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Quinalizarin exerts an anti-tumour effect on lung
cancer A549 cells by modulating the Akt, MAPK,
STAT3 and p53 signalling pathways
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Abstract. Quinalizarin may be a potential chemical agent
for cancer therapy, as it exerts anti-tumour effects against a
variety of different types of cancer. However, the underlying
regulatory mechanism and signalling pathways of quinalizarin
in lung cancer cells remains unknown. The present study
sought to investigate the effects of quinalizarin on prolifera-
tion, apoptosis and reactive oxygen species (ROS) generation
in lung cancer. MTT assays were used to evaluate the effects of
quinalizarin on the viability of lung cancer A549, NCI-H460
and NCI-H23 cells. Flow cytometry was employed to evaluate
the effects of quinalizarin on the cell cycle, apoptosis and ROS
generation in A549 cells. Western blotting was performed to
detect cell cycle and apoptosis-associated protein expression
levels in A549 cells. Quinalizarin inhibited A549, NCI-H460
and NCI-H23 cell proliferation and induced A549 cell
cycle arrest at the G/G, phase. Quinalizarin induced apop-
tosis by upregulating the expression of B-cell lymphoma 2
(Bcl-2)-associated agonist of cell death, cleaved-caspase-3 and
cleaved-poly (adenosine diphosphate-ribose) polymerase, and
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downregulating the expression of Bcl-2. Furthermore, quinal-
izarin activated mitogen-activated protein kinase (MAPK) and
P53, and inhibited the protein kinase B and signal transducer
and activator of transcription-3 (STAT3) signalling pathways.
In addition, quinalizarin increased ROS generation. The ROS
scavenger N-acetyl-L-cysteine restored quinalizarin-induced
cell apoptosis, and inactivated the MAPK and STAT3 signal-
ling pathways. The results of the present study demonstrated
that quinalizarin induces G,/G, phase cell cycle arrest and
apoptosis via ROS mediated-MAPK and STAT3 signalling
pathways.

Introduction

Among cancers, lung cancer has the highest incidence and
cancer-associated mortality worldwide (1-3). In 2015, nearly
733,300 new lung cancer cases and 610,200 lung cancer deaths
occurred in China (4). Despite improvements in early detec-
tion and therapeutic strategies, the prognosis with standard
treatments for patients remains poor, with a 5-year relapse
rate of 80% (5). Many investigations have sought to identify
novel drug targets and effective ways to combat lung cancer,
however, significant research is still required (6-8). Therefore,
there is an urgency to develop novel effective agents to treat
lung cancer.

The Akt signalling pathway is involved in cellular prolif-
eration, survival and apoptosis in various types of cancer
and has been recognized as a potential molecular target
for cancer therapy (9-11). Activated Akt has been shown to
promote tumour progression in various cancers through cell
cycle arrest and the promotion of apoptosis (11). Abundant
evidences indicated that anti-cancer agents regulate biological
behaviour via Akt in various cancer cell lines. The activity of
Akt is also regulated by casein kinase 2 (CK?2) inhibitor (12).
Mitogen-activated protein kinase (MAPK) signalling pathways
relay and integrate signals from a wide range of stimuli and
control cellular proliferation, cell cycle and apoptosis (13-17).
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Therefore, the MAPK in these signalling pathways are consid-
ered ‘stress-activated protein kinases’ in cellular signalling,
inflammation, apoptosis and the pathogenesis of various
diseases. The signal transducer and activator of transcription-3
(STAT3) signalling pathway has been shown to regulate the
transcriptional activation of gene products that participate in
cell proliferation and anti-apoptosis, such as cell cycle (cyclins
and cyclin-dependent kinases, Cdks) and apoptotic regulators
(Bcl-2 and Bad) (18). These findings indicate that the targeting
of Akt, MAPK and STATS3 signalling pathways may be an
important therapeutic target in novel cancer therapy.

Reactive oxygen species (ROS) are one of the major
causes of tumours and have significant roles in the processes
of tumour progression, metastasis and apoptosis (19-21).
Intracellular levels of ROS play key roles in survival and various
physiological functions and also proven to be able to promote
cell proliferation and apoptosis through threshold levels (22).
Many studies have shown that ROS accumulation directly
increases mitochondrial dysfunction and the subsequent
initiation of apoptosis (22-24). Furthermore, ROS or oxidative
stress-responses may alter various cancer developments by
activating canonical ROS-responsive signalling pathways
such as MAPK and STAT3 pathways (24). Thus, increasing
intracellular ROS generation and modulating the MAPK and
STATS3 signalling pathways may be an effective approach in
the treatment and prevention of cancers.

Casein kinase 2 (CK?2) has been shown to be involved in
malignant proliferation, apoptosis resistance and signal trans-
duction in different cancer cells (25-27). Many studies have
confirmed the underlying targeting of protein kinase CK2
inhibitors for various cancer therapies (25-28). Quinalizarin
is a protein kinase CK2 and ATP-competitive inhibitor that
has previously been shown to be a potent, highly selective and
cell-permeable inhibitor (28). Quinalizarin has been reported
to promote apoptosis in human nasopharyngeal carcinoma
CNE-1 and CNE-2 cells (29). However, the underlying
molecular mechanisms of quinalizarin-induced apoptosis in
lung cancer cells remain unknown.

In the present study, we examined the effect of quinalizarin
on anti-proliferation, inducing cell cycle arrest, apoptosis and
ROS generation in lung cancer cell lines. The roles of the
Akt, MAPK, STAT3 and p53 signalling pathways in quinal-
izarin-induced cell apoptosis and intracellular ROS generation
were examined.

Materials and methods

Cell culture. Lung cancer A549, NCI-H460, NCI-H23 cell
lines and normal liver QSG-7701 cell lines were obtained
from American Type Culture Collection (Manassas, VA,
USA). Cells were cultured in DMEM (Gibco; Thermo Fisher
Scientific, Inc., Waltham, MA, USA), supplemented with 10%
foetal bovine serum (FBS), penicillin (100 U/ml) and strepto-
mycin (100 pg/ml; Gibco) in a 5% CO, humidified atmosphere
at 37°C. Cells were monitored daily, and medium was replaced
every 2 days at 70% cell density.

Cell cytotoxicity assays. A549, NCI-H460, NCI-H23 and
QSG-7701 cells were harvested at logarithmic phase and
dispensed into 96-well plates at a density of 5,000 cells per
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well. After 24 h of incubation, the A549, NCI-H460, NCI-H23
and QSG-7701 cells were treated with various concentrations
(1, 3, 10, 30 and 100 gmol/l) of 5-fluorouracil (5-FU) and
quinalizarin (Sigma-Aldrich, St. Louis, MO, USA) for 24 h.
Controls included untreated and dimethyl sulfoxide (DMSO;
Sigma-Aldrich) treated cells. MTT solution (20 ul; 5 mg/ml)
was added to the wells, and 2 h later, the intracellular formazan
crystals that had formed were solubilized with 100 1 DMSO,
and the cells were incubated for an additional 15 min at 37°C.
The absorbance values of the solution were measured at
540 nm with a microplate luminometer. Percentage viability
was calculated as (OD of drug-treated sample/OD of control
sample) x100.

Cell cycle analysis. A549 cells in logarithmic phase were
seeded onto 6-well culture plates (1x10° cells/well) and
cultured 24 h. Then, the cells were treated with 12.1 gmol/l
quinalizarin for 0, 3, 6, 12 and 24 h. Cells were trypsinized
and fixed in 70% ethanol at 4°C for 12 h and washed with PBS
2-3 times. Cells were resuspended in 195 pl binding buffer and
incubated with RNase and propidium iodide (PI; Beyotime
Biotechnology, Shanghai, China) for 30 min without bright
light at 37°C. The cellular DNA content of the treated cells
was analysed by flow cytometry (BD Biosciences, San Jose,
CA, USA) with a 488 nm argon laser.

Cell apoptosis analysis. Early and late apoptosis was analysed
by Annexin V-FITC/PI double staining and flow cytometry.
Cells in the logarithmic growth phase were plated onto 6-well
plates at a density of 1x10° cells/well and incubated overnight.
After being treated with quinalizarin (12.1 gmol/l) for 0, 3, 6,
12 and 24 h, cells were centrifuged at 5,000 x g for 7 min at
4°C and washed with PBS 2-3 times. Each sample was stained
with 5 ul Annexin V-FITC and 3 ul PI at room temperature
for 20 min in the absence of bright light, and cells were then
detected by flow cytometry. The results are reported as the
mean values from three independent experiments.

Western blotting analysis. Cells were washed in PBS and
lysed in cell extraction buffer (1 M HEPES, pH 7.0; 5 M NacCl;
0.5% Triton X-100; 10% glycerol; 20 mM fB-mercaptoethanol;
20 mg/ml AEBSF; 0.5 mg/ml pepstatin; 0.5 mg/ml leupeptin;
and 2 mg/ml aprotinin). Cell lysates were centrifuged for
30 min at 12,000 x g and 4°C. Then, the supernatants were
dissolved with 5x sample loading buffer and boiled for
5 min. The resulting supernatants (30 pg) were separated
on 10% SDS-PAGE and transferred to NC membranes. The
membranes were blocked with 5% skim milk for 2 h at room
temperature and incubated for 12 h (overnight) at 4°C with the
following primary antibodies (all obtained from Santa Cruz
Biotechnology, Inc., Dallas, TX, USA): Mouse monoclonal
antibodies against $-actin (1:2,500; cat.no.sc-47778), a-tubulin
(1:2,500; cat.no. sc-8035),Bad (1:1,500; cat. no. sc-8044), Bcl-2
(1:1,500; cat. no. sc-7382), PARP-1 (1:1,500; cat. no. sc-8007),
cleaved caspase-3 (cle-caspase-3; 1:1,500; cat. no. sc-373730),
p-ERK (1:1,500; cat. no. sc-7383), p-JNK (1:1,500;
cat.no.sc-6254),JNK (1:1,500; cat. no. sc-7345), p-p38 (1:1,500;
cat. no. sc-7973), p-STAT3 (1:1,500; cat. no. sc-8059), STAT3
(1:1,500; cat. no. sc-8019); and rabbit polyclonal antibodies
against CDK2 (1:2,500; cat. no. sc-163), CDK4 (1:2,500;
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cat. no. sc-260), CDK6 (1:2,500; cat. no. sc-177), cyclin D1
(1:2,500; cat. no. sc-753), cyclin E (1:2,500; cat. no. sc-481),
p21 (1:1,500; cat. no. sc-397), p27 (1:2,500; cat. no. sc-528),
pro caspase-3 (1:2,500; cat. no. sc-7148), ERK2 (1:1,500;
cat. no. sc-154), p38a/p (1:1,500; cat. no. sc-7194), p-p53
(1:2,500; cat. no. sc-101762), pS3 (1:1,500; cat. no. sc-6243),
Akt1/2/3 (1:1,500; cat. no. sc-8312), and p-Akt1/2/3 (1:2,500;
cat. no. sc-7985-R). Peroxidase-Conjugated Affini Pure
Goat Anti-Mouse IgG (1:5,000; cat. no. ZB-2305) and Goat
Anti-Rabbit IgG (1:5,000; cat. no. ZB-2301) were used as
the secondary antibodies. Membranes were incubated with
chemiluminescence reagent (Millipore, Billerica, MA, USA),
detected by a chemiluminescence instrument and analysed by
using ImagelJ 1.42q software.

Detection of ROS. The generation of intracellular ROS in
response to quinalizarin treatment in A549 cells was measured
by using 2',7'-dichlorofluorescein diacetate (DCFH-DA;
MERCK, Shanghai, China) permeates. Cells were plated onto
6-well culture plates (1x10° cells/well) and incubated for 24 h.
Then, the cells were treated with quinalizarin (12.1 ymol/l)
for 0, 3, 6, 12 and 24 h, harvested at 5,000 x g for 5 min and
incubated with DCFH-DA for 30 min in the dark. The results
were analysed by flow cytometry (Beckman Coulter, Inc.,
Brea, CA, USA).

Statistical analysis. Data were presented as the mean + standard
deviation and all of the experiments were replicated
3 times. Statistical analyses were performed using Excel.
One-way analysis of variance or Student's t-test was used
to evaluate the statistical significance between controls
with treated groups. P<0.05 indicated statistically significant
differences.

Results

Quinalizarin has cytotoxic effects on lung cancer cells. To deter-
mine whether quinalizarin had cytotoxic effects in lung cancer
cells (A549, NCI-H23 and NCI-H460), cell viabilities were
detected with MTT assays. As shown in Fig. 1A-C, quinalizarin
inhibited the cell viability of the three lung cancer cell types
(A549, NCI-H23 and NCI-H460) in a concentration-dependent
manner. Furthermore, there were significant differences after
quinalizarin treatment compared with 5-FU treatment. The
inhibition rate of quinalizarin on A549 cells (ICs,, 12.1 gmol/l)
was higher than those on NCI-H23 (IC,,, 20.24 pxmol/l) and
NCI-H460 (ICs,, 27.94 pmol/l) cells at 24 h. Furthermore,
there were no significant cytotoxic effects of quinalizarin
compared with 5-FU treatments in normal liver QSG-7701 cells
(Fig. 1D). These results indicated that quinalizarin has signifi-
cant dose-dependent cell toxicity effects in lung cancer cells.
Because A549 cells were more sensitive to quinalizarin, we
used A549 cells as a representative for subsequent experiments.

Quinalizarin induces cell cycle arrest and regulates expres-
sion of cell cycle-related proteins in A549 cells. To investigate
whether quinalizarin induced growth inhibition and cell cycle
arrest, cells exposed to quinalizarin were analysed with flow
cytometry and western blotting. As shown in Fig. 2A and B, the
percentage of cells in G,/G, phase was significantly increased
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compared with the control groups, and cell numbers in G,/M
phase decreased. These results suggested that quinalizarin
induced cell cycle arrest at G,/G, phase in a time-dependent
manner. To further investigate whether the CDK/cyclin signal-
ling pathway was involved in quinalizarin-induced cell cycle
arrest, G,/G, phase regulatory proteins were examined. A549
cellular protein expression levels of CDK?2/4/6 and cyclin
DI1/E were repressed, and p21 and p27 were increased in a
time-dependent manner (Fig. 2C and D). These results showed
that quinalizarin induces A549 cell cycle arrest at G,/G, phase
in a time-dependent manner, with decreased expression levels
of CDK?2/4/6 and cyclin DI/E.

Quinalizarin induces apoptosis in A549 cells. To investi-
gate whether quinalizarin induced apoptosis in lung cancer
cells, A549 cells were treated with quinalizarin for different
time (0, 3, 6, 12 and 24 h), and apoptosis was observed by
Annexin V-FITC/PI double staining. Fluorescence intensity
and morphology changes were observed by fluorescence
microscope. The fluorescence intensity of Annexin V-FITC
and PI of quinalizarin-treatment cells was increased in a
time-dependent manner (Fig. 3A and B). Especially after 24 h
of treatment with quinalizarin, apoptosis was most apparent
as compared with that in the bright field groups. Cells had
decreased in size and were rounded and floating, thus further
demonstrating the ability of quinalizarin to induce apoptosis
in lung cancer cells. The percentage of early and late apop-
tosis was quantified by flow cytometry (Fig. 3C and D). The
percentages of apoptotic cells increased from 5.87 to 64.57%
for the A549 cells, thus suggesting that quinalizarin is a potent
inducer of apoptosis in A549 cells.

Quinalizarin induces apoptosis in A549 cells via alterations
in Bcl-2 family proteins and caspase activation. To investigate
whether quinalizarin induced apoptosis via the mitochondrial
pathway, we detected apoptotic protein expression levels by
western blotting. As shown in Fig. 4A and B, quinalizarin
significantly increased the protein expression level of Bad
and decreased that of Bcl-2. Furthermore, quinalizarin
increased caspase-3 and PARP activity in a time-dependent
manner. These results indicated that the induction of apoptosis
was associated with the down-regulation of Bcl-2 and the
up-regulation of Bad, cle-caspase-3 and cleaved PARP in lung
cancer cells. These results showed that quinalizarin induces
apoptosis via the activation of common apoptotic regulators.

Quinalizarin activates Akt, MAPKs, STAT3 and p53
signalling pathways. To investigate the mechanism underlying
quinalizarin-induced apoptosis in A549 cells, Akt, MAPK,
STAT3 and p53 signalling pathway-related proteins were analysed
by western blotting. As shown in Fig. SA-F, the phosphorylation
of Akt, ERK and STAT3 was significantly decreased and the
phosphorylation of JNK, p38 and p53 was significantly increased
after quinalizarin treatment. These results suggested that
quinalizarin-induced activation of the Akt, MAPK, STAT3 and
p53 signalling pathways promote A549 cell apoptosis.

Quinalizarin induces intracellular ROS generation and
ROS scavenger NAC suppression of cell apoptosis. To
investigate the relationship between ROS generation and cell
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Figure 1. Cytotoxic effects of quinalizarin on lung cancer cells. Cell viabilities were expressed as a percentage of viable cells compared with control cells.
Effects of 5-FU and quinalizarin on (A) A549, (B) NCI-H23, (C) NCI-H460 and (D) QSG-7701 cell viability. Data are presented as the mean + standard
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apoptosis, quinalizarin-treated A549 cells were used to study  treatment in a time-dependent manner. After incubation with
the mechanism of ROS generation during apoptosis. As shown  quinalizarin and N-acetyl-L-cysteine (NAC), ROS levels were
in Fig. 6A and B, ROS levels increased under quinalizarin  significantly decreased as compared with the levels in the
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quinalizarin group (Fig. 6C and D). Scavenging of ROS also
significantly decreased quinalizarin-induced cell apoptosis
(Fig. 6E and F). Next, we used Western blotting to confirm the
anti-apoptotic mechanism of ROS in quinalizarin-induced cell
apoptosis. After incubation with quinalizarin and NAC, the
phosphorylation of ERK and STAT3 increased and p38, JNK,
cle-caspase-3 and cle-PARP were decreased (Fig. 7A and B).
These data indicated that quinalizarin induces cell apoptosis
through the generation of ROS via the MAPK and STAT?3
signalling pathways. SB203580 (p38 inhibitor), SP600125
(JNK inhibitor) and FR180204 (ERK inhibitor) were applied
to confirm the role of MAPK and STATS3 signalling pathways
in the quinalizarin-induced apoptosis on lung cancer cells.
AS549 cells were pre-treated with 12.1 ymol/l of SB203580,

SP600125 or FR180204 for 30 min followed by treatment
with quinalizarin for 24 h. The decreased protein expression
levels of p-STAT3 induced by quinalizarin were suppressed by
adding the p38MAPK inhibitor and JNK inhibitor, enhanced
by adding the ERK inhibitor (Fig. 8A-F). These results showed
that MAPK was involved in regulating the STAT3 signalling
pathway and induced apoptosis in lung cancer A549 cell.

Discussion

Potential growth inhibition and apoptosis-inducing effects
of quinalizarin on lung cancer cell lines were explored.
Cell proliferation follows the progression of the cell cycle.
In eukaryotes, mitosis is dependent on the completion of
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(E) A549 cells were incubated with NAC or quinalizarin for 24 h, and cell apoptosis was analysed by flow cytometry and then (F) quantified. "P<0.05, “P<0.01,

sk

P<0.001 vs. NAC + Quina group. ROS, reactive oxygen species; NAC, N-acetyl-L-cysteine; Quina, quinalizarin.
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DNA synthesis (30). Checkpoints play important roles in the
regulation of the cell cycle in eukaryotic cells, and abnormal
regulation of these checkpoints frequently occurs in tumour
cells (31). Cells may be arrested at G,/G,, S and G,/M phases
of the cell cycle (32). Indeed, quinalizarin has been reported
to decrease CDK1 and cdc25C phosphatase levels and to
induce apoptosis in human prostate cancers (33). In the present
study, quinalizarin was found to induce A549 cells arrest at
G,/G, phase, thus suggesting that quinalizarin may induce
cell cycle arrest at different phases. CDK2/4/6 and cyclin
DI1/E are known to be involved in the regulation of G,/G,
phase. Because activation of the CDK/cyclin complex initi-
ates entry into G, phase, the G,/G, transition usually requires
a functional CDK/cyclin complex (34). Our results indicated
that quinalizarin induced A549 cell cycle arrest at G,/G, phase
by suppressing CDK?2/4/6 and cyclin DI/E and increasing p21
and p27 protein expression levels.

Apoptosis is a conserved programmed cell death mecha-
nism that is involved in the elimination of cancer cells.
Intrinsic apoptosis is also known as mitochondrial apoptosis
because it depends on factors released from the mitochon-
dria. The mitochondrial pathway is regulated by Bcl-2 family
members, which include pro-apoptotic Bad and anti-apop-
totic Bcl-2 proteins (35). Caspase-3 is a critical enzyme in
apoptosis that cleaves several essential cellular proteins such
as PARP (36). Many anti-cancer agents induce the intrinsic
apoptotic pathway, which is characterized by increasing
activation of caspase-3 and cleavage of PARP. Our present
study showed that quinalizarin markedly induced the apop-
tosis of A549 cells by up-regulating Bad, down-regulating
the expression of Bcl-2 and activating caspase-3 and PARP.
These findings suggested that quinalizarin may induce
mitochondrial-dependent apoptosis, regulate Bcl-2 and Bad
expressions, and activate the mitochondrial cascade in lung
cancer cells.

Furthermore, the underlying molecular mechanisms
of quinalizarin-induced apoptosis indicated that quinal-
izarin induces cell apoptosis via suppression of the Akt,
MAPK, STAT3 and p53 signalling pathways. The Akt
signalling pathway is closely associated with CK2 and
plays important roles in cell survival and apoptosis (37).
The MAPK signalling pathways can be divided into three
major subgroups, correlated with apoptosis: the ERK, JNK
and p38 pathways (14). ERK is involved in the regulation
of cell proliferation, differentiation and apoptosis in cancer
cells (15). JNK is activated by environmental and toxic
stresses and is important in inflammation through the control
of cell proliferation, differentiation, survival and migration of
various cell types (16). p38 is activated by cell stress-induced
signalling in response to various factors including toxic
chemicals and oxidative stress (17). STAT3 activation also
leads to increased cell proliferation, angiogenesis, multidrug
resistance and decreased cell apoptosis (18). p53 activates
target genes involved in cell cycle arrest, apoptosis, senes-
cence, anti-angiogenesis and autophagy, thereby suppressing
malignant tumour transformation and preserving genomic
integrity (38). Our results revealed that quinalizarin induces
apoptosis by regulating the expression levels of proteins
involved in the Akt, MAPK, STAT3 and p53 signalling
pathways.
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ROS are a group of highly reactive molecular oxygens
continuously produced during mitochondrial respira-
tion. ROS are usually maintained at tolerable levels under
physiological conditions, whereas high levels of ROS are an
important mechanism of cell death (39). Intracellular ROS
levels have been reported to activate the MAPK signal-
ling pathways (40). Imbalances due to either increased ROS
production or decreased ROS degradation may cause exces-
sive ROS accumulation, thus damaging to cell structures and
compromising cellular functions (41). Our study showed that
NAC completely restored the apoptotic mechanism of A549
cells induced by quinalizarin. This finding suggested that
ROS mediate cell apoptosis. The expression levels of proteins
involved in the MAPK and STAT3 signalling pathways were
detected and revealed to increase expression levels of ERK
and STAT3 and decrease expression levels of JNK and p38
with a corresponding decrease in ROS levels. These results
revealed that quinalizarin regulates the MAPK and STAT3
signalling pathways and is closely linked to ROS generation.
To determine whether STAT3 was inactivated in response
to quinalizarin-induced MAPK activation, the p38 inhibitor,
JNK inhibitor or ERK inhibitor was used to investigation the
interaction between MAPK and STAT3. The results showed
that the reactivation of the p38 inhibitor, JNK inhibitor or
ERK inhibitor by quinalizarin-inhibited the STAT3 signalling
pathway, indicating that STAT3 was regulated by the MAPK
signalling pathway.

The present study demonstrated that quinalizarin inhibits
lung cancer A549 cell proliferation, G,/G, phase cell cycle
arrest and apoptosis by increasing ROS generation and the
activation or inactivation of the Akt, MAPK, STAT3 and p53
signalling pathways. This study provides evidence that quinal-
izarin is a potential therapeutic agent for the treatment of lung
cancer. In future research, the effects of quinalizarin in vivo
should be evaluated.
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