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Abstract. One million females are diagnosed worldwide every 
year with breast cancer, and the mortality rate of these patients 
remains high. Several treatments, including surgery, are avail-
able for breast cancer. β‑Lapachone (β‑Lap), a natural quinone 
compound, has been developed for cancer treatment due to its 
strong cytotoxic effect through its action on NAD(P)H:quinone 
oxidoreductase 1  (NQO1)‑dependent activity. However, the 
mechanism in regards to how β‑Lap induces cytotoxicity in 
breast cancer cells is still elusive. In the present study, we showed 
that β‑Lap induced apoptotic cell death via activation of protein 
kinase A (PKA) in NQO1‑overexpressing MDA‑MB‑231 human 
breast cancer cells. This PKA‑dependent cell death was observed 
solely in NQO1‑overexpressing 231 cells via the high production 
of reactive oxygen species (ROS). Cell survival of antioxidant 
[N‑acetylcysteine (NAC)]‑treated NQO1‑overexpressing 231 
cells was significantly recovered, and NQO1‑negative 231 cells 
did not respond to β‑Lap. Antiapoptotic proteins such as Bcl2 and 
Bcl‑xL were decreased, while proapoptotic proteins, including 
cytochrome c, activation of caspase‑3, and cleavage of PARP were 
increased after β‑Lap treatment of NQO1‑overexpressing 231 
cells. Furthermore, PKA activators, forskolin or dibutyryl‑cAMP, 
an analog of cAMP, aggravated the β‑Lap‑induced apoptotic cell 

death by decreasing antiapoptotic proteins and further activating 
proapoptotic proteins in NQO1‑positive 231 cells. Treatment 
with a PKA inhibiter, H89, significantly increased cell viability 
even in NQO1‑overexpressing cells treated with β‑Lap. These 
data showed that β‑Lap activated PKA via ROS accumulation, 
subsequently leading to apoptotic cell death in NQO1‑positive 
breast cancer cells.

Introduction

Cancer, a multi‑step disease, is characterized by increased cell 
division, dysregulation of cell growth and resistance to cell 
death. Increases in oxygen consumption rates in cancer cells 
leads to hypoxia and consequently stimulates angiogenesis. 
In particular, breast cancer is both a genetic disease as well 
as a multiple factor‑associated disease (1‑4). It is the fore-
most cause of cancer‑related death corresponding to 23% of 
all cancer incidents in women, and worldwide, one million 
women are diagnosed with breast cancer and about half of 
them succumb to the disease every year (5,6). More than 8% of 
women present with invasive breast cancer that can be associ-
ated with a high death rate, and unfortunately, this percentage 
is expected to rise to 26% in 2020 (7,8). For this reason, it is 
necessary to develop new strategies for the treatment of breast 
cancer. However, it is difficult to discover new strategies for 
breast cancer due to its high potential of metastasis (9).

Apoptosis, programmed cell death, plays a crucial role in the 
development and maintenance of cellular homeostasis. However, 
dysregulation of this process has been implicated in various 
diseases including cancer (10,11). Cancer cells employ many strat-
egies to resist apoptotic cell death and to combat the host immune 
system, and many anticancer therapies have been targeted to the 
activation of cell survival signals (12). Protein kinase A (PKA), 
composed of two regulatory and two catalytic subunits, is acti-
vated upon stimulation by various extracellular or intracellular 
signals. Cyclic AMP (cAMP), a key intracellular mediator, binds 
to the PKA regulatory subunits, and the consequent dissociation 
of catalytic subunits results in PKA activation. PKA activity is 
specifically blocked by the H‑89 inhibitor, derived from H‑8 
N‑[2‑(methylamino)ethyl]‑​5‑isoquinoline‑sulfonamide (13,14). 
Besides its general role in antiapoptotic cell death, PKA is also 
involved in the enhancement of apoptosis (15‑17). In particular, in 
certain cell death mechanisms, PKA directly induces apoptosis 
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even in the absence of cAMP (18). The role of cAMP‑dependent 
signals has also been investigated in regards to both cell death 
and survival (19,20). Moreover, various protein regulators in the 
cAMP signaling pathway have been proposed as possible thera-
peutic targets to stimulate apoptosis for the treatment of certain 
cancers (15‑17). PKA‑dependent apoptosis is mediated via either 
phosphorylation of targeted proteins involved in cell death or by 
activation of an intrinsic mitochondrial cell death pathway, in 
many cancers (17,21‑26). Furthermore, cAMP can also sensitize 
cells to the proapoptotic action of agents, such as DNA damaging 
agents, via a non‑cAMP pathway (27). 

β‑Lapachone (β‑Lap), a quinone compound derived from 
the Lapacho tree (Tabebula  impetiginosa), has been shown 
to be highly effective in treating various types of cancer 
in experimental models, including liver cancer and mela-
noma (28‑33). β‑Lap reacts with a cellular enzyme, NAD(P)
H:quinone oxidoreductase 1 (NQO1), which is overexpressed 
in many cancers (34‑38). In particular, 84.7% of breast cancer 
tissues showed positive expression of NQO1 while only 30.8% 
of adjacent non‑tumor tissues showed NQO1 expression (39). 
The reaction of β‑Lap with NQO1 activates a futile cycle by 
consuming NADPH and generating ROS (33‑36). ROS from 
the redox cycle of β‑Lap also contribute to cellular toxicity 
in cancer cells (34,35). This demonstrates the importance of 
NQO1 in the anticancer action of β‑Lap, especially in cancer 
cells highly expressing NQO1 (38‑41). The differential role of 
NQO1‑mediating redox activation by β‑Lap, from the mitochon-
dria to produce ROS, suggests this approach could be useful as a 
potential anticancer treatment (41,42). However, the mechanism 
underlying how β‑Lap induces apoptosis is still unknown. 

In the present study, we showed that production of ROS 
in NQO1‑overexpressing breast cancer cells with highly acti-
vated PKA led to apoptotic cell death. In contrast, inhibition 
of PKA activity caused decreased apoptosis. We suggest that 
β‑Lap may be a potential treatment strategy for NQO1‑positive 
cancer cells as β‑Lap‑dependent PKA activation is specific to 
cancer cells, and is different from other cAMP‑PKA activation 
pathway treatments that have harmful effects on normal cells.

Materials and methods

Reagents. Roswell Park Memorial Institute (RPMI)‑1640 
medium and fetal bovine serum (FBS) were purchased from 
Gibco Life Technologies/Thermo Fisher Scientific, Inc. 
(Waltham, MA, USA). β‑Lapachone, NAC (N‑acetylcysteine), 
DCFDA (2',7'‑dichloroflourescin diacetate), forskolin, 
dibutyryl‑cAMP (cAMP‑analog) and H89 were obtained from 
Sigma‑Aldrich/Merck KGaA. The CCK‑8 (Cell Counting Kit‑8) 
was purchased from Dojindo (Tokyo, Japan). Primary antibodies 
against caspase‑3 (cat.  no.  9662; dilution 1:1,000), cleaved 
caspase‑3 (cat. no. 9661; dilution 1:1,000), PARP (cat. no. 9542; 
dilution 1:1,000), and cleaved PARP (cat.  no.  95411; dilu-
tion 1:1,000) were from Cell Signaling Technology (Beverly, 
MA, USA), and Bcl‑2 (cat. no. 7382; dilution 1:1,000), Bcl‑xL 
(cat. no. 56021; dilution 1:1,000), cytochrome c (cat. no. 13560; 
dilution 1:1,000), Bak (cat.  no.  832; dilution 1:1,000), 
p‑PKAα/β/γ T198 (cat. no. 32968; dilution 1:1,000) and PKAα 
(cat. no. 903; dilution 1:1,000) were purchased from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA). β‑actin was obtained 
from Sigma‑Aldrich/Merck KGaA. Secondary antibodies 

against rabbit, mouse and goat were purchased from Bio‑Rad 
Laboratories, Inc. (Hercules, CA, USA).

Cell culture. Two breast cancer cell lines, MDA‑MB‑231 over-
expressing NQO1 (231‑NQO1+/+) and MDA‑MB‑231 lacking 
NQO1 (231‑NQO1‑/‑), were described previously (43) and were 
provided by Dr David Boothman (UT Southwestern Medical 
Center, Dallas, TX, USA). These cells were cultured in RPMI 
medium supplemented with 5% (v/v) FBS, 100 U/ml penicillin, 
and 100 µg/ml streptomycin at 37˚C in a 5% CO2 humidified 
atmosphere.

Cell viability. Cell viability was determined by the CCK‑8 
kit. In brief, both 231‑NQO1+/+ and 231‑NQO1‑/‑ cells 
(5x103 cells/well) were treated with β‑Lap in the presence or 
absence of inhibitors or activators for 2 h in 96‑well plates, 
and after removal of medium, were further incubated in fresh 
RPMI medium with 5% FBS for 4 h. CCK‑8 reagent (10 µl) was 
added into each well and the cells were further incubated for 
4 h at 37˚C in a 5% CO2 humidified atmosphere. Absorbance 
was measured at 485 nm using a microplate reader (Hidex 1 
FN/Chameleon; Turku, Finland).

Determination of intracellular ROS. Intracellular ROS were 
determined by a DCFDA cellular ROS detection assay kit 
(cat. no. ab113851; Abcam, Burlingame, CA, USA). Briefly, 
both 231‑NQO1+/+ and 231‑NQO1‑/‑ cells (5x103 cells/well) 
were seeded into 96‑well plates containing RPMI medium 
(200 µl) supplemented with 5% FBS. After incubation for 24 h 
at 37˚C, cells were treated with different concentrations (0, 2, 
3 and 4 µM) of β‑Lap for 2 h, under the same conditions. After 
subsequent incubation for 4 h, 30 µM DCFDA dissolved in 
DMSO/PBS was added to each well, followed by incubation 
for 30 min under light‑free conditions. The plates were read 
using a GloMax® detection system (Model #E 8032; Promega, 
Sunnyvale, CA, USA) at 485/535 nm.

Western blot analysis. Cells were collected and washed twice 
with ice‑cold 1X PBS. Total proteins were extracted with cell 
lysis buffer (cat. no. 87788; Pierce; Thermo Fisher Scientific, 
Inc.) containing protease and phosphatase inhibitor cocktails 
(Halt™ Proteases & Phosphatase Single‑Use Inhibitor Cocktail 
(100X; Thermo Scientific, Inc.), and the protein concentration 
was determined using the Pierce protein assay kit (Thermo 
Scientific, Inc.). Total protein lysates (30 µg) were separated on 
a 10% SDS‑PAGE gel, and the target proteins were specifically 
detected by western blotting using the indicated antibodies by 
incubating with primary antibodies at 4˚C overnight and subse-
quently with secondary antibodies at room temperature for 1 h. 
Proteins were visualized with ECL Detection Reagent (Thermo 
Scientific, Inc.), and quantified using ImageJ software (National 
Institutes of Health, Bethesda, MD, USA). Protein level was 
corrected by β‑actin normalization as the control value. 

Statistical analysis. Each experiment was conducted indepen-
dently at least three times, and values are expressed as the mean 
value ± standard deviation (SD). The difference between two 
groups was assessed by a two‑tailed Student's t‑test. One‑way 
analysis of variance (ANOVA) was used to compare the means 
of three groups or more, and each comparison of these groups 
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was followed by multiple comparison Tukey's tests. Probability 
values of *P<0.05 and **P<0.01 were considered significant 
(as indicated by the relevant symbols in the figure).

Results

Cell death by β‑Lap in MDA‑MB‑231 breast cancer cells 
is dependent on NQO1 and increases in intracellular ROS. 
β‑Lap, an anticancer drug that reacts against many cancers, 
selectively targets only those cells highly expressing NQO1 
proteins, and β‑Lap‑induced cytotoxicity in these cancer cells 

is dependent on the accumulation of ROS produced from the 
futile cycle reactions of β‑Lap and NQO1 (31‑40). To further 
investigate the mechanistic details of β‑Lap‑induced cell 
death in breast cancer cells, two syngeneic breast cancer cell 
lines, MDA‑MB‑231 overexpressing NQO1 (231‑NQO1+/+) 
and MDA‑MB‑231 lacking NQO1 (231‑NQO1‑/‑), were 
treated with different concentrations of β‑Lap (0, 2, 3 and 
4 µM) for 2 h. The cell viability of 231‑NQO1+/+ cells was 
significantly decreased in a β‑Lap dose‑dependent manner, 
while 231‑NQO1‑/‑ cells maintained their viability regardless 
of β‑Lap concentration  (Fig.  1A  and  B) and microscopic 

Figure 1. β‑Lapachone (β‑Lap) decreases the cell viability of NQO1‑overexpressing human breast cancer cells in a dose‑dependent manner. 
(A and B) Determination of cell viability. The 231‑NQO1+/+ (A) and 231‑NQO1‑/‑ (B) cells were treated with β‑Lap (0, 2, 3 and 4 µM) for 2 h. After further 
incubation in fresh RPMI medium with 5% FBS for 4 h, cell viability was determined by CCK‑8 assay. (C) Cell morphological change. The 231‑NQO1+/+ (upper 
panels) and 231‑NQO1‑/‑ (lower panels) cells were treated with β‑Lap at different concentrations as indicated. After incubation for 4 h, images were taken for 
cell morphology (x100 magnification) using bright‑field microscopy. Scale bar, 10 µm. (D and E) Determination of NQO1 expression. The 231‑NQO1+/+ and 
231‑NQO1‑/‑ cells were subjected to western blot analysis using anti‑NQO1 antibody (D) and results were quantified (E) NQO1, NAD(P)H:quinone oxidore-
ductase; 1231‑NQO1+/+, NQO1‑overexpressing MDA‑MB‑231 cells; 231‑NQO1‑/‑, MDA‑MB‑231 cells lacking NQO1. Data represent the mean (±SD) of three 
independent experiments (*P<0.05, **P<0.01; NS, not significant).
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phenotype (Fig. 1C). According to the western blot analysis, 
231‑NQO1+/+ cells showed a high level expression of NQO1, 
while there was no expression of NQO1 in the 231‑NQO1‑/‑ 
cells (Fig. 1D and E). 

We further investigated whether a decrease in cell viability 
of 231‑NQO1+/+ cells treated with β‑Lap is due to the accu-
mulation of cellular ROS. When 231‑NQO1+/+ cells were 
treated with β‑Lap (0, 2, 3 and 4 µM), intracellular ROS levels 
were gradually increased in a dose‑dependent manner, and 
were specifically inhibited by treatment with the ROS scav-
enger [5 mM NAC (N‑acetyl cysteine)] (Fig. 2A). However, 
231‑NQO1‑/‑ cells showed no accumulation of ROS with 
β‑Lap treatment (Fig. 2A). Cell viability and morphological 
changes under light microscopy were similarly observed in 

both 231‑NQO1+/+ and 231‑NQO1‑/‑ cells treated with β‑Lap 
in the presence of NAC, as shown by cell viability results 
(Fig. 2B‑D). These data suggested that β‑Lap specifically 
induced cell death in 231‑NQO1+/+ breast cancer cells through 
stimulation of cellular ROS production.

β‑Lap treatment in 231‑NQO1+/+ cells induces apoptotic cell 
death via activation of PKA. According to many previous 
studies, β‑Lap can induce apoptosis in a variety of cancer 
cells (31‑38). In order to examine the mechanisms underlying 
β‑Lap‑mediated cell death, we compared the expression levels 
of antiapoptotic or apoptotic proteins in both 231‑NQO1+/+ and 
231‑NQO1‑/‑ cells upon treatment with different concentrations 
of β‑Lap (0, 2, 3 and 4 µM). As expected, while the expression 

Figure 2. Decrease in β‑Lapachone (β‑Lap)‑induced cell viability is dependent on production of ROS in NQO1‑positive cells. (A) Determination of ROS. 
The 231‑NQO1+/+ (left histogram) and 231‑NQO1‑/‑ (right histogram) cells were treated with β‑Lap (0, 2, 3 and 4 µM) in the presence or absence of 5 mM 
N‑acetylcysteine (NAC) for 2 h. After 4 h incubation in fresh RPMI medium with 5% FBS, intracellular ROS levels were determined. (B‑D) Cell viability. 
The 231‑NQO1+/+ and 231‑NQO1‑/‑ cells were treated with β‑Lap with/without 5 mM NAC for 2 h. Cell viability of 231‑NQO1+/+ (B) and 231‑NQO1‑/‑ (C) cells 
were determined as described previously. Data represent the mean (± SD) of three independent experiments (**P<0.01; NS, not significant). (D) Images show 
the cell morphology of 231‑NQO1+/+ (upper panels) and 231‑NQO1‑/‑ (lower panels) cells as captured under a bright‑field microscope. Scale bar, 10 µm. NQO1, 
NAD(P)H:quinone oxidoreductase; 1231‑NQO1+/+, NQO1‑overexpressing MDA‑MB‑231 cells; 231‑NQO1‑/‑, MDA‑MB‑231 cells lacking NQO1.
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levels of antiapoptotic Bcl‑2, and Bcl‑xL proteins were gradu-
ally decreased with increased concentrations of β‑Lap in 
231‑NQO1+/+ cells, the expression levels in NQO1‑deficient 
cells (231‑NQO1‑/‑) were unchanged regardless of the level of 
β‑Lap used (Fig. 3A and C). In contrast, proapoptotic Bak and 
cytochrome c were significantly increased in the 231‑NQO1+/+ 
cells in a β‑Lap dose‑dependent manner, but this was not 

observed in 231‑NQO1‑/‑ cells (Fig. 3A and D). In addition, 
caspase‑3 activation (cleaved caspase‑3) and PARP cleavage 
was significantly stimulated when 231‑NQO1+/+ cells were incu-
bated with different concentrations of β‑Lap (Fig. 3A and E). 
Importantly, we observed a significant increase in PKA acti-
vation (phosphorylated‑PKAα/β/γ at T198) in β‑Lap‑treated 
231‑NQO1+/+ cells, but not in 231‑NQO1‑/‑ cells (Fig. 3A and B). 

Figure 3. PKA is highly activated during β‑Lapachone (β‑Lap)‑induced apoptosis. (A) Western blots. The 231‑NQO1+/+ (left panel) and 231‑NQO1‑/‑ (right 
panel) cells were treated with β‑Lap (0, 2, 3 and 4 µM) for 2 h and further incubated in fresh medium with 5% FBS for 4 h. After cell lysis, total cell extracts 
(30 µg) were separated on 8 or 10% SDS‑PAGE and analyzed by western blotting using primary antibodies against proteins (Bcl‑2, Bcl‑xL, cytochrome c, 
Bak, p‑PKAα/β/γ cat, PKA cat, caspase‑3, cleaved caspase‑3, PARP and cleaved PARP). β‑actin was used as a loading control. (B‑E) Quantification of 
protein expression and activation. The relative amount of all proteins are shown in western blot analyses and were quantified by NIH ImageJ software and 
represented as a graph, respectively. The relative amount of p‑PKAα/β/γ to PKA cat was determined first and subsequently normalized to β‑actin. Data 
represent the mean (±SD) of three independent experiments (**P<0.01; NS, not significant). NQO1, NAD(P)H:quinone oxidoreductase; PKA, protein kinase A; 
Bcl‑2, B‑cell lymphoma-2; Bcl‑xL, B‑cell lymphoma‑extra large; PARP, Poly(ADP‑ribose) polymerase; 1231‑NQO1+/+, NQO1‑overexpressing MDA‑MB‑231 
cells; 231‑NQO1‑/‑, MDA‑MB‑231 cells lacking NQO1.
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In addition, the pattern of PKA activation was comparable with 
induction of proapoptotic events, such as caspase‑3 activation 
and PARP cleavage, as shown in Fig. 3. Moreover, this PKA 
activation was ROS‑dependent. Indeed, the phosphorylation of 
PKAα/β/γ at T198 was significantly inhibited by 5 mM NAC in 
β‑Lap‑treated 231‑NQO1+/+ cells, but not in 231‑NQO1‑/‑ cells 
(Fig. 4), indicating that PKA activation is closely associated 
with apoptotic cell death induced by β‑Lap‑dependent ROS in 
231‑NQO1+/+ cells.

PKA activation deteriorates the β‑Lap‑induced cell death. 
As shown above, PKA significantly activated β‑Lap‑induced 
cell death in MDA‑MB‑231 breast cancer cells overexpressing 
NQO1 (231‑NQO1+/+). Additionally, in some studies, PKA 
has been suggested to be a potential apoptotic cell death 
activator (15‑26). In order to further investigate the possible 
role of PKA activation during β‑Lap‑induced cell death, we 
treated 231‑NQO1+/+ and 231‑NQO1‑/‑ cells with PKA activa-
tors (dibutyryl‑cAMP, an analog of cAMP, and forskolin) or 

PKA inhibitor (H89) and examined the effects on cell viability. 
The viability of 231‑NQO1+/+ cells was dramatically decreased 
when cells were treated with both β‑Lap and dibutyryl‑cAMP 
(di‑cAMP) or forskolin when compared to the control. In 
addition, treatment with PKA activators, either di‑cAMP or 
forskolin, caused a significant decrease in cell viability in both 
231‑NQO1+/+ and 231‑NQO1‑/‑ cells in the absence of β‑Lap 
when compared to the control (Fig. 5A and B). Furthermore, 
a decrease in cell viability by β‑Lap treatment in 231‑NQO1+/+ 

cells was significantly recovered by PKA inhibitor H89 
(Fig. 5A), but not completely, suggesting that ROS‑mediated 
cell death might be additionally regulated by some other 
mechanisms. H89 had a positive influence on the recovery of 
cell viability, and this was slightly decreased by di‑cAMP even 
in 231‑NQO1‑/‑ cells (Fig. 5A and B).

We next examined the molecular levels of cell death‑related 
proteins and PKA activation in both 231‑NQO1+/+ and 
231‑NQO1‑/‑ cells treated with β‑Lap in the presence of PKA 
inhibitors or activators. When 231‑NQO1+/+ cells were treated 

Figure 5. PKA activators aggravate cell death induced by β‑Lapachone (β‑Lap). (A) The 231‑NQO1+/+ and (B) 231‑NQO1‑/‑ cells were treated with 2 µM β‑Lap 
in combination with PKA activators [10 µM dibutyryl‑cAMP (di‑cAMP), 10 µM forskolin] or PKA inhibitor (5 µM H89) for 2 h, and additionally incubated 
in fresh medium + 5% FBS containing PKA activators or inhibitor for 4 h. Cell viability was determined by CCK‑8 assays. Data represent the mean (±SD) 
of three independent experiments (*P<0.05, **P<0.01; NS, not significant). PKA, protein kinase A; NQO1, NAD(P)H:quinone oxidoreductase; 1231‑NQO1+/+, 
NQO1‑overexpressing MDA‑MB‑231 cells; 231‑NQO1‑/‑, MDA‑MB‑231 cells lacking NQO1.

Figure 4. PKA activation is ROS‑dependent. (A) The 231‑NQO1+/+ (left panel) and 231‑NQO1‑/‑ (right panel) cells were treated with β‑Lapachone (β‑Lap) 
(3 µM) in the presence or absence of 5 mM N‑acetylcysteine (NAC) for 2 h and further incubated in fresh medium with 5% FBS for 4 h. After cell lysis, total 
cell extracts (30 µg) were separated on a 10% SDS‑PAGE and analyzed by western blotting using the indicated antibodies. β‑actin was used as a loading 
control. (B) The relative amount of all proteins were quantified by NIH ImageJ software and represented as a graph. The relative amount of p‑PKAα/β/γ to 
PKA cat was determined first and subsequently normalized to β‑actin. Data represent the mean (± SD) of three independent experiments (*P<0.05, **P<0.01; 
NS, not significant). ROS, reactive oxygen species; PKA, protein kinase A; NQO1, NAD(P)H:quinone oxidoreductase; 1231‑NQO1+/+, NQO1‑overexpressing 
MDA‑MB‑231 cells; 231‑NQO1‑/‑, MDA‑MB‑231 cells lacking NQO1.
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Figure 6. Treatment with PKA activators further increases β‑Lapachone (β‑Lap)‑induced apoptotic cell death through activation of the PKA signaling pathway. 
(A) Western blots. The 231‑NQO1+/+ (left panel) and 231‑NQO1‑/‑ (right panel) cells were treated with 2 µM β‑Lap in combination with PKA activators (10 µM 
dibutyryl‑cAMP (di‑cAMP), 10 µM Forskolin) or PKA inhibitor (5 µM H89) for 2 h, and additionally incubated in fresh medium + 5% FBS containing PKA acti-
vators or inhibitor for 4 h. Cells were lysed, and total cell extracts (30 µg) were separated by 8 or 10% SDS‑PAGE and analyzed by western blotting using primary 
antibodies to Bcl‑2, Bcl‑xL, cytochrome c, Bak, p‑PKAα/β/γ cat, PKA cat, caspase‑3, cleaved caspase‑3, PARP, and cleaved PARP. β‑actin was used as a loading 
control. (B‑H) The relative amounts of all proteins shown in western blot analyses were quantified by NIH ImageJ software and represented as a graph: p‑PKA 
(B) in 231‑NQO1+/+ (left) and 231‑NQO1‑/‑ (right) cells, Bcl2/Bcl‑xL in 231‑NQO1+/+ (C) and 231‑NQO1‑/‑ (D) cells, cytochrome c/Bak in 231‑NQO1+/+ (E) and 
231‑NQO1‑/‑ (F) cells, and cleaved caspase 3/cleaved PARP in 231‑NQO1+/+ (G) and 231‑NQO1‑/‑ (H) cells, respectively. The relative amount of p‑PKAα/β/γ to 
PKA cat was determined first and subsequently normalized to β‑actin. Data represent the mean (± SD) of three independent experiments (*P<0.05, **P<0.01; NS, 
not significant). NQO1, NAD(P) H:quinone oxidoreductase; PKA, protein kinase A; Bcl‑2, B‑cell lymphoma-2; Bcl‑xL, B‑cell lymphoma‑extra large; PARP, 
Poly(ADP‑ribose) polymerase; 1231‑NQO1+/+, NQO1‑overexpressing MDA‑MB‑231 cells; 231‑NQO1‑/‑, MDA‑MB‑231 cells lacking NQO1.
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with either di‑cAMP or forskolin in combination with β‑Lap, 
we observed a significant decrease in antiapoptotic proteins, 
such as Bcl‑2 and Bcl‑xL (Fig. 6A and C), and also a large 
increase in proapoptotic cytochrome  c, Bak expression, 
caspase‑3 activation, and PARP cleavage (Fig. 6A, E and G), 
with a substantial activation of PKA (p‑PKAα/β/γ at T198) 
(Fig. 6A and B), compared to treatment with PKA activa-
tors alone, either di‑cAMP or forskolin without β‑Lap. 
Furthermore, we also observed a slight increase in proapop-
totic proteins and a decrease in antiapoptotic proteins in 
231‑NQO1‑/‑ cells treated with either cAMP or forskolin, 
regardless of β‑Lap treatment (Fig. 6A, D, F and H). On the 
contrary, antiapoptotic proteins and proapoptotic events 
were significantly increased and decreased, respectively, in 
231‑NQO1+/+ cells treated with β‑Lap in the presence of H89, 
a PKA inhibitor (Fig. 6). Furthermore, combination of β‑Lap 
and H89 in NQO1‑negative cells (231‑NQO1‑/‑) caused a slight 
increase in antiapoptotic proteins and a substantial decrease in 
cytochrome c and Bak expression (Fig. 6).

Discussion

In the present study, we showed that β‑Lap induced apoptotic cell 
death via the PKA pathway in human breast cancer MDA‑MB‑231 
cells overexpressing NQO1 protein. According to previous 
studies, β‑Lap‑induced cell death is mostly dependent on ROS 
production by intracellular metabolism combined with a futile 
cycle in a NQO1‑dependent manner (34‑38). We also observed 
an increase in intracellular ROS when 231‑NQO1+/+ cells were 
treated with β‑Lap, in a dose‑dependent manner. Additionally, 
we observed activation of PKA in the β‑Lap‑induced cell 
death of 231‑NQO1+/+ cells, and we also showed that PKA 
activators further exacerbated β‑Lap‑induced cell death; PKA 
inhibitor substantially recovered cell survival even in cases of 
β‑Lap‑treated 231‑NQO1+/+ cells. These results suggested that the 
PKA activity activated by β‑Lap was associated with apoptotic 
cell death in these breast cancer cell lines.

Although cAMP‑induced PKA activation is an essential 
pathway used to maintain cell viability in normal and cancer 
cells, PKA activation has also been suggested to induce apop-
totic cell death in many cancer cells (15‑17). Indeed, activation 
of cAMP and PKA signaling pathways stimulates apoptosis 
through phosphorylation of apoptosis‑associated proteins 
such as Bim under stress conditions, such as during DNA 
damage (25). Most of these cell death mechanisms are associ-
ated with an intrinsic mitochondrial pathway (22). Furthermore, 
PKA‑induced cell death in cancer cells is observed in not 
only a cAMP‑dependent but also a cAMP‑independent 
manner (18). In particular, despite the potent anticancer effects 
of cAMP/PKA activation by cancer drugs, these substances 
causing PKA activation via increase of intracellular cAMP are 
not recommended to be used as anticancer drugs because of 
their high cytotoxicity via the cAMP/PKA/CREB signaling 
pathway in normal cells. Therefore, the discovery of novel 
drugs that induce cAMP‑independent PKA activation in 
cancer cells could be a beneficial strategy for future cancer 
treatment. 

According to our data, β‑Lap, a quinone compound, highly 
activated PKA and consequently induced apoptotic cell death 
in NQO1‑positive breast cancer cells but not in NQO1‑negative 
cells, suggesting that β‑Lap‑mediated ROS production in 
NQO1‑positive cells might be essential for cell death via both 
PKA activation and other mechanisms. In particular, although 
direct treatment with PKA activators such as dibutyryl‑cAMP 
or forskolin of 231‑NQO1‑/‑ cells substantially activated PKA, it 
led to less cell death even in the presence or absence of β‑Lap, 
when compared with 231‑NQO1+/+ cells treated with β‑Lap, 
indicating that PKA activation in β‑Lap‑treated 231‑NQO1+/+ 

cells might not be solely cAMP‑dependent; rather, some other 
cAMP‑independent mechanisms may activate PKA, as shown 
in another study (18). 

In addition to cAMP‑independent PKA activation, β‑Lap 
might also mediate the coordinative regulation of cytosolic 
and mitochondrial PKA activation through high production 

Figure 7. Illustration of the activation of the PKA signaling pathway in β‑Lapachone (β‑Lap)‑induced apoptotic cell death. External signals activate adenylate 
cyclase (AC) through its specific receptor to produce cAMP, leading to the subsequent activation of PKA. Additionally, ROS produced the β‑Lap‑induced futile 
redox cycle to activate cytosolic PKA and mitochondrial PKA through unknown mechanisms (indicated by?). The activated PKA is associated with apoptotic 
cell death via caspase activation. PKA, protein kinase A; cAMP, cyclic AMP; ROS, reactive oxygen species; NQO1, NAD(P)H:quinone oxidoreductase.
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of ROS in mitochondria. β‑Lap‑mediated ROS were increased 
and inhibited by antioxidant NAC in 231‑NQO1+/+ cells, and 
coordinatively PKA activation was observed. PKA was more 
highly activated upon treatment with β‑Lap, than by direct 
treatment with PKA activators. We observed a cumulative 
upregulation of PKA with treatment of the PKA activator and 
β‑Lap, suggesting that β‑Lap‑mediated ROS were additionally 
related to PKA activation involved in cell death (Fig. 7). Indeed, 
some studies have suggested that increases in intracellular 
ROS activate the PKA signaling pathway (44‑46).

In agreement with previous studies  (31‑38), this study 
also showed that β‑Lap induced apoptotic cell death by 
NQO1‑mediated ROS in a dose‑dependent manner. β‑Lap 
treatment caused a significant decrease in antiapoptotic 
proteins, such as Bcl‑2 and Bcl‑xL. In contrast, β‑Lap caused 
a large increase in proapoptotic events including caspase acti-
vation, PARP cleavage, and cytochrome c. Nevertheless, our 
study still has some limitations to make a solid conclusion. 
In this study we only used a single type of breast cancer cell, 
and we did not examined the effect of β‑Lap on normal breast 
cells with or without NQO1 overexpression, which will be 
investigated in the future.

As mentioned previously, a combination of different 
processes may be effective for the treatment of cancer. 
However, a new strategy targeting apoptosis in cancer cells 
still remains to be developed. In particular, in this study we 
suggest a novel mechanism by which β‑Lap can induce apop-
tosis via activation of PKA, and use of β‑Lap as a selective 
treatment in cancer patients. 
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