a) Mcl-1 protein expression was reduced by siRNa 
in panc-1 and a549 cells. Cell lysates of 1 x 105 panc-1 or a549 cells were examined by western blot. (B) panc-1 or a549 cells with different expression 
levels of Mcl-1 were treated with the indicated concentrations of aBT-737 and cell viability was measured by pI staining 72 hours after treatment for 
panc-1 cells or 48 hours for a549 cells. Data represent mean ± standard deviation of triplicate experiments and have been repeated three times  
independently.
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generated using GeneChip 3' IVT Express kit (Affymetrix; Santa 
Clara, CA). Hybridization to mouse genome 430 2.0 array chips 
(Affymetrix) and the data analysis using the MAS5 algorithm 
in GCOS 1.4 (Affymetrix) were performed by the University of 
Louisville Microarray Facility. Fold-change data for each gene 
was only considered if at least one present call was reported for 
any time point analyzed.

real-time pCr. Wild-type MEFs cells were treated with 
0.2 μg/ml actinomycin D for 6, 9 and 12 hours and total RNA 
was extracted using Trizol reagent (Invitrogen) according to the 
manufacturer’s instructions. cDNA was generated by reverse 
transcription using random hexamer primers and SuperScript 
III reverse transcriptase (Invitrogen) according to the manufac-
turer’s instructions. TaqMan Gene Expression Assays specific for 
mouse Mcl-1 and actin and TaqMan Universal PCR Master Mix, 
no AmpErase UNG (Applied Biosystems; Foster City, CA) were 
used to amplify the cDNA on the 7900HT Fast Real-Time PCR 
System (Applied Biosystems). C

T
 values were calculated using 

RQ Manager, version 1.2 (Applied Biosystems) and normalized 
to actin transcript expression C

T
 values as an internal control. 

Normalized 2^ C
T
 values were used to calculate fold-changes in 

gene expression relative to values from untreated (time zero) cells.
western blot analysis. Whole cell lysates were generated by 

resuspending cells in RIPA buffer containing protease inhibi-
tors (Complete, Roche; Indianapolis, IN). Undissolved cell 

vector pBabeIRESGFP. Murine Mcl-1 cDNA was overexpressed 
in Mcl-1Δ/- MEFs, A549 and panc-1 cells by retroviral infection 
with virus generated by transfection of 293T/17 cells with pBabe-
mouse Mcl-1-IRESGFP and two packaging plasmids (pUMVC, 
pMD2.G) using Lipofectamine 2000 (Invitrogen; Carlsbad, CA). 
Cells that were not ≥90% GFP positive by flow cytometry were 
either sorted by the University of Louisville Brown Cancer Center 
Flow Cytometry Laboratory (MoFlo cell sorter; Beckman Coulter; 
Miami, FL) or an additional round of retroviral infection was per-
formed to maximize the number of cells overexpressing Mcl-1.

mcl-1 knockdown. Human Mcl-1 siRNA (sc-35877; Santa 
Cruz) and Control siRNA-A (sc-37007; Santa Cruz) was 
transfected into A549 and panc-1 cells using Lipofectamine 
RNAiMax (Invitrogen) according to the manufacturer’s instruc-
tions for forward transfection at a final concentration of 10 nM. 
24 hours after transfection, Mcl-1 knockdown was verified by 
western blot and 2.5, 5 and 10 μM ABT-737 or DMSO vehicle 
control was added. Cell viability by propidium iodide staining 
and flow cytometry was measured 24 and 48 hours after addition 
of ABT-737.

gene expression analysis. Wild-type MEFs were treated with 
0.2 μg/ml actinomycin D for 6 and 12 hours and total RNA 
was extracted using Trizol reagent (Invitrogen) according to the 
manufacturer’s instructions. Total RNA quality was confirmed 
using a 2100 Bioanalyzer (Agilent; Santa Clara, CA). cRNA was 

Figure 8. Mcl-1 overexpression in tumor cells reduces cell death induced by aBT-737 and actinomycin D. panc-1 cells (a) or a549 cells (B) overex-
pressing Mcl-1 and control cells were treated with the indicated amounts of aBT-737 and actinomycin D for 72 hours (panc-1) or 48 hours (a549). 
Cell viability was determined by pI staining and data represent mean ± standard deviation of triplicate experiments. experiments were performed 
independently three times.
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using the Gemini EM microplate spectrofluormeter (Molecular 
Devices; Sunnyvale, CA). Data was plotted as relative fluores-
cence units (RFUs) versus time and the slope was determined 
(RFU/min) and normalized to untreated cells as an indicator of 
caspase 3/7 activity.

Chou-talalay synergism assay. The synergistic effect of 
actinomycin D and ABT-737 on cell viability was determined by 
Chou-Talalay median dose effect analysis.31 IC

50
 of each drug on 

a tumor cell line was first determined. Various combinations of 
actinomycin D and ABT-737 at a constant ratio above or below 
their IC

50
 values were administered to cells. Following certain 

period of incubation, cell viability was determined and Fa was 
calculated as the ratio between the cell death levels of drug-
treated cells and those of untreated control cells. Combination 
index (CI) was determined using CompuSyn software (Biosoft, 
Cambridge, UK).
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debris was pelleted by centrifugation and protein concentration 
was determined by Bradford Assay (Protein Assay Reagent; Bio-
Rad; Hercules, CA). Upon suspension in RIPA buffer, MEF 
cells were incubated on ice for 10 minutes and sonicated for 5 
seconds at 10% amplitude (Sonic Dismembrator, Model 500, 
Fisher Scientific; Hampton, NH) before centrifugation. 20–25 
μg of total protein was electrophoresed in 4–12% Bis Tris gels 
(Invitrogen or Bio-Rad) and transferred to PVDF (Millipore; 
Billerica, MA) for incubation with the appropriate primary and 
secondary antibodies. Proteins were detected using ECL west-
ern blotting substrate (Pierce; Rockford, IL). Where indicated, 
lysates corresponding to an equivalent number of cells were elec-
trophoresed as above by pelleting a given number of cells and 
resuspending them in 1X LDS loading dye (Invitrogen).

Cell viability/death assays. Cells were harvested, propidium 
iodide (Invitrogen) was added and cell viability was measured by 
propidium iodide exclusion using flow cytometry (FACSCalibur, 
Becton Dickinson). Data from experiments indicating the 
percentage of cell death represent 100 minus the cell viability 
measurement.

soft agar colony formation assay. 10,000 exponentially grow-
ing cells were added to 2 ml 0.6% agar, which was then poured 
into a well in a 6-well plate. After agar solidified, 2 ml regular cell 
culture medium was added on the top of the agar and the plate was 
incubated under the regular tissue culture condition. Medium was 
replaced with fresh cell culture medium every 3–5 days. Following 
incubation for 10–12 days, the liquid cell culture medium was 
replaced with 1 ml of 12 mM MTT. The images of cell colonies 
were photographed after 10–20 minutes incubation with MTT.

Caspase 3/7 assays. Caspase 3/7 activity was detected directly 
in cells using the SensoLyte® Homogeneous Rh110 Caspase 3/7 
Assay Kit (AnaSpec; San Jose, CA). Cells were plated in 96-well 
white-walled plates and the assay was carried out according to 
the manufacturer’s instructions, except half the volumes for each 
reagent were used. The fluorescence signal (Ex/Em = 496 nm/520 
nm) was measured kinetically over 2 hours at 1 minute intervals 
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