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Abstract Monocrotophos (MCP) and chlorpyrifos (CP)

are widely used organophosphate pesticides (OPPs), spec-

ulated to be linked with human pathologies including

cancer. Owing to the fact that lung cells are most vulner-

able to the environmental toxins, the development and

progression of lung cancer can be caused by the exposure

of OPPs. The present study investigates the oxidative DNA

damage response evoked by MCP and CP in human non-

small cell lung carcinoma A549 cells. A549 cells were

exposed to MCP and CP; cytotoxicity and reactive oxygen

species (ROS) generation were measured to select the non-

toxic dose. In order to establish whether MCP and CP can

initiate the DNA repair and cell survival signalling path-

ways in A549 cells, qRT-PCR and Western blotting tech-

niques were used to investigate the mRNA and protein

expression levels of DNA base excision repair (BER)-

pathway enzymes and transcription factors (TFs) involved

in cell survival mechanisms. A significant increase in cell

viability and ROS generation was observed when exposed

to low and moderate doses of MCP and CP at different time

points (24, 48 and 72 h) studied. A549 cells displayed a

dose-dependent accumulation of apurinic/apyrimidinic

(AP) sites after 24 h exposure to MCP advocating for the

activation of AP endonuclease-mediated DNA BER-path-

way. Cellular responses to MCP- and CP-induced oxidative

stress resulted in an imbalance in the mRNA and protein

expression of BER-pathway enzymes, viz. PARP1, OGG1,

APE1, XRCC1, DNA pol b and DNA ligase III a at dif-

ferent time points. The treatment of OPPs resulted in the

upregulation of TFs, viz. Nrf2, c-jun, phospho-c-jun and

inducible nitric oxide synthase. Immunofluorescent con-

focal imaging of A549 cells indicated that MCP and CP

induces the translocation of APE1 within the cytoplasm at

an early 6 h time point, whereas it promotes nuclear

localization after 24 h of treatment, which suggests that

APE1 subcellular distribution is dynamically regulated in

response to OPP-induced oxidative stress. Furthermore,

nuclear colocalization of APE1 and the TF c-jun was

observed in response to the treatment of CP and MCP for

different time points in A549 cells. Therefore, in this study

we demonstrate that MCP- and CP-induced oxidative stress

alters APE1-dependent BER-pathway and also mediates

cell survival signalling mechanisms via APE1 regulation,

thereby promoting lung cancer cell survival and

proliferation.

Keywords Monocrotophos � Chlorpyrifos � APE1 � BER-
pathway � ROS

Introduction

Organophosphate pesticides (OPPs) are widely employed

in agricultural, industrial and household purposes. Their

substantial exposure leads to toxicity by acting as acetyl-

cholinesterase (AChE) inhibitors and disrupting neuro-

muscular transmission; also they have been reported to

cause oxidative stress and DNA damage in experimental

animals and tissue culture studies [1, 2]. OPP poisoning has

been reported to manifest into human pathologies such as
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asthma, neurological dysfunction, birth defects and others

[3, 4]. Repeated low or heavy exposure of OPPs-induced

reactive oxygen species (ROS) generation can lead to

tumour promotion and carcinogenesis. Research indicates

that OPPs increase cancer risk [5, 6]. Among all cancers,

risk of lung cancer development and progression due to

acute or chronic toxicity of OPPs is more for the reason

that lung cells are easily exposed and vulnerable through

inhalation of vapours, airborne droplets or concentrated

wettable powder form. Also, advanced-stage diagnosis and

limited treatment interventions advocate for a much needed

research for lung cancer. Among OPPs, monocrotophos

(MCP) and chlorpyrifos (CP) are the most commonly used

pesticides. Genotoxicity of MCP has been explored in mice

[7] and shown to induce MCF7 breast cancer cell prolif-

eration [8]. MCP induces the production of ROS and

induces apoptosis in neuronal PC12 cells [9]. Another

investigation suggests that CP increases the number of

micronuclei in mouse hepatocytes [10]. Dose-dependent

CP-induced DNA damage was also observed in mice leu-

cocytes [11]. Very recently, it was demonstrated that CP

causes significant ROS generation, chromosomal aberra-

tions, apoptosis, micronucleus induction and also alter-

ations in cell cycle in bone marrow cells derived from the

swiss albino mice [12].

After genotoxic assault, the ability to recognize DNA

damage, initiate and coordinate the DNA repair pathways

until completion is important. Base excision repair (BER)-

pathway is the predominant one against oxidative base

damages in the genome, viz. oxidized bases, apurinic/

apyrimidinic (AP) sites, single-strand breaks (SSBs) gen-

erated exogenously due to environmental toxins including

OPPs. BER-pathway involves monofunctional DNA gly-

cosylase (DG) that removes the damaged base generating

AP site, which is then recognized and incised by the key

regulator enzyme AP endonuclease 1 (APE1), or bifunc-

tional DNA glycosylase/8-oxoG-DNA glycosylase

(OGG1) with additional AP lyase activity that cleaves the

AP site and leaves the unsaturated abasic terminus, to be

finally processed by APE1. APE1 also recruits other

downstream BER-pathway proteins such as X-ray repair

cross-complementing group 1 (XRCC1) which act as a

scaffold for protein–protein interactions, DNA polymerase

b (DNA pol b) and DNA ligase III a; thus, it helps in

coordinating the short-patch/single-nucleotide BER (SN-

BER) process. Poly (ADP-ribose) polymerase 1 (PARP1)

is another important BER-pathway enzyme which acts as a

DNA damage sensor as well as a signalling molecule and

plays a role in long-patch BER (LP-BER) process [13–15].

Defects in BER-pathway have also been linked with vari-

ous types of cancer such as decreased activity of OGG1

which has been linked with lung cancer risk [16]. APE1

exerts its repair function through its endonuclease activity

on the AP sites of DNA via C-terminal domain, whereas

the N terminus contains the nuclear localization signal

(NLS), and it also mediates transcriptional redox regulation

of various transcription factors (TFs) such as activator

protein 1 (AP-1), nuclear factor-kappaB (NF-jB) and

nuclear factor erythroid 2-related factor 2 (Nrf2) associated

with cell survival mechanisms as reviewed elsewhere

extensively [17–19]. Considering that APE1 repairs the

damaged DNA as well as reductively activates key TFs

controlling gene expression necessary for cell survival, it

may not be confounding that the altered expression levels

and activities of APE1 have been linked with various

cancers [20, 21]. Studies have reported the association

links between the altered expression of APE1 and lung

cancer [22, 23]. Variation in the subcellular distribution of

APE1 in response to oxidative stress is another important

perspective. APE10s prime localization in the nucleus

accounts for its cellular response to oxidative stress and

regulation of cell proliferation rate, whereas increased

cytoplasmic expression has also been associated with var-

ious tumorigenic processes [24], particularly lung cancer

[25]. Although studies have shown that MCP and CP cause

oxidative stress and have genotoxic potential, still the

evidence regarding MCP- and CP-mediated dysregulation

in DNA repair and cell survival signalling pathways, and

their correlation in enhancing the risk for lung cancer

progression, is inadequate. The results of the present study

indicate the possible mechanisms by which the MCP and

CP induce oxidative stress and the DNA damage intervenes

the APE1-mediated BER-pathway and regulation of pro-

survival signalling pathways, thus helping lung cancer cells

to survive and proliferate.

Materials and methods

Cell culture and treatments

Human alveolar basal epithelial carcinoma A549 cells were

originally procured from the National Centre for Cell

Sciences (NCCS), Pune, India and have been maintained at

the tissue culture laboratory, Central University of Punjab,

Bathinda (CUPB), India, as per the standard protocols.

A549 cells were grown in Dulbecco’s Modified Eagle’s

Medium (DMEM) supplemented with 10% foetal bovine

serum (FBS) and 1 9 penicillin and streptomycin (P/S) in

a humidified incubator with 5% CO2 at 37 �C. Using try-

pan blue dye exclusion assay, A549 cells were checked for

their viability prior to all experiments.

The main stocks of 50 mM of both MCP and CP

(Sigma-Aldrich, PESTANAL, analytical grade) were pre-

pared in water (H2O) and 100% dimethylsulphoxide

(DMSO), respectively. Control samples consisted of
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untreated cells for MCP and cells treated with 0.1% DMSO

for CP as a vehicle control [9, 26].

Selection of non-cytotoxic doses

Prior to using A549 cells further for expression studies,

non-toxic doses of MCP and CP were identified using [3-

(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bro-

mide] (MTT) assay. Briefly, A549 cells (1 9 104 cells/

well) were seeded in 96-well plates and incubated in the

CO2 incubator for 18–24 h at 37 �C. Then the medium was

aspirated and serum starvation was carried out for 12 h.

After that, the cells were exposed to serum-free DMEM

medium containing MCP and CP (0.01–500 lM) for 24, 48

and 72 h. Selection of MCP and CP concentrations was

based on previous studies with A549 and other cell lines

[9, 26].

Determination of reactive oxygen species (ROS)

Total ROS levels were assessed following the exposure of

MCP and CP (0.01, 1, 10 and 100 lM) to A549 cells for 6

and 24 h using CellROX Deep Red reagent. A549 cells

were seeded in 48-well plates at 0.025 9 106 density,

treated with MCP and CP for 6 and 24 h time points and

then incubated with 10 lM CellROXTM Deep Red (Invit-

rogen) at 37 �C for 1 h. The microplate reader was used to

detect CellROX Deep Red-loaded cells at an excitation

wavelength of 644 nm and an emission wavelength of

665 nm [27].

Simultaneously, fluorescence imaging employing 20, 70

dichlorodihydrofluorescein diacetate (H2DCF-DA) dye was

used to confirm intracellular ROS generation. Cells were

grown on coverslips, allowed to adhere and exposed to

MCP and CP (0.01, 0.1, 1, 10 and 100 lM) for 6 h. After

the treatment, A549 cells were washed with 1x PBS and

incubated with serum-free DMEM media containing

20 lM H2DCF-DA (Invitrogen). Coverslips were then

washed twice with 19 PBS, mounted and analysed using

an FSX100 fluorescent microscope (Olympus) [28].

Estimation of apurinic/apyrimidinic (AP) sites

AP sites, a prevalent type of oxidative DNA base lesions,

were determined in total DNA isolated from MCP-treated

(0.1, 1, 10 and 100 lM for 24 h) A549 cells using OxiS-

electTM oxidative DNA damage AP sites quantitation kit

(Cell Biolabs, USA) as per the manufacturer’s protocol.

The kit is based on the aldehyde reactive probe (ARP) that

specifically binds with aldehyde group on the open ring

form of AP sites, followed by biotin detection coupled to

streptavidin. Detection was performed by measuring O.D.

at 450 nm and the number of AP sites per 100,000 base

pairs in each sample was calculated using ARP standard

curve [29].

Total RNA extraction and real-time PCR (qRT-

PCR) analysis

Total RNA extraction was performed using MCP- and CP-

treated (10 lM) A549 cells at indicated time points using

TRIzol reagent (Invitrogen) as per manufacturer’s protocol.

Quantification of isolated RNA was performed by UV

spectrophotometry. For each sample, 1 lg of RNA was

reverse-transcribed into cDNA by SuperScript III first-

strand cDNA synthesis kit (Invitrogen). Quantitative real-

time PCR (qRT-PCR) was conducted on an Applied

Biosystems StepOnePlus Real-Time PCR system using the

VeriQuest SYBR Green qPCR master mix (Affymetrix).

The reactions were carried out in triplicates for each

sample with standard reaction volume of 12 lL. The steps

included a 2-min hold at 50 �C for UDG treatment, a

10-min hold at 95 �C for Taq DNA polymerase activation

and UDG inactivation, then PCR amplification cycles

(n = 35) of denaturation (95 �C, 15 s), annealing and

extension (55–60 �C, 30–60 s). The primer specificity was

assessed by melting curve analysis and NTCs for respective

primers. Data were normalized using b-actin as an

endogenous control. Relative change in mRNA expression

was analysed using comparative 2-DDCT method and is

expressed as fold change keeping the values of unexposed

controls as basal (i.e. 1) [30]. The primer sequences for

BER-pathway enzymes determined that were designed

using Primer3 tool and procured from Imperial Life Sci-

ences (ILS) are listed in Table 1.

Preparation of total cell lysates and Western blot

analysis

A549 cells were seeded at a density of 2.5 9 106 cells onto

100 mm dishes and treated with MCP and CP (0.1, 1, 10

and 100 lM). Following exposure, the cells were pelleted

and lysed with 400–500 lL of modified RIPA lysis buffer

[50 mM Tris–HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA,

1% NP-40, protease inhibitor cocktail (Sigma; 1 lL per

100 lL of lysis buffer)] [31]. The protein concentration

was determined using Bradford assay. Sixty micrograms of

protein per well was resolved on 10% SDS polyacrylamide

gel electrophoresis (SDS-PAGE) and transferred onto a

PVDF membrane. Ponceau S staining was performed to

confirm equal loading of the protein samples. Membranes

were blocked at room temperature for 1–2 h with TBS

containing 5% non-fat dry milk (NFDM) and 0.1% Tween

20 (NFDM-TBST). Membranes were then incubated for

overnight at 4 �C with primary antibodies: APE1/Ref-1,

PARP-1, XRCC1, DNA pol b, c-jun, p-c-jun (Ser 63),
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NOS2, Nrf2, b-actin, GAPDH (Santa Cruz, 1:1000 dilu-

tion) and OGG1 (Novus Biologicals, 1:1000 dilution) in

5% NFDM-TBST. After three washings in TBST for 5 min

each, membranes were then incubated for 1 h at room

temperature with respective HRP-conjugated anti-mouse

IgG and anti-rabbit IgG secondary antibody (Invitrogen

and Genei) at a dilution of 1:5000–1:10,000 in 5% NFDM-

TBST. Detection was performed using Bio-Rad ClarityTM

ECL reagent. Images were captured by ChemiDoc MP or

FluorChem HD2 (Protein Simple) systems and densitom-

etry was carried out using Image Lab or ImageJ Software.

Immunofluorescence and colocalization study

of APE1 with the transcription factor c-jun

Subcellular distribution of APE1 as well as its colocaliza-

tion with c-jun was examined using immunofluorescence

analysis by confocal laser scanning microscopy (CLSM).

For this, A549 cells were seeded onto glass coverslips and

treated with MCP and CP (0.01 and 10 lM) for 6, 12, 24,

48 and 72 h time points. Cells were then fixed with 2%

paraformaldehyde (PFA) in PBS for 10 min at room tem-

perature, permeabilized with 0.1% Triton X-100 in PBS for

5 min and then blocked with 19 PBS containing 10% FBS

for 30 min. The cells on coverslips were then incubated

with primary anti-APE1/Ref-1 mouse monoclonal antibody

and anti-c-jun rabbit polyclonal (dilution 1:100) in 19 PBS

containing 0.1% Triton X-100 and 10% FBS, overnight at

4 �C, washed with 19 PBS three times for 5 min and

incubated with FITC-labelled Alexa Fluor 488 anti-mouse

and Alexa Fluor 647 anti-rabbit secondary antibody (In-

vitrogen) at 1:100 dilution in 19 PBS containing 0.1%

Triton X-100 and 10% FBS, at 37 �C for 90 min. The

coverslips were then washed three times with 19 PBS and

cell nuclei were stained with DAPI for 30 min at 37 �C.
Coverslips were then washed once with 19 PBS and

mounted on microscopic glass slides [32]. The fluorescence

image of the stained nuclei and the immunofluorescence

images of APE1/Ref-1 and c-jun were captured using

CLSM (Olympus FV1200) at the Central Instrumentation

Laboratory (CIL) facility of CUPB. Fluorescence colocal-

ization analysis of APE1 and c-jun was performed using

Pearson’s correlation coefficient (PCC) that ranges from

?1 (perfect positive correlation) to -1 (perfect negative

correlation) [33].

Statistical analysis

Data were presented as mean value ± standard deviation

(SD) and mean ± standard error mean (SEM). Statistical

analysis was performed using paired Student’s two-tailed

t test to compare the results of control and experimental

samples. *P value\0.05, **P value\0.01 and

***P value\0.001 were considered statistically

significant.

Results

Assessment of cell viability by MTT assay

To estimate the effect of CP- and MCP-induced oxidative

stress, and prior to using further for expression studies,

toxic and non-toxic doses were identified using MTT assay.

A549 cells were exposed to 0.01, 0.1, 1, 10, 100 and

500 lM CP and MCP concentrations and tested for cyto-

toxicity after 24, 48 and 72 h. Treatment of CP did not

cause notable cytotoxicity in A549 cells between the doses

of 0.01 and 100 lM after 24 and 48 h time points, but

500 lM CP caused a significant reduction in cell viability

by 57 and 50% (P\ 0.01) at 24 and 48 h time points,

respectively (Fig. 1a). However, exposure to CP at 1, 10

and 100 lM for 48 h time point resulted in a significant

increase in cell viability (22, 27 and 20%, respectively)

(P\ 0.05). Further treatment with MCP resulted in a sig-

nificant increase by 13 and 21% in proliferation at 10 and

100 lM concentrations, respectively, for 24 h (P\ 0.001),

whereas a slight decrease in proliferation was observed at

1, 10 and 100 lM MCP (P\ 0.05) for 48 h, as compared

to untreated control A549 cells (Fig. 1b). However, expo-

sure to a high MCP concentration (500 lM) was found to

be cytotoxic (96% reduction in cell viability) at the 72 h

time point. Amidst all concentrations at 72 h exposure,

10 lM MCP resulted only in a 5% decrease in cell

Table 1 List of primer

sequences used for qRT-PCR
Gene Name Forward sequence (50–30) Reverse sequence(50–30)

APE1 TGGAATGTGGATGGGCTTCGAGCC AAGGAGCTGACCAGTATTGATGA

PARP1 CCCAGGGTCTTCGGATAG AGCGTGCTTCAGTTCATACA

XRCC1 GGGACCGGGTCAAAATTGTT ACCGTACAAAACTCAAGCCAAAG

OGG1 ACTTATCATGGCTTCCCAAACC CAACTTCCTCAGGTGGGTCTCT

DNA Pol b GGCAGTTTCAGAGGTGC GGCAAACACCCATGAACTTT

DNA ligase III a GATCACGTGCCACCTACCTTGT GGCATAGTCCACACAGAACCGT

b-actin CTAAGTCATAGTCCGCCTAGAAGCA TGGCACCCAGCACAATGAA
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viability, whereas 0.01, 0.1, 1 and 100 lM resulted in 17,

12, 9 and 14% reduction in cell viability, respectively.

Therefore, it can be stated that exposure to lower concen-

trations of CP and MCP favours cell survival at 24 and

48 h time points studied, probably due to activation of pro-

survival pathways.

Estimation of intracellular ROS using CellROX

deep red and H2DCF-DA

Exposure to oxidants and environmental toxins result in

oxidative stress. Therefore, we intended to estimate ROS

generation using CellROX Deep Red and H2DCF-DA

assays. Statistically significant (P\ 0.05) ROS generation

was observed in A549 cells treated with CP and MCP

(0.01, 0.1, 1 and 10 lM) for 24 h (Fig. 2a, b). Exposure to

CP (10 lM) induced a maximum of 82% increase in ROS

followed by 81% (1 lM) and 66% (0.01 lM), whereas

MCP (10 lM) exposure induced a maximum of 95%

increase in ROS followed by 94% (1 lM) and nearly 79%

(0.01 lM) change in ROS levels as compared with that of

the untreated control A549 cells. A significant increase in

ROS generation was also observed for 6 h exposure to both

CP and MCP at 0.01, 0.1, 1 and 10 lM concentrations

studied, but the response in elevation of ROS was found to

be less as compared to 24 h of exposure to A549 cells.

In addition, the change in intracellular ROS generation

in A549 cells was also recorded microscopically using

fluorescent H2DCF-DA dye at 6 h early time point. As

compared to the untreated A549 cells, the fluorescence

intensity was observed to be increased with an increase in

the concentration of CP (0.1–100 lM). Further, treatment

of the A549 cells with MCP (0.1–100 lM) displayed a

stronger response in the generation of intracellular ROS

than that of CP treatment for the same concentrations at the

6 h time point (Fig. 2c).

Estimation of apurinic/apyrimidinic (AP) sites

To evaluate the extent of oxidative DNA damage upon

treatment with MCP in A549 cells, we measured the

number of AP sites, one prevalent type of oxidative DNA

base lesion, using aldehyde reactive probe (ARP) assay

using the genomic DNA extracted from the A549 cells. As

shown in Fig. 3, a significant dose-dependent (P\ 0.05)

increase in accumulation of number of AP sites (18, 21, 22

and 36%) was observed in genomic DNA of A549 cells

treated with 0.1, 1, 10 and 100 lM concentrations of MCP,

respectively, for 24 h time point, which might be a resul-

tant effect of MCP-induced oxidative stress in A549 cells.

Determination of transcriptional and translational

levels of BER-pathway enzymes

Oxidative stress alters the functionality of BER-pathway.

qRT-PCR and Western blotting techniques were carried

out to understand the mRNA and protein expression pat-

terns of individual enzymes of the BER-pathway in

response to OPP-induced oxidative stress at different time

points.

qRT-PCR analysis

CP- and MCP-induced changes in the mRNA expression

levels of BER-pathway genes in A549 cells are presented

in Fig. 4. For 10 lM CP exposure, significant upregulation

in the mRNA level of APE1 by 1.4 fold (P\ 0.001) and

PARP1 by 2 fold after 24 h of treatment was observed,

whereas upregulation in the mRNA level of DNA ligase III

a by 1.7-fold was found after 48 h of treatment. For MCP

treatment, an increase in the mRNA level of APE1 by 1.3-

and 1.13-fold (P\ 0.05) was observed after 12 and 48 h of

treatment, respectively. PARP1 expression level was found

to be upregulated (1.14- and 1.5-fold) after 24 and 48 h of

treatment, respectively. Significant upregulation in the

Fig. 1 Cytotoxicity of a chlorpyrifos (CP) and b monocrotophos

(MCP) in A549 cells. A549 cells were exposed to CP and MCP (0.01,

0.1, 1, 10, 100 and 500 lM) for 24, 48 and 72 h before measuring

cytotoxicity using MTT assay. Results were expressed as mean % cell

viability relative to untreated/DMSO control ± standard deviation

(n = 3; *P value\0.05, **P value\0.01 and ***P value\0.001)
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mRNA level of DNA ligase III a (2.4-fold) was observed

after 48 h of exposure to MCP. The expression pattern of

OGG1 was almost the same in both CP and MCP (10 lM)

treatment of A549 cells. Contrary to other BER enzymes,

the DG OGG1 expression level was found to be signifi-

cantly downregulated by 90, 80 and 87% after 6, 24 and

48 h of CP treatment and by 91, 67 and 28% at 6, 24 and

48 h of MCP treatment, respectively. The results obtained

in the present study suggest that the mRNA expression

levels of BER-pathway enzymes are dynamically regulated

in response to the OPP-induced oxidative stress in A549

cells.

Fig. 2 ROS production in

a monocrotophos (MCP)- and

b chlorpyrifos (CP)-treated

A549 cells. A549 cells were

exposed to MCP and CP (0.01,

0.1, 1, 10 and 100 lM) for 6 and

24 h before measuring the ROS

production using CellROX

Deep Red assay. Results were

expressed as % change in ROS

production relative to untreated/

DMSO control ± standard

deviation (n = 3;

*P value\ 0.05,

**P value\ 0.01 and

***P value\ 0.001).

c Representative

microphotographs showing CP-

and MCP-induced ROS in A549

cells after 6 h of exposure. ROS

generation was studied using

H2DCF-DA dye and the images

were acquired using a FSX100

fluorescent microscope

(Olympus)
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Western blot analysis

BER-pathway is a frontline cellular approach to DNA

repair against oxidative DNA damage and thus any alter-

ation in the expression levels of BER enzymes can lead to

the pathologic condition like cancer. Therefore, it is

important to critically study all enzymes involved in the

BER-pathway. In this study, APE1, OGG1, PARP1,

XRCC1 and DNA pol b expression was explored in A549

cells treated with the OPPs CP and MCP. CP-induced

changes in the protein expression levels of BER-pathway

enzymes are presented in Fig. 5a. As compared to the

vehicle control, APE1, PARP1, XRCC1 and DNA pol b
were found to be upregulated after treatment with 10 and

100 lM CP for 24 h. Notably, for 48 h exposure, dose-

dependent (1, 10 and 100 lM) upregulation was observed

for DNA pol b, but the expression of APE1 and XRCC1

remained moderately changed. Interestingly, the DNA

glycosylase OGG1 level was markedly reduced at both 24

and 48 h time points. For a long exposure (i.e. 72 h) to CP,

an increase in the expression level was observed for

PARP1, OGG1 and XRCC1, but the levels remained

almost constant for APE1 and DNA pol b enzymes.

MCP-induced changes in the protein expression levels

of BER-pathway enzymes are presented in Fig. 5b. The

expression levels of APE1 were found to be significantly

increased after 24, 48 and 72 h, with a maximum increase

at moderate MCP concentrations of 1 and 10 lM (3- and

5-fold, respectively) for 48 h exposure, whereas OGG1 and

DNA pol b expression levels were found to be moderately

changed. PARP1 expression level was remarkably

increased at all concentrations for 24 and 72 h time points.

XRCC1 expression was found to be moderately increased

for 48 and 72 h time points. The possible reason for the

observed results can be explained as follows: an increase in

tightly regulated cellular levels of BER-pathway enzymes

APE1, PARP1, XRCC1 and DNA pol b at 24 h corre-

sponds to the extent of DNA damage and genetic instability

caused by the treatment of OPPs. Taken together, it can be

stated that increased BER-pathway protein expression

levels may reflect their increased activities, which might

help the A549 cells maintain cell survival. On the other

side, stabilization in the expression levels of the same BER

enzymes at certain time points may indicate the formation

of repair complexes on damaged DNA. Decreased OGG1

levels reflect reduced OGG1 activity and hence might be an

increased susceptibility to lung cancer progression. Con-

sidering the observed results and the unique role of every

BER enzyme in the BER-pathway capacity, it can be stated

that the OPPs CP and MCP have the potential to induce

enough defects/alterations in the BER-pathway that may

play a role in lung carcinogenesis.

Determination of translational levels of

transcription factors c-jun and Nrf2 by Western

blotting

An imperative character of APE1 is due to its remarkably

multifunctional role; apart from the DNA repair function,

another important function of APE1 is redox regulation of

various key cell survival TFs. The altered expression of

TFs, c-jun, phospho-c-jun (p-c-jun) and Nrf2, and induci-

ble nitric oxide synthase 2 (NOS2) have been associated

with cancer development, progression and aggressiveness

under the conditions of oxidative stress. Therefore, it was

hypothesized to document the changes in c-jun, p-c-jun and

Nrf2, and NOS2 expression levels after treatment with

different concentrations of CP and MCP for various time

points to understand the plausible link between APE1-

regulated gene expression and lung cancer cell behaviour

against CP- and MCP-induced oxidative stress.

CP-induced changes in the protein expression levels of

TFs in A549 cells are presented in Fig. 6a. The TF c-jun

expression was found to be significantly increased after

treatment with 10 and 100 lM CP for 72 h. However, p-c-

jun expression was found to be upregulated mainly at 24

Fig. 3 Estimation of AP sites generated in A549 cells after treatment

with monocrotophos (MCP). a ARP-DNA standard curve. b A549

cells were exposed to MCP (0.1, 1, 10 and 100 lM) for 24 h and the

number of AP sites generated was measured using OxiSelect DNA

damage (AP sites) detection kit. Results were expressed as number of

AP sites/100,000 base pairs relative to untreated control cells ± s-

tandard deviation (n = 3; *P value\0.05)
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and 48 h time points. As expected, the expression level of

NOS2 was significantly increased by 1.8- and 1.7-fold for

10 and 100 lM of CP treatment for 24 h, whereas dose-

dependent upregulation corresponding to 1.7-, 2-, 4- and

5-fold at 0.1, 1, 10 and 100 lM CP treatment, respectively,

was observed at the 72 h time point. The Nrf2 protein

expression remained unchanged at 0.1, 1 and 10 lM CP,

but reduced to half (0.5-fold decrease) at a high concen-

tration of 100 lM CP for 24 h of exposure. For 48 and

72 h of treatment, Nrf2 expression was increased by 1.2-

and 1.4-fold (10 and 100 lM CP) and 1.5- and 1.4-fold (1

and 10 lM), respectively.

MCP-induced changes in the protein expression levels

of TFs are presented in Fig. 6b. At 24 and 48 h time points,

a remarkable upregulation in the expression level of c-jun

was observed at 0.1 lM (2.6- and 3-fold), 1 lM (1.4- and

2.6-fold), 10 lM (2- and 2.6-fold) and 100 lM (1.6- and

3.4-fold), respectively. Exposure for 72 h also caused

substantial upregulation at 1 and 10 lM (1.6 and 1.7,

respectively). No change in the expression level of p-c-jun

was observed at 24 h time point. However, moderate

upregulation was seen at 100 lM MCP (1.3-fold) for 72 h

exposure. Nrf2 expression was upregulated by 1.4-fold at

0.1 lM for 24 h, 2- and 1.8-fold at 1 and 10 lM for 48 h,

and 1.2-, 1.4- and 1.2-fold at 1, 10 and 100 lM for 72 h

time point. Altogether, these results suggest that in

response to oxidative stress induced by the OPPs CP and

MCP, the dysregulated c-jun, p-c-jun, NOS2 and Nrf2

expression along with disparity among BER-pathway

enzymes may act as a potential determinant in lung cancer

progression.

Immunofluorescence analysis of APE1 expression

and subcellular localization against CP and MCP

exposure

Next we investigated the subcellular localization of APE1

after exposure to OPPs, viz. CP and MCP, in A549 cells as

a function of time. The cytoplasmic APE1 content was

found to be gradually increased in CP-treated A549 cells

when exposed to a low concentration of 0.01 lM for 6, 12

and 24 h (Fig. 7). Total APE1 was found to be significantly

increased after treatment of A549 cells with both CP and

MCP for 24 h. However, no change was observed after

48 h of treatment of A549 cells. These observations sug-

gest that a low concentration of CP (0.01 lM) promotes

cytoplasmic distribution of APE1 in A549 cells after 24 h

of exposure, which might have been associated with the

mitochondria or ER membranes or maintaining TFs in

reduced state while they are being translocated to the

nucleus. Consistent with the previous studies, APE1 was

predominantly localized to the nuclei; however, the cyto-

plasmic APE1 was also detected significantly in the

untreated control A549 cells at various time points studied.

Fig. 4 Transcriptional changes in BER-pathway enzymes in chlor-

pyrifos (CP)- and monocrotophos (MCP)-treated A549 cells. Cells

were exposed to CP and MCP (10 lM) for 6, 24 and 48 h, and qRT-

PCR was performed to determine the mRNA expression levels of

a APE1, b PARP1, c OGG1 and d DNA ligase III a. Each mRNA

expression is normalized to the internal control b-actin gene and

presented as ± standard deviation (n = 3; *P value\ 0.05,

**P value\ 0.01 and ***P value\0.001)
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For MCP treatment, a significant reduction in the size of

the nuclei and increased cytoplasmic APE1 were observed

in A549 cells treated with a low concentration of 0.01 lM
for 6 h. The APE1 immunoreactivity was significantly

enhanced and distributed exclusively in the nuclei after

24 h of treatment with MCP. As the MCP treatment period

was increased to 48 h, the APE1 immunoreactivity was

significantly enhanced in both nuclear and cytoplasmic

compartments of A549 cells. After treatment for 72 h with

MCP, the total APE1 signal was found to be increased in

A549 cells markedly with increased cytosolic APE1 con-

tent. The response observed in the case of 72 h of CP

treatment was less as compared with that of MCP treatment

in A549 cells. These observations suggest a possibility that

a low concentration of MCP (0.01 lM) could stimulate

(i) nuclear shrinking in A549 cells at 6 h, (ii) cytoplasm-to-

nucleus translocation of APE1 in A549 cells at 24 h, (iii)

peak levels of total APE1 signal (nuclear ? cytoplasmic)

at 48 h and (iv) a gradual increase of cytoplasmic APE1 at

6, 48 and 72 h. In addition, when the A549 cells were

Fig. 5 Translational changes in

BER-pathway enzymes in A549

cells after exposure to

a chlorpyrifos (CP) and

b monocrotophos (MCP).

(i) A549 cells treated with 0.1,

1, 10 and 100 lM CP/MCP for

24, 48 and 72 h. Total cell

lysates were prepared and

Western blotting was performed

to determine the protein

expression levels of DNA repair

BER-pathway enzymes, viz.

PARP1, XRCC1, OGG1, DNA

pol b and APE1. Each protein

expression is normalized to the

corresponding internal control

b-actin and the best

representative images are

shown. (ii, iii and iv)

Densitometric analysis of

Western blotting of BER

enzymes PARP1, XRCC1,

OGG1, DNA pol b and APE1

normalized to b-actin, relative
to the untreated control A549

cells exposed to CP/MCP for

24, 48 and 72 h. Data are

expressed as fold change and

mean ± standard error of mean

(SEM) of two independent

experiments (n = 2)
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exposed to 10 lM concentrations of CP and MCP (Fig. 8),

translocation of APE1 was observed within the cytoplasm

of A549 cells at an early 6 h time point. However, the

APE1 localization was found to be exclusively promoted to

the nuclei after 24 h, and in the case of 48 h treatment, a

reduced APE1 signal was observed. Therefore, it can be

stated that OPP-induced subcellular distribution of APE1 is

somewhat heterogenous within the cell subpopulation and

is tightly regulated in response to oxidative stress.

Confocal laser scanning microscopic analysis

for interaction between APE1 and c-jun

In the Results section, we have shown that APE1 is present

in both the nucleus and the cytoplasm of A549 cells, but it

was observed to be predominantly localized to the nuclei

when exposed to CP and MCP for 24 and 48 h. Here we

further examined the localization of APE1 along with TF

c-jun in CP- and MCP-treated A549 cells after 6, 24 and

Fig. 6 Translational changes in

TFs in A549 cells after exposure

to a chlorpyrifos (CP) and

b monocrotophos (MCP).

(i) A549 cells were treated with

0.1, 1, 10 and 100 lM CP/MCP

for 24, 48 and 72 h. Total cell

lysates were prepared and

Western blotting was performed

to determine the expression

levels of TFs, viz. NOS2, Nrf2,

c-jun and p-c-jun. Each protein

expression is normalized to the

corresponding internal control

b-actin and GAPDH, and the

best representative images are

shown. (ii, iii and iv)

Densitometry analysis of

Western blotting of NOS2,

Nrf2, c-jun and p-c-jun,

normalized to b-actin and

GAPDH, relative to the

untreated control A549 cells

exposed to CP/MCP for 24 h,

48 h and 72 h. Data are

expressed as fold change and

mean ± standard error of mean

(SEM) of two independent

experiments (n = 2)
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48 h time points to illustrate the role of APE1 in redox-

mediated c-jun regulation. As depicted in Fig. 9, APE1 and

c-jun were found to be distributed in both the nucleus and

the cytoplasm of A549 cells. The PCC values were used to

quantify the degree of colocalization. As compared to

untreated control A549 cells, no visible change in the

expression and localization pattern of APE1 and c-jun was

observed when exposed to 10 lM CP and MCP for 6 h.

However, exposure for 24 h resulted in significant nuclear

colocalization of APE1 with the TF c-jun, as evidenced by

the PCC values 0.6 and 0.53 at 10 lM CP and MCP,

respectively. In addition, as the exposure time was

increased to 48 h, the treatment of 10 lM CP and MCP

resulted in moderate nuclear and cytoplasmic colocaliza-

tion of APE1 with c-jun, and the observed PCC values

were 0.3 and 0.45, respectively. Taken together, these

results indicate that APE1 interacts with the TF c-jun in the

nucleus and regulates via its redox function to facilitate the

activation of downstream gene expression.

Discussion

Till now, there has been limited information regarding the

increased risk of lung cancer in people exposed to OPPs

such as CP and MCP. Although some epidemiological

studies suggest for the possible link between OPPs expo-

sure and lung cancer [5, 6], not enough biochemical studies

have been performed to confirm the same, thus leaving the

data equivocal. There are gaps in our knowledge due to

lack of detailed biochemical studies regarding the role of

MCP and CP in lung cancer risk and the underlying

molecular mechanisms. Considering the indispensable role

of DNA repair and cell survival pathways in maintaining

Fig. 7 a Chlorpyrifos (CP)- and b monocrotophos (MCP)-induced

subcellular distribution of APE1 in A549 cells. The A549 cells were

treated with a low concentration of 0.01 lM CP and MCP for 6, 12,

24, 48 and 72 h and the localization of APE1 was determined using

immunofluorescence staining using APE1-specific antibody. Images

were acquired at 609 using a FV1200 confocal laser scanning

microscope (CLSM) (Olympus). A scale bar of 10 lm was used
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the cellular genomic integrity, we wished to explore the

CP- and MCP-mediated alteration in DNA BER-pathway

and other stress-responsive cell signalling pathways, which

may be involved in the pathogenesis of lung cancer. The

results of the present study suggest that low and moderate

dose exposure to OPPs MCP and CP increases lung cancer

risk by virtue of ROS-mediated suboptimal DNA repair

due to imbalanced BER-pathway and increased cell sur-

vival because of activation of pro-survival signalling

pathways and also by the means of BER-pathway’s key

enzyme APE1-mediated redox regulation of TFs crucial for

the growth of lung carcinoma cells.

Cytotoxic effects of MCP have been evaluated in dif-

ferent mammalian cell lines and have been demonstrated to

cause cancer cell proliferation [8, 34, 35]. A study reported

that CP is cytotoxic at[250 lM in A549 cells [26]. From

our results, as evidenced by MTT assay, CP and MCP

showed cytotoxicity only at higher concentration

(500 lM), whereas non-toxic lower concentrations (10 and

100 lM) resulted in increased cell viability at 24 and 48 h.

Our results indicate that lower non-cytotoxic doses of CP

and MCP generate intracellular ROS in A549 cells as early

as 6 h, but a maximum increase was observed at 10 lM
after 24 h of treatment. Studies have demonstrated that

OPPs have the potential to cause oxidative stress by gen-

erating ROS [28, 36]. In our study, this increased ROS

generation at non-cytotoxic concentrations of CP and MCP

in A549 cells might be considered as a likely mechanism

underlying the activation of pro-survival signalling

Fig. 8 a Chlorpyrifos (CP)- and b monocrotophos (MCP)-induced

subcellular distribution of APE1 in A549 cells. The A549 cells were

treated with an optimum (moderate) concentration of 10 lM CP and

MCP for 6, 12, 24, 48 and 72 h and the localization of APE1 was

determined using immunofluorescence staining using APE1-specific

antibody. Images were acquired at 609 using a FV1200 confocal

laser scanning microscope (CLSM) (Olympus). A scale bar of 10 lm
was used
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pathways and this may be an important factor involved in

increased cancer cell proliferation.

Oxidative stress manifests into oxidative DNA base

damage. AP sites are the most frequently found form of

mutagenic DNA base damage lesions generated by ROS

[37]. Our study observed the accumulation of AP sites in

response to MCP treatment in A549 cells, pointing towards

the extent of DNA damage. These mutagenic AP sites are

processed by APE1-dependent DNA repair BER-pathway.

In response to oxidative DNA damage, BER-pathway, an

evolutionarily conserved and environmentally responsive

mechanism, gets activated in which five major enzymes

execute the process. First, DG OGG1-mediated identifica-

tion/excision of damaged base takes place, which generates

the AP site; it involves the processing of generated AP site

by APE1 and finally the completion of DNA repair process

by ‘‘short-patch’’ or ‘‘long-patch’’ pathway utilizing

XRCC1, DNA pol b, DNA ligase III a or DNA ligase I

[14, 38]. Our study is focused on ‘‘short-patch’’ BER-

pathway. Various studies have demonstrated that individ-

ual BER-pathway enzymes get induced in response to

oxidative stress [39, 40]. In our study, qRT-PCR and

Western blotting analyses demonstrated a decrease in

mRNA and protein expression of OGG1 at all time points

in A549 cells exposed to CP and MCP. The downregulated

OGG1 protein expression may indicate the suppression of

DNA damage repair, causing DNA damage to accumulate.

A previous study has reported the link between low OGG1

expression and increased lung cancer risk [16]. On the

contrary, the levels of APE1, PARP1, XRCC1 and DNA

pol b were found to be significantly increased after expo-

sure to CP for 24 h. It is well known that PARP1 acts as a

DNA damage sensor and positively regulates DNA repair

process by recruiting the downstream DNA repair enzymes

at the site of DNA damage, whereas XRCC1 acts as a

scaffold to allow protein–protein interactions and DNA pol

b helps in gap-filling synthesis at AP sites [41, 42]. Taking

into account the important role of every BER-pathway

enzyme in DNA repair, the observed results positively

advocate that the CP exposure induced enough oxidative

DNA damage in the A549 cells to stimulate changes in the

expression of tightly regulated DNA BER-pathway pro-

teins. The observed results in MCP-treated A549 cells were

found to be similar, except for XRCC1 and DNA pol b
expression, which remained moderately increased or

unchanged. Here, stabilization in the expression levels of

the same BER enzymes may indicate the formation of

repair complexes on damaged DNA or it may point

towards the possibility of less efficient DNA repair or

misincorporations of nucleotides, which may result in

increased mutagenesis rate [43, 44]. Coordination between

the BER-pathway enzymes is crucial; for example, DNA

pol b lacks proofreading activity and cannot correct the

misincorporations; hence, such misincorporations are

Fig. 9 a Chlorpyrifos (CP)- and b monocrotophos (MCP)-induced

subcellular distribution and colocalization of APE1 and the TF c-jun

in A549 cells. The A549 cells were treated with 10 lM CP and MCP

for 24, 48 and 72 h, and the subcellular distribution and also

colocalization of APE1 and the TF c-jun were determined using

immunofluorescence staining using specific antibodies against these

two proteins. The images were acquired at 609 using a FV1200

confocal laser scanning microscope (CLSM) (Olympus). A scale bar

of 10 lm was used
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corrected by the 30–50 exonuclease activity of APE1

[45, 46]. Considering the fact that APE1 functions by

creating single-strand breaks (SSBs) in DNA during the

repair process, it should come as no surprise that this break

can become mutagenic if not processed correctly by

impaired APE1 or other downstream BER enzymes.

Therefore, dysregulation and imbalance in APE1 and other

BER enzymes has been linked with cancer [47]. Although

it is important to determine overall BER activity against

oxidative stress, it is definitely not necessary to observe the

dysregulation of complete BER-pathway enzymes to

establish its role in causing genomic instability. Alteration

in any one enzymatic step of BER-pathway can lead to

cellular transformation. The opposing alterations or

imbalance in BER-pathway proteins that we typically

observed in both CP- and MCP-treated A549 cells poten-

tially reflects the dysregulated BER-pathway proteins and

their altered enzymatic activities, which might be con-

tributing to carcinogenesis.

Among all BER-pathway proteins, our study holds

special interest in APE1 because of its second important

function as a redox regulator of various TFs involved in

cellular stress responses and cell survival mechanisms. The

TF c-jun (AP-1) has been known to be induced by oxida-

tive stress and redox-regulated by APE1 [17, 19, 48]. It has

been reported to be involved in BER-pathway gene regu-

lation [49] and frequently expressed in lung cancer [50]. As

evidenced by immunoblotting, our study showed a signif-

icant increase in the expression level of c-jun, which has

been considered to be associated with proliferation and

angiogenesis in cancer [51, 52]. A study has shown that the

activation of AP-1 signalling pathway involving both c-jun

and p-c-jun promotes cell proliferation in lung cancer [53].

The phosphorylation of c-jun activates c-jun-dependent

transcription. A study has shown that binding of p-c-jun to

vascular endothelial growth factor (VEGF) promoter acti-

vates VEGF transcription which triggers angiogenesis in

cancer [54]. Another study reported that HPV-16 E7

oncoprotein enhances p-c-jun expression in A549 cells,

which along with c-jun is involved in inducing HIF-1a,
VEGF and IL-8 expression and thus stimulating angio-

genesis [55]. Consistent with these findings, our results also

demonstrate the increased expression of p-c-jun (Ser 63),

indicating that c-jun- and p-c-jun-mediated pathway is

somehow involved in cell survival mechanisms in response

to CP- and MCP-induced oxidative stress.

Also the NOS2 expression was found to be increased in

A549 cells exposed to CP. NOS2 stimulates the production

of NO which is an inflammatory mediator. Sustained NO

production has been linked with carcinogenesis which,

with inhibition of BER-pathway enzyme OGG1, could

contribute to the development of mutagenic environment

for chronic inflammation [56]. Another important TF that

we intended to combine with our study was Nrf2. As an

important stress-responsive TF, Nrf2 plays a very impor-

tant role in protecting cells from apoptosis and oxidative

stress via activation of anti-oxidant proteins [57]. In recent

years, there has been considerable debate over the dual role

of Nrf2 in cancer, suggesting that hyperactivation of Nrf2

confers survival advantage to cancer cells [58, 59]. Nrf2

plays a pro-tumorigenic role in early stages of promotion

and progression of lung cancer [60]. Studies have reported

the association between dysregulated Nrf2 signal and lung

cancer [61, 62]. In our study, CP- and MCP-induced

oxidative stress was found to significantly increase the Nrf2

protein expression at certain time points, which meant that

the activation of Nrf2-mediated signalling pathway(s) pro-

tects the cells from further oxidative stress and also helps in

cell proliferation.

Moreover, the altered subcellular localization of APE1

has been associated with lung cancer progression [25, 63].

Therefore, we examined the changes in subcellular local-

ization of APE1 in A549 cells exposed to the OPPs CP and

MCP, using CLSM analysis. Our study showed the cyto-

plasmic translocation of an early time point of 6 h; how-

ever, it was found to be exclusively promoted in the nuclei

after 24 h. These observations point towards the

heterogenous and differential subcellular distribution of

APE1 against oxidative stress. Again, immunofluorescence

analysis using CLSM was performed to determine whether

CP- and MCP-induced oxidative stress stimulates the TF

c-jun via APE1 signalling pathway. Because colocalization

of APE1 with TFs c-jun is also thought to contribute

towards the APE1-mediated transcriptional regulation of

c-jun, we next demonstrated the subcellular colocalization

pattern of APE1 and c-jun in A549 cells exposed to CP and

MCP. Analysis of colocalization was performed by calcu-

lating PCC values; our results showed a positive correla-

tion in nuclear localization of APE1 and c-jun in cellular

response to CP- and MCP-induced oxidative stress. A

previous study has also shown that the nuclear expression

of p-c-jun has an important role in human colorectal

tumour development [64]. Taken together, these results

may support the hypothesis that in response to CP- and

MCP-induced oxidative stress the nuclear functional

interaction of APE1 with c-jun is involved in the activation

of c-jun signalling pathway which ultimately promotes

lung carcinogenesis.

In conclusion, our study suggests that the OPPs CP and

MCP have the potential to cause oxidative stress and

oxidative DNA damage in A549 cells. This OPP-mediated

oxidative stress alters the BER-pathway and the stress

response of TFs c-jun, p-c-jun and Nrf2, and modulates

APE1’s subcellular localization and redox regulation of

TFs. Our results indicate that in response to CP- and MCP-

induced ROS in A549 cells, APE1 acts as a potential player
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in both the instances; first as a repair enzyme of BER-

pathway and second as a redox regulator of pivotal TFs

involved in pro-survival mechanisms; thus, it ensures the

survival and proliferation of lung cancer cells and ulti-

mately contributes to the process of lung carcinogenesis.

Besides its role in carcinogenesis, APE1-mediated func-

tions may even revamp tumour response to therapy. For

that reason, further investigations are required to reveal

APE1’s prospect for development of chemotherapeutics

against lung cancer.
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