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Abstract The natural compound camptothecin (CPT)
derivatives have widely been used for anti-cancer treat-
ments, including lung cancer. However, many
chemoresistant cancer cells often develop a relatively
higher threshold for inducing apoptosis, causing a limited
efficacy of anti-cancer drugs. Likewise, lung cancer cells
acquire chemoresistance against CPT analogs, such as
irinotecan and topotecan, finally resulting in an unsatisfied
outcome and poor prognosis of lung cancer patients. TFPP
is a quinone-containing compound as a candidate for CPT-
based combination chemotherapy. In this study, we
examined the effect of TFPP and CPT cotreatment on non-
small cell lung cancer (NSCLC) cells. Cell proliferation
and flow cytometry-based Annexin-V/PI staining assays
demonstrated the synergistic effect of TFPP on CPT-in-
duced apoptosis in both NSCLC A549 and H1299 cells.
The results of CPT and TFPP cotreatment cause the reg-
ulation of the ERK-Bim axis and the activation of
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mitochondrial-mediated caspase cascade, including cas-
pase-9 and caspase-3. Besides, TFPP significantly
enhanced CPT-induced endogenous reactive oxygen spe-
cies (ROS) in the two NSCLC cells. In contrast, the
treatment of N-acetyl-L-cysteine (NAC), an ROS scav-
enger, rescues the apoptosis of NSCLC cells induced by
TFPP and CPT cotreatment, suggesting that the synergistic
effect of TFPP on CPT-induced anti-NSCLC cells is
through upregulating ROS production. Consequently, our
results suggest that TFPP sensitizes NSCLC towards CPT-
based chemotherapy may act through decreasing the
apoptosis-initiating threshold. Therefore, TFPP may be a
promising chemosensitizer for lung cancer treatment, and
the underlying mechanism warrants further.
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Introduction

Lung cancer is the most common cause of cancer death
worldwide. Non-small cell lung cancer (NSCLC) accounts
for about 80 % of lung cancer. Chemotherapeutic agents
have provided the standard regimens backbone for resected
lung cancer patients as combination chemotherapy (Strauss
et al. 2008). For example, high dose of platinum-based
agents, such as cisplatin and carboplatin, or camptothecin
(CPT) derivative-based agents, such as irinotecan and
topotecan, are widely used for NSCLC treatments (Cimino
et al. 2013). However, resistance to adjuvant systemic
chemotherapy is a common phenomenon in NSCLC
patients, causing poor prognosis and recurrence (Tamburini
et al. 2000). Therefore, an improved efficacy of adjuvant
chemotherapeutic agent for NSCLC patients has still been
developing.

The locations of distant tumor recurrence for NSCLC
patients are most commonly seen (Hung et al. 2012). The
risk of distant tumor recurrence for NSCLC patients has
been reduced by adjuvant combination chemotherapy. The
adjuvant combination chemotherapy, an additional treat-
ment with other anti-cancer drugs, has been reported to
greatly improve the overall survival of stage I-IIIA NSCLC
patients (Liang and Wakelee 2013). For example, the
combination of irinotecan/cisplatin or carboplatin and
topotecan/carboplatin has reported to enhance the overall
survival for NSCLC patients (Kim et al. 2006; Patel et al.
2007; Read et al. 2004). Therefore, the optimization of the
efficiency and cytotoxicity of adjuvant combination
chemotherapy still represents an important issue in cancer
treatment.

CPT, a pentacyclic quinoline plant alkaloid, was
reported to exhibit various bioactivities, including anti-
cancer activity (Zeng et al. 2012). CPT derivatives, such as
irinotecan and topotecan, were widely used anti-cancer
drugs against multiple cancers, including lung cancer
(Yang et al. 2015). However, treatment of irinotecan or
topotecan-induced chemoresistance limited anti-cancer
effects in NSCLC patients (Westover et al. 2015). There-
fore, to reduce the acquired chemoresistance of NSCLC
patients, these drugs are widely used in combination with
other adjuvant chemotherapy. For example, there is
increased anti-lung cancer activity of CPT and its deriva-
tives in cotreatment with other anti-lung cancer agents,
such as irinotecan/doxorubicin (Xenidis et al. 2011) and
topotecan/cisplatin (Ichinose et al. 2011).

Quinone-containing compounds were reported to exert
various bioactivities, including anti-fungal, anti-protozoal,
anti-bacterial, and anti-cancer activity (Benites et al. 2008).
Quinone compounds have been shown to exert the anti-
cancer activity by modulating endogenous ROS. For
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instance, doxorubicin, a quinone compound, has been
shown to induce the apoptosis of osteosarcoma Saos-2 cells
through inducing ROS (Tsang et al. 2003). On the other
hand, the combinations of quinone-containing compounds
and other chemotherapeutic agents were reported to treat
various cancer cells. For instance, the combination of
doxorubicin and topotecan synergistically inhibits cell
growth of ovarian cancer SKOV-3 cells (Patankar et al.
2013). Likewise, mitomycin C, a quinone compound iso-
lated from Streptomyces caespitosus, was applied in
combination with irinotecan, potentially inhibiting gastric
cancer in phase II clinical trial study (Ogawa et al. 2012).
These reports suggest that quinone-containing compounds
could be a potential adjuvant agent for synergistically
enhancing the CPT analogs-induced anti-cancer effects.
Therefore, we screened for effective quinone-containing
compounds to optimize the inhibition of cell growth and
induction of apoptosis in NSCLC cells.

To overcome the limitations of CPT-based treatment
against NSCLC, a quinone-containing compound, 4-[2356-
tetrafluoro-4-(4-hydroxyphenoxy)phenoxy]phenol (TFPP),
was identified. In this study, we investigated the synergistic
effect and the mechanism of TFPP on CPT-induced
apoptosis of NSCLC. Furthermore, the modulation of
endogenous reactive oxygen species (ROS) and the role of
mitogen-activated protein kinases (MAPK) extracellular
signal-regulated kinase (ERK) in NSCLC cells following
CPT and TFPP cotreatment were discussed.

Materials and Methods
Preparation of TFPP and CPT

TFPP was purchased from the chemical supplier Enam-
ine™ (Kiev, Ukraine). CPT was purchased from Sigma-
Aldrich (St. Louis, MO, USA). Both TFPP and CPT were
dissolved in DMSO (below 0.01 %) immediately prior to
assays.

Reagents

Antibiotics penicillin G and streptomycin, DMEM med-
ium, and fetal bovine serum (FBS) were purchased from
Gibco BRL (Gaithersburg, MD, USA). Trypan blue,
Dimethyl sulphoxide (DMSO), and ribonuclease A (RNase
A) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Antibodies against phospho-ERK (Thr?%/Tyr***)
(#9101), total-ERK (#9102), cleaved caspase-9 (#7237),
and cleaved caspase-3 (#9961) were purchased from Cell
signaling technology (San Jose, CA, USA). Antibody
against  glyceraldehyde 3-phosphate  dehydrogenase
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(GAPDH) was obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Both anti-mouse and anti-rabbit
IgG peroxidase-conjugated secondary antibodies were
purchased from Leadgene Biomedical (#20102 and
#20202, respectively, Tainan, Taiwan). Annexin-V-Fluo-
rescein isothiocyanate (FITC) detection kit was purchased
from Strong Biotech Co. (Taipei, Taiwan).

Cell Culture

Human NSCLC cells A549 and H1299 were obtained from
the American Type Culture Collection (ATCC; Manassas,
VA, USA). Cells were incubated in DMEM: F-12 (3:2)
with 8 % FBS, 100 units/ml penicillin and 100 pg/ml
streptomycin, and 2 mM glutamine at 37 °C in a humidi-
fied atmosphere of 5 % CO,. Cells were tested using a
PCR-based assay described previously to ensure the free of
mycoplasma contamination with minor modifications
(Wirth et al. 1994).

Proliferative Inhibition Assay

The cellular viability and proliferation rate were deter-
mined by the Trypan blue dye exclusion assay. Briefly,
3 x 10* NSCLC A549 and H1299 cells were seeded and
treated with DMSO with vehicle or the indicated concen-
trations of CPT and TFPP alone, or cotreatment for 24 and
48 h. After incubation, cells were stained with 0.2 %
Trypan blue and counted by Countess™, an automatic cell
counter (Invitrogen).

Colony Formation Assay

We performed the colony formation assay to confirm the
anti-cell proliferative potential of TFPP as described pre-
viously with minor modifications (Fong et al. 2014). In
brief, 4 x 10% of two NSCLC cell lines A549 and H1299
were seeded into a six-well plate and treated with indicated
concentrations of CPT and TFPP alone or in combination
for 48 h, respectively. After incubation of 11 days, colo-
nies were paraformaldehyde-fixed and Giemsa-stained.
The area of colonies was analyzed by the software Image-
Pro Plus (Media Cybernetics; MA, USA).

Assessment of Drug Synergism

The values of combination index were analyzed by the
CalcuSyn software based on the Chou-Talalay method
(Biosoft, Cambridge, UK) (Chou and Talalay 1981, 1984).
The 95 % confidence intervals for the values of dose—re-
sponse were assessed for determining the synergism of
TFPP and CPT combination.

Apoptosis Assessment

To examine the apoptosis-inducing potential of CPT and
TFPP alone, or cotreatment, Annexin-V/PI double staining
was performed to detect the externalization of phos-
phatidylserine from the plasma membrane. In brief,
1 x 10° cells were seeded onto a six-well plate and treated
with CPT and TFPP alone, or cotreatment for 24 and 48 h,
respectively. Subsequently, cells were harvested and
stained with Annexin-V/PI, and cells were analyzed by the
flow cytometer (Accuri C6; BD Biosciences, San Jose, CA,
USA).

Ocxidative Stress Assessment

Intracellular redox state was determined by the ROS-sen-
sitive fluorescence dyes dihydroethidium (DHE; Merck,
Darmstadt, Germany) and MitoSox (Invitrogen, Carlsbad,
CA, USA). In brief, 1 x 10° cells of NSCLC cell lines
A549 and HI1299 were seeded into a six-well plate and
treated with 0.5 uyM CPT and 10 uM TFPP alone, or
cotreatment for 6 h, respectively. Subsequently, cells were
incubated with the medium in the presence of either 1 UM
DHE or 5 uM MitoSox at 37 °C for 30 min in darkness,
respectively. After incubation, cells were harvested, thor-
oughly washed, and resuspended in 0.2 ml PBS. Finally,
cells were analyzed by a flow cytometry (Muse™ Cell
Analyser, Merck Millipore, Billerica, MA, USA). The
wavelength of excitation for oxidation of DHE and Mito-
Sox was excited at 510 nm, and the wavelengths of
emission were at 580 nm (DHE) and 610 nm (MitoSox),
respectively.

Western Blot Analysis

Western blotting was performed as previously described
(Chiu et al. 2015). Briefly, cells were harvested and lysed.
The protein concentration was determined. 20 pg protein
was loaded and resolved by 10 % SDS-polyacrylamide gel
electrophoresis and then was electrotransferred to a PVDF
membrane. The membrane was blocked and incubated with
primary and secondary antibodies against specific proteins.
The signals were detected using an enhanced chemilumi-
nescence detection kit (Advansta Corp., Menlo Park, CA,
USA).

Assessment of ERK Inhibition
To further determine the role of ERK in CPT and TFPP
combination-induced anti-NSCLC effect, a total of

1 x 10° cells were seeded into a six-well plate and were
pre-treated for 3 h with ERK-specific inhibitor PD98059
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(Enzo Life Sciences Inc., NY, USA) before CPT and TFPP
combination. Afterward, the long-term proliferation and
apoptosis of NSCLC cells were analyzed using the colony
formation assay and Annexin-V/PI double staining assay,
respectively.

Caspase Inhibition Assay

1 x 10° cells were seeded and pre-treated with caspase-
specific inhibitors Z-IETD-FMK #075C, G-Biosciences,
St. Louis, MO, USA) for caspase-8 and Z-LEHD-FMK for
caspase-9 (#CPI-009, G-Biosciences) for 3 h, respectively,
and then, the cells were subject to the treatment of CPT and
TFPP combination for 48 h. Subsequently, the cells were
harvested and detected by the flow cytometer-based
Annexin-V/PI assay.

Statistical Analysis

Differences between the combination of CPT with TFPP
and CPT-treated cells were analyzed in at least triplicate
experiments. The differences were analyzed by the one-
way analysis of variance (ANOVA), with p < 0.05 was
statistically significant.

Results

CPT and TFPP Cotreatment Exerts an Enhanced
Anti-Lung Cancer Potential

We first examined the synergistic effects of TFPP on CPT-
induced anti-proliferation of NSCLC H1299 cells using the
Chou-Talalay method (Chou and Talalay 1981, 1984). The
results were calculated using the software CalcuSyn, in
which CPT’s ECsq value was 0.5 uM for cell proliferation
in H1299 cells (Supplementary Fig. 1). Compared with
CPT treatment alone, the combination of CPT and TFPP
synergistically inhibited cell proliferation of H1299 cells.
To further evaluate the effect of CPT and TFPP cotreat-
ment on cell growth of NSCLC cells, the survival rate of
two NSCLC A549 and H1299 cells was determined by
Trypan blue exclusion assay. As shown in Fig. 1a, b, either
CPT or TFPP alone exhibited none or low cytotoxicity
toward NSCLC A549 and H1299 cells. However, the cell
survival rate significantly reduced to approximately 70 %
and 85 % after the cotreatment of CPT and TFPP for 24
and 48 h, respectively. Consistently, colony formation
assay showed that CPT and TFPP cotreatment significantly
inhibited the long-term proliferation of two NSCLC cells
(Fig. 1c, d). These results suggest that the combination of
TFPP and CPT synergistically inhibits the growth of
NSCLC cells.
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TFPP Enhances CPT-Induced Apoptosis

To determine whether the combination of TFPP and CPT
inhibits cell survival by inducing apoptosis, flow cytome-
try-based assay was performed using Annexin-V/PI dual
staining. The percentages of Annexin-V-positive/PI-nega-
tive and Annexin-V-positive/PI-positive represent early
and late-apoptosis, respectively. After CPT cotreatment
with TFPP, the proportion of apoptotic cells significantly
increased in two NSCLC cells in a time-response manner
(Fig. 2). These results showed that TFPP synergistically
enhances CPT-induced apoptosis of two NSCLC cells.

The Role of MAPK in CPT/TFPP Combination-
Induced Inhibitory Effect on Colony Formation
of NSCLC Cells

MAPKSs are critical for the maintenance of cellular prolif-
eration and apoptosis (Coulthard et al. 2009; Michaelidis
et al. 2009). Furthermore, the involvement of MAPKSs in
anti-cancer drug-induced apoptosis has been documented
(Chen et al. 2015; Ong et al. 2015).

Therefore, to examine whether MAPK members play a
role in CPT and TFPP combination-induced anti-NSCLC
effect, colony formation in the presence of MAPK inhibi-
tors, including JNK (SP600125), p38 MAPK (SB203580),
and ERK (PD98059), was evaluated. As shown in Fig. 3,
the results showed that ERK blockage significantly reduces
the colony formation of both two NSCLC cell lines, sug-
gesting the pro-survival role of ERK in CPT and TFPP
cotreatment-induced anti-proliferation of NSCLC cells.

TFPP Enhances CPT-Induced Endogenous ROS
Production

ROS has been shown to play a critical role in regulating the
apoptosis of tumor cells (Jayasooriya et al. 2014). Next, we
determined whether the relative levels of ROS production
in NSCLC cells treated with CPT were affected by TFPP.
As shown in Fig. 3, the relative levels of ROS production
were measured using DHE staining coupled with a flow
cytometry. The results revealed that TFPP treatment
markedly enhances CPT-induced ROS production in
NSCLC cells, compared with those treated with CPT or
TFPP alone (Fig. 4).

NAC Reduces Endogenous ROS
in CPT/TFPP-Treated NSCLC Cells

MitoSox™ Red, a DHE derivative, conjugates to lipophilic
and positively charged triphenylphosphonium, selectively
detecting superoxide (O, ") in the mitochondria of a living
cell. Therefore, we used MitoSox fluorescence dye to
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Fig. 1 TFPP sensitizes two NSCLC cells to CPT-induced anti-
proliferation of NSCLC cells. a A549 and b H1299 cells were
incubated with 0.5 uM CPT, 10 uM TFPP alone, or the combination
of CPT and TFPP, respectively. The rates of cell survival were
determined using the Trypan blue exclusion assay (**p < 0.001,
n = 3). ¢ The long-term effect of CPT and TFPP combination on the

examine if mitochondria are the primary source of ROS
production following CPT treatment. The results showed
that the scavenger of ROS by N-acetyl-L-cysteine (NAC)
decreases the fluorescence intensity of MitoSox in CPT-
treated NSCLC cell, whereas the blockage of ERK did not
affect CPT-induced ROS production from mitochondria
(Supplementary Fig. 2). The above results suggest that
mitochondria should be the primary source of ROS pro-
duction in CPT-treated NSCLC cells.

Next, we examined whether the ROS production is
involved in treating efficacy of CPT and TFPP cotreatment.
As shown in Fig. 5, NAC, a potent ROS scavenger sig-
nificantly reduced the ROS production of two NSCLC cells
treated with CPT alone or the cotreatment, suggesting that
the combination of TFPP and CPT synergistically increases
the generation of ROS in cells.

ROS Scavenger Attenuates CPT/TFPP-Induced
Apoptosis of Lung Cancer Cell

To determine whether the reduction of ROS production
affects apoptosis of NSCLC cells, we evaluated whether
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proliferation was determined using a colony formation assay. NSCLC
cell lines A549 and H1299 were seeded and incubated with indicated
treatments. The cells were fixed and Giemsa-stained. d The quan-
tificative result of the colony formation. Data are presented as
mean + SD

CPT and TFPP cotreatment-induced apoptosis was medi-
ated via ROS production. NSCLC cells were pre-treated
with or without 2 mM NAC for 3 h, followed by the
cotreatment of CPT and TFPP for 6 h, respectively. Our
results showed that pre-treatment of NAC significantly
reduced CPT/TFPP-induced apoptosis of two NSCLC cells
(Fig. 6), suggesting that CPT and TFPP cotreatment sen-
sitizes lung cancer cells toward apoptosis through
regulating ROS production.

The Regulation of ERK Phosphorylation
and Caspase Activation in Lung Cancer Cells
Following TFPP and CPT Combination

To further explore the mechanism by which TFPP
increases CPT-induced apoptosis of lung cancer cells,
we investigated whether TFPP could promote CPT-in-
duced apoptosis. We examined whether TFPP treatment
affects the activation of caspase-9 and caspase-3 in
NSCLC A549 cells. As shown in Fig. 7a, CPT and TFPP
cotreatment synergistically enhances the proteolytic
activation of caspase-9 and caspase-3 in NSCLC A549
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Fig. 2 TFPP significantly enhances CPT-induced apoptosis of two
NSCLC cells. a Two NSCLC cells were treated with 0.5 uM CPT
alone, 10 uM TFPP alone or in combination with CPT/TFPP for 24
and 48 h, respectively. Apoptotic percentages were stained with the

A
CPT
TFPP

Fig. 3 Role of MAPK in CPT and TFPP combination-induced long-
term anti-proliferation. Two NSCLC cell lines A549 and H1299 were
seeded and pre-treated with MAPK inhibitor JNK (SP600125,
10 uM), p38 (SB203580, 10 uM), and ERK (PD98059, 10 uM) for

cells. We found that TFPP significant decreases CPT-
induced the expression of phosphor-ERK (Thr**%/Tyr?*%)
in NSCLC A549 cells. Besides, CPT and TFPP
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Annexin-V/PI double staining analysis. b The quantitative analysis of
apoptotic cells. The statistical significance between TFPP/CPT
cotreatment and CPT treatment alone (*p < 0.05, **p < 0.001;
n=3)
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3 h, and then were subject to indicated treatments, respectively.
a Afterward, cells were paraformaldehyde-fixed and Giemsa-stained.
b The quantitative analysis of the colony area. Data are presented as
mean £ SD (*not statistical significance; ®p < 0.05; p < 0.001)

cotreatment enhances Bim upregulation, which is a
downstream target of ERK signaling pathway. These
results suggest that CPT and TFPP cotreatment enhances
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Fig. 4 TFPP synergistically increases CPT-induced ROS production
in NSCLC cells. a NSCLC cells were treated with 0.5 uM CPT alone
and 10 uM TFPP alone or in combination with CPT/TFPP for 6 h.
The levels of ROS production were determined by DHE staining and
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then flow cytometry analysis at 6 h after cotreatment of CPT and
TFPP. b The relative levels of ROS production in A549 and H1299
cells cotreated with CPT and TFPP compared with CPT treatment
alone (**p < 0.001)
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Fig. 5 Pretreatment with NAC attenuates CPT/TFPP-induced ROS
production in NSCLC cells. a A549 and H1299 cells were pre-treated
with 2 mM NAC for 3 h and were then treated with CPT (0.5 uM), or
CPT/TFPP cotreatment for 6 h, respectively. The production of ROS
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was quantified using the flow cytometry-based DHE staining assay.
b The relative levels of ROS production in treated groups with NAC
pre-treatment (¥*p < 0.001)
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Fig. 6 ROS scavenger reduces CPT/TFPP-induced apoptosis of
NSCLC cells. a A549 and H1299 cells were pre-treated with 2 mM
NAC for 3 h, respectively, then subject to cotreatment of 0.5 pM CPT
and 10 uM TFPP for 24 h which was described in “Materials and

the apoptosis of A549 cells through regulating ERK
activation.

The initiation of apoptosis triggered by two major
pathways: the extrinsic- (death receptor-mediated) and the

Methods” section. b The quantitative analysis of a. Different letter
notations indicate the statistical significance between CPT/TFPP
cotreatment with or without NAC (*p < 0.05, **p < 0.001)

intrinsic  (mitochondria-mediated)-pathways (Tait and
Green 2010). Therefore, we sought to determine which
apoptosis pathway mediates CPT and TFPP cotreatment-
induced apoptosis of NSCLC cells. As shown in Fig. 7b,
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Fig. 7 CPT and TFPP cotreatment induces pro-apoptotic proteins
through inhibiting ERK activation. a A549 cells were subjected to
treatment with vehicle control or the indicated doses of CPT and
TFPP alone, or cotreatment. Western blot showed the significantly
decreased levels of phosphorylation of ERK (Thr***/Tyr?*), whereas
increased the protein level of pro-apoptotic Bim. p-ERK ERK, #-ERK
total-ERK, c-caspase-9 cleaved caspase-9, c-caspase-3 cleaved
caspase-3. GAPDH was measured as an internal control. Each blot

Annexin-V-staining showed that the inhibition of caspase-9
by Z-LEHD-FMK, the marker of intrinsic apoptosis path-
way, significantly attenuated the combination of CPT and
TFPP-induced apoptosis of two NSCLC cell lines, whereas
the inhibition of caspase-8 by Z-IETD-FMK, the marker of
death receptor-mediated apoptosis pathway, did not affect
apoptosis of NSCLC cells.

ERK Blockade Enhances CPT/TFPP-Induced
Apoptotic Lung Cancer Cells

To confirm CPT/TFPP-induced suppression of ERK acti-
vation in both A549 and H1299 cells, we further examined
whether blockage of ERK activation enhances CPT/TFPP-
induced apoptosis in lung cancer cells. As shown in Fig. 8,
we found that blockade of ERK activation partially
increased the number of apoptotic NSCLC cells after CPT
and TFPP cotreatment. These results indicate that the pro-
survival role of ERK is moderately involved in CPT-in-
duced apoptotic cell death.

Discussion
Currently, chemotherapeutic agents in combination with
other anti-cancer drugs have been significantly improved

survival of NSCLC patients as adjuvant combination
chemotherapy. Adjuvant combination chemotherapies,
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is representative of at least three independent experiments. b The
quantificative analysis of caspase inhibitor assay. Two NSCLC cell
lines A549 and H1299 were pre-treated with caspase inhibitors
against caspase-9 (Z-LETD-FMK) and caspase-8 (Z-LEHD-FMK) for
3 h, respectively, and then, cells were subject to TFPP in combination
with CPT for 48 h. Cells were stained with Annexin-V assay for
detecting apoptosis. Data are presented as mean £+ SD (**p < 0.001)

including platinum-based or CPT derivatives-based
chemotherapy, have been reported to prolong the sur-
vival rate of advanced NSCLC patients (Cimino et al.
2013). However, the recurrence rate for NSCLC patients
with post-resection is still up to 50 % (Uramoto and
Tanaka 2014). Furthermore, the development of
chemoresistance is highly correlated with the high
recurrence and poor prognosis of NSCLC patients
(Gallego et al. 2008).

Higher level of endogenous ROS, a known intracellular
second messenger, has been detected in many chemore-
sistant cancer cells (Mor et al. 2008). Furthermore,
chemoresistant cancer was also found to have a higher
threshold of apoptosis induced by anti-cancer drugs (Fraser
et al. 2003; Mor et al. 2008). For instance, gefitinib, a
tyrosine kinase inhibitor, was widely used as a clinically
chemotherapeutics in human lung cancer. However, the
previous study showed that lung cancer H460 cells acquire
gefitinib resistance through increasing the threshold of
ROS-induced apoptosis (Okon et al. 2015). Therefore,
sensitizing cancer cells toward chemotherapy by reducing
the apoptotic threshold, it appears to be a promising
strategy (Barrera 2012; Wang and Yi 2008). For example,
Wang and Yuan (2013) found that gambogic acid, a pro-
teasome inhibitor, derived from Chinese herbs, sensitizes
doxorubicin-resistant ovarian cancer SKOV-3 cells to the
drug through lowering the threshold of ROS-induced
apoptosis.
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Fig. 8 Blockage of ERK activation enhances CPT/TFPP-induced
apoptosis of both A549 and H1299 cells. a Effect of ERK suppression
on CPT/TFPP-induced apoptosis of both A549 and H1299 cells
determined using a flow cytometry-based Annexin-V/PI staining

Quinone-containing compounds have been shown to
modulate the production of ROS, including superoxide,
hydrogen peroxide, and hydroxyl radical (Bolton et al.
2000). For example, two known quinones doxorubicin and
mitomycin C exhibit anti-cancer effects through regulating
the generation of ROS (Sharma et al. 2007; Shi et al. 2013).
In comparison with doxorubicin and mitomycin C, TFPP
has the potential to induce the production of endogenous
ROS without a significant cytotoxicity. In addition, the low
cytotoxicity of TFPP may also reduce the toxic side effects
of combination chemotherapy. Therefore, TFPP may be a
promising chemosensitizer by lowering the threshold of
ROS-mediated apoptosis. Accordingly, we examined
whether TFPP could exert an effect on CPT-induced anti-
proliferation of NSCLC cells. The results showed the
synergistic effect of TFPP on CPT-induced anti-prolifera-
tion and apoptosis of NSCLC cells (Figs. 1, 2). These
findings suggest that TFPP may be a promising adjuvant to
CPT-based lung cancer therapy in the future.

MAPK pathways are important for regulating growth,
survival, and death in cells (Coulthard et al. 2009;
Michaelidis et al. 2009). Furthermore, many anti-cancer
drugs have reported stimulating MAPK-mediated apoptosis
of cancer cells, including lung cancer (Ong et al. 2015) and
colorectal carcinoma cells (Chen et al. 2015). Our results
showed that the blockage of ERK by specific inhibitors
significantly reduced cell proliferation in both A549 and
H1299 cells treated with CPT and TFPP (Fig. 3), sug-
gesting the pro-survival role of ERK in CPT/TFPP-
cotreated NSCLC cells.

The previous study suggested that cancer cells could
acquire chemoresistance by increasing ROS-induced
apoptotic threshold (Wang et al. 1999). Moreover, these
chemoresistant cancer cells seem to be tolerant to increased
endogenous ROS by upregulating antioxidant capacity
(Trachootham et al. 2009). Furthermore, moderate increase
of ROS promotes proliferation and survival of the
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assay. b Quantitative analysis of apoptotic cells. Different letter
notations indicate the statistical significance between combination of
CPT and TFPP with or without ERK inhibitor (PD98059) (*p < 0.05)

chemoresistant cancer cells (Trachootham et al. 2008).
Therefore, exogenous ROS-generating agents or com-
pounds sensitize cancer cells toward the elevation of
oxidative stress through overwhelming the antioxidant
capacity. Therefore, a possible anti-cancer strategy is to
elevate the oxidative stress while lowering ROS-induced
apoptosis threshold, eventually leading to cancer cell death.
It is well known that CPT and its derivatives also
induced an increase of ROS production in various cancer
cells, including lung cancer (Brea-Calvo et al. 2009) and
breast cancer (Timur et al. 2005). Besides, quinone-con-
taining compounds was showed to activate ERK signaling
through upregulating ROS. For instance, benzoquinone
was reported to activate ERK/MAPK pathway by modu-
lating the production of ROS in human leukemia HL-60
cells (Ruiz-Ramos et al. 2005). Next, we examined the
synergistic effect of TFPP and CPT cotreatment on the
ROS production of NSCLC cells. In this study, we found
that TFPP cotreatment increased CPT-induced ROS pro-
duction from 16.3 & 1.4 to 28.5 £ 0.76 % for A549 and
140 £ 0.6 to 23.29 &+ 2.7 % for HI299, respectively
(Fig. 4). Furthermore, we also showed that the treatment
NAC, an ROS scavenger, significantly attenuates ROS
production in both A549 and H1299 cells following CPT
and TFPP cotreatment (Fig. 5). Furthermore, the MitoSox
fluorescence assay confirmed a major source of ROS
release from mitochondria by treating CPT alone in
NSCLC cells (Supplementary Fig. 2). Besides, NAC pre-
treatment also decreases CPT and TFPP cotreatment-in-
duced apoptosis in both A549 and H1299 cells (Fig. 6).
On the contrary, MAPK members, including ERK, p38,
and JNK, are ROS-induced signal pathways which are
involved in survival, proliferation, and death of cells. INK
and p38 are majorly activated by various stresses (Coul-
thard et al. 2009; Michaelidis et al. 2009). The activation of
p38 induces apoptosis by the down-regulation of pro-sur-
vival Bcl-2 proteins in response of cellular stress, such as
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ROS (Chen et al. 2015) and starvation (Wei et al. 2015).
Unlike JNK and p38, ERK mainly regulates growth and
survival of cells (McCubrey et al. 2007; Shatos et al. 2008).
The constitutive activation and overexpression of ERK
were observed in various cancer cell lines, including
NSCLC cells (Dhillon et al. 2007; Yamakawa et al. 2016).
In addition, the activation of ERK was reported to play an
essential role in doxorubicin-chemoresistant breast cancer
cells (Smith et al. 2006). In contrast, the blockade of ERK
was shown to sensitize cancer cells toward chemotherapy
(Abrams et al. 2010). For example, Cho et al. (2009) found
that the ERK inhibitor PD98059 significantly enhances
tetrandrine, a bis-benzylisoquinoline alkaloid-induced
apoptosis of NSCLC A549 cells. This above study sug-
gested that the ERK activation is associated with the pro-
survival role.

In this study, we investigated the effect of CPT and
TFPP cotreatment on apoptosis of NSCLC cells through
downregulating ERK signaling. Our results demonstrate
that the both of the phosphorylation sites Thr*** and Tyr***
of ERK were decreased in TFPP/CPT-cotreated NSCLC
cells (Fig. 7a). Although sub-apoptotic-inducing dose
(0.5 uM) of CPT causes a significantly increased level of
ERK phosphorylation, the Annexin-V-staining assay
showed that blockage of ERK partially increases CPT-in-
duced apoptosis of both A549 and HI1299 cells
(Supplementary Fig. 3), suggesting the pro-survival role of
ERK in CPT-treated NSCLC cells.

The members of Bcl-2 family are critical regulators of
cellular survival and apoptosis (Cory and Adams 2002;
Strasser 2005). Among Bcl-2 proteins, the pro-apoptotic
Bim (Bcl-2 interacting mediator of cell death), a BH3-
domain only protein, exists as three splicing variants,
BimS, BimL and BimEL. Among Bim variants, BimEL
prevents that the binding of anti-apoptotic Mcl-1 to Bax/
Bak dimer by direct interaction, therefore, facilitates the
pro-apoptotic effect of Bax/Bak. BimS induces the apop-
tosis signaling by directly interacting with Bax, another
pro-apoptotic Bcl-2 member (Ewings et al. 2007). In
addition, studies showed that the ectopic expression of
BimS enhances the thymidine kinase-mediated cell death
of malignant glioma cells (Yamaguchi et al. 2003). In
contrast, activated ERK could antagonize BimEL-mediate
apoptosis by preventing the binding of Bim to pro-survival
Bcl-2.

The results of Western blot reveal that TFPP enhances
the induction of pro-apoptotic Bim and the proteolytic
activation of caspase-9 and -3 by CPT/TFPP combination
(Fig. 7a). On the contrary, we also used two caspase
inhibitors (death receptor- and mitochondria-mediated
caspase cascade) to further determine the apoptosis path-
ways induced by CPT and TFPP combination, and the
blockage of caspase-9 but not caspase-8 largely reduces the
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Fig. 9 Potential mechanism underlying the synergistic effect of
TFPP on CPT-induced apoptosis of both A549 and H1299 cells
through regulating ROS generation and ERK. a When CPT treatment
alone, the increased level of CPT-induced ROS is not sufficient to
inhibit cellular proliferation and induce apoptosis of NSCLC cells.
Instead, the activation of ERK induced by CPT may contribute to cell
survival and the acquired chemoresistance of NSCLC. b When
cotreatment of CPT and TFPP, the endogenous ROS is dramatically
accumulation and this may cause a reduction of apoptosis threshold-
induced by ROS. Furthermore, the high level of endogenous ROS
induced by CPT and TFPP cotreatment also inhibits ERK activation,
upregulating the expression of prop-apoptotic protein Bim, eventually
sensitizes NSCLC cells to CPT, and enhances the apoptotic popula-
tion of NSCLC cells

apoptosis of both A549 and H1299 cells (Fig. 7b). Fur-
thermore, the blockage of ERK increases the apoptotic
population of both A549 and H1299 cells induced by CPT
and TFPP cotreatment (Fig. 8). The above results con-
firmed that the pro-survival role of ERK, and ERK
activation may contribute to CPT resistance of NSCLC
cells. Taken together, our results suggest that TFPP may
sensitize NSCLC cells towards CPT treatment via upreg-
ulating endogenous ROS, the suppression of ERK, and the
increase of Bim variants BimL and BimS, eventually
lowering the threshold of apoptosis.

In conclusion, in this study, we demonstrate the syner-
gistic effect of TFPP on CPT-induced apoptosis of human
lung cancer cells. The cotreatment of TFPP and CPT
increases the endogenous ROS and suppresses the activa-
tion of pro-survival ERK, lowering the threshold of
apoptosis in lung cancer cells (Fig. 9). Accordingly, TFPP
may be a promising chemosensitizer to CPT-based thera-
pies, such as irinotecan or topotecan, and this should
benefit to treat those lung cancer cells which are insensitive
to CPT or other ROS-inducing anti-neoplastic compounds.
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