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A B S T R A C T

Background: Malathion is the most widely used organophosphate pesticide in agriculture. Increasing cancer
incidence in agricultural workers and their children links to the exposure of malathion. Identification of genes
involved in the process of carcinogenesis is essential for exploring the role of malathion. The alteration in gene
expression by malathion in human lymphocytes has not been explored yet, although hematological malignancies
are rampant in humans.
Objective: This study investigates the malathion induced expression of cancer associated genes in human lym-
phocytes.
Methods: Human lymphocyte viability and colony-forming ability were analyzed in malathion treated and
control groups. Gene expression profile in control and malathion treated human lymphocytes were performed
using a microarray platform. The genes which have significant functions and those involved in different path-
ways were analyzed using the DAVID database. Differential gene expression upon malathion exposure was
validated by quantitative real-time (qRT)-PCR.
Results: Malathion caused a concentration-dependent reduction in human lymphocyte viability. At low con-
centration (50 μg/mL) of malathion treatment, human lymphocytes were viable indicating that low con-
centration of malathion is not cytotoxic and induces the colony formation. Total of 659 genes (15%) were up
regulated and 3729 genes (85%) were down regulated in malathion treated human lymphocytes. About 57
cancer associated genes related to the growth and differentiation of B and T cells, immunoglobulin production,
haematopoiesis, tumor suppression, oncogenes and signal transduction pathways like MAPK and RAS were in-
duced by malathion.
Conclusion: This study evidences the carcinogenic nature of malathion. Low concentration of this pesticide is not
cytotoxic and induces differentially regulated genes in human lymphocytes, which are involved in the initiation,
progression, and pathogenesis of cancer.

1. Introduction

Malathion (Diethyl 2-[(dimethoxyphosphorothioyl)sulfanyl] buta-
nedioate) is a non-systemic broad-spectrum organophosphate pesticide
used for controlling insect pests of agricultural crops, gardens, house
hold products, ectoparasites on animals, fumigation, veterinary prac-
tices and in public health pest-eradication programmes (ATSDR, 2003).
Malathion residues have been frequently detected in the agroecosystem
sediment (2.62–129 μg/kg); water (0.699–298 μg/L); ground water
near industrial area (0.855–16.24 μg/L); rain water (0.900–1.500 μg/
L); river surface water (2.618 μg/L); unfiltered water (0.1–3.3 μg/L);
drinking water pipes (0.2–1.0 mg/g); urine (1.3–4.1 μg/L); fruits and
vegetables (0.04 ng/g) (Rao and Pillala, 2001; Varca, 2012; Agarwal

et al., 2015; Harper et al., 2017; IARC , 2017). Malathion exposure can
cause acute and chronic toxicity, disturbance in metabolism, induce
oxidative stress, decrease in AChE activity, hepatotoxicity, neurotoxi-
city, immunotoxicity, cytotoxicity and genotoxicity in target and non-
target species including humans (Windham et al., 1998; Gurushankara
et al., 2007a; 2007b; Muniz et al., 2008; Kalender et al., 2010; Moore
et al., 2010; Nain et al., 2011; Akbel et al., 2018; Selmi et al., 2018).

Cancer is the most common malignant disease, causing major
morbidity and mortality in the world. It is a genetic disease, i.e., the
initiation of cancer occurs at the molecular level due to alterations in
genes, proteins and the signal transduction pathways that control the
way our cells function, specifically how they grow and divide (Hanahan
and Weinberg, 2000). The causative factors for carcinogenesis remain
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an enigma. Pesticides are considered as carcinogens and appear to be
involved in the etiology of cancer (Mitra et al., 2012; Goodson et al.,
2015). But, there is no report to propose how pesticides may influence
gene expression in carcinogenesis. Identification of genes involved in
the process of carcinogenesis upon pesticide exposure is essential for
exploring the role of environmental agent(s) in cancer development.
Studies have substantiated that malathion induces DNA and chromo-
somal damages in humans (Moore et al., 2010; Navarrete-Meneses
et al., 2018). Increased cancer (particularly leukemia and lymphoma)
incidence in agriculture workers and their children was linked to ma-
lathion exposure (Cabello et al., 2001; Bonner et al., 2007; Lerro et al.,
2015). Malathion could be a carcinogen as its exposure was found to
elevate the risk of cancer (Reuber, 1985; Cabello et al., 2001). Inter-
national Agency for Research on Cancer (IARC) of the World Health
Organization (WHO) has classified malathion as ‘probably carcinogenic
to humans’ (Group 2A) (IARC , 2017). However, the alteration in the
gene expression by malathion has not been explored so far, although
hematological malignancies are prevalent in humans. In order to un-
derstand the genes involved in carcinogenesis, we have employed the
gold standard in vitro model system, human lymphocytes. The profile of
malathion induced cancer related gene expression in human lympho-
cytes were made using microarray platform and differential gene ex-
pressions were confirmed by quantitative real time (qRT)-PCR.

2. Methods

2.1. Isolation of human lymphocytes and culture

Human peripheral blood (5 mL) was collected by venipuncture from
non-smoker, non- drinker and medication-free healthy male and female
volunteers of age between 20 and 23 years (21.11 ± 0.745) in vacu-
tainer blood tubes containing sodium heparin (Cat. No. 367878,
Becton-Dickinson, India Pvt. Ltd). The investigation was conducted
with the approval of the Central University of Kerala, Institutional
Human Ethical Committee (CUK/IHEC/2017–011) and volunteer blood
was drawn after obtaining the informed consent. Human lymphocytes
were isolated by Ficoll-Paque density gradient method. Briefly, 5 mL of
blood was diluted with 5 mL of sterile phosphate buffered saline (PBS),
pH 7.4 (1:1 ratio). Total 10 mL of diluted blood was layered on the 5 mL
of Ficoll-Paque containing centrifuge tube and was centrifuged at 400 g
for 20 min at room temperature (20 °C) to obtain a buffy layer (con-
taining lymphocytes) between the plasma and Ficoll-Paque layers. The
obtained buffy coat was washed twice with sterile PBS at 100 g for
10 min each and then washed with RPMI-1640 culture media by cen-
trifugation. Human lymphocyte density was determined by Trypan blue
exclusion test and was found to be about 95%. Human lymphocytes
(1 × 104) were cultured in RPMI-1640 medium supplemented with
10% fetal bovine serum (FBS), 1.5% phytohemagglutinin (PHA) and 1%
of penicillin-streptomycin solution (antibiotic and antimycotic).
Lymphocytes were cultured in a humidified incubator with 5% CO2 at
37 °C in 15 mL T25 polystyrene culture flasks for 48 h. The viability of
cultured human lymphocytes was checked before starting the experi-
ment with the Trypan blue exclusion technique and was found to be
greater than 85%.

2.2. Malathion stock preparation, toxicity analysis and selection of
concentrations for assays

Malathion (μg/mL) stock solution was prepared in 1% dimethyl
sulfoxide (DMSO). Human lymphocytes were treated with different
concentrations of malathion by adding the appropriate volume of stock
solution to the fresh RPMI-1640 growth media supplemented with 10%
FBS, 1.5% PHA and 1% penicillin-streptomycin solution. IC50 of ma-
lathion for human lymphocytes was determined; i.e., the concentration
at which 50% of lymphocytes failed to be viable/proliferate. To de-
termine the 50% of an inhibitory concentration of malathion, 1 × 104

lymphocytes were seeded in 100 μL of RPMI-1640 medium containing
suitable supplements in each well of 96-well microtiter plate in tripli-
cate. The plate was incubated for a period of 24 h in a humidified in-
cubator with 5% CO2 at 37 °C. Human lymphocytes grown to 80–100%
confluence were exposed to various concentrations (ranging from 0 to
2000 μg/mL) of malathion. Human lymphocytes treated with 1% DMSO
without malathion was considered as vehicle control and lymphocytes
untreated with 1% DMSO or malathion was considered as a control
group. The lymphocyte viability determined using the Trypan blue
exclusion test, indicated that there was no difference in lymphocyte
count between the 1% DMSO treated and untreated control groups.
Hereafter, 1% DMSO vehicle control was used as a control group which
did not affect the lymphocyte viability under this study. The control and
various concentrations of malathion treated lymphocytes were in-
cubated for 24 h in a humidified incubator with 5% CO2 at 37 °C. After
the incubation, lymphocyte viability was evaluated using the XTT (2,3-
bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide)
assay. In brief, after the 24 h incubation, 50 μL XTT solution (freshly
prepared activated XTT) per well was added. The 96-well plate was
again incubated for a period of 2 h in a humidified CO2 incubator with
5% CO2 at 37 °C. In living cells, XTT is metabolically reduced to pro-
duce a colorimetric, water-soluble formazan product, which is in or-
ange color. The appearance of orange color in the sample containing
wells was noted and the plate was gently shaken several times to evenly
distribute the orange color in each well. The absorbance was measured
at 450 nm using a multimode plate reader (EnSpire™ multimode plate
reader, PerkinElmer, Inc.). The amount of color produced is directly
proportional to the number of viable cells. Lymphocyte viability was
determined by comparing the absorbance of the wells containing the
malathion treated groups with those of the control and blank. The assay
was conducted in triplicate and was repeated thrice. The data of each
malathion treated and control groups were used to determine the IC50
by Probit method (Finney, 1971). Calculated IC50 for malathion was
243.56 μg/mL. Hence, the sub lethal concentrations (i.e. 50, 100, and
150 μg/mL) of malathion were fixed for analyzing the human lym-
phocytes viability, colony formation assay, and qRT-PCR analysis. The
low concentration of malathion (50 μg/mL) was selected for microarray
analysis, as the human lymphocytes were found to be viable and pro-
liferating (Fig. 1).

2.3. Colony forming assay

The colony forming potential of human lymphocytes was analyzed
by the method of Crowley and Waterhouse (2016). Briefly, human
lymphocytes were cultured in RPMI-1640 medium containing suitable
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Fig. 1. Effect of malathion on human lymphocytes viability. Values without the
symbol (*) is not significant compared to control at p>0.05; significant com-
pared to control at **p<0.01; ****p<0.0001 level.
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supplements in a humidified incubator with 5% CO2 at 37 °C in 15 mL
T25 polystyrene culture flasks for 48 h. The colony forming assay plate
was prepared as follows: The bottom layer for the assay was prepared
by mixing noble agar (1.3%) with the bottom and top layer media (2X
RPMI-1640 medium supplemented with 10% FBS, 1.5% PHA and 1% of
penicillin-streptomycin) at a ratio of 55:45 and immediately poured
2.5 mL into 6 cm dishes. These bottom layered assay plates were in-
cubated overnight in a humidified incubator with 5% CO2 at 37 °C to
solidify. Human lymphocytes (1 × 104/dish) in triplicate were treated
with different concentrations of malathion (50, 100 and 150 μg/mL)
along with control. The control and treated lymphocytes were cultured
for 24 h in a humidified incubator with 5% CO2 at 37 °C. The cell layer
of the assay was prepared by resuspending the 1 ml of respective
treated and control 1 × 104 lymphocytes with the 9 mL of cell layer
media/agar mix of the assay. The cell layer media/agar mix was pre-
pared by mixing the 2X and 1X RPMI-1640 medium containing suitable
supplements with noble agar (1.3%) at a ratio of 80:20. Immediately,
the respective 5 mL of cell/media/agar mixture was added on the top of
the solid bottom layer of agar and incubated at room temperature for
30 min to solidify. The top layer of the assay was prepared by mixing
noble agar (1.3%) with the bottom and top layer media at a ratio of
55:45 and 2.5 mL of the top layer media was immediately poured on
top of the solidified cell layer. The control and different sublethal
concentrations of malathion treated assay dishes were cultured in an
incubator with 5% CO2 at 37 °C for 2–3 weeks until colonies were
visible. The colonies formed were then counted using the dissection
microscope. The colony having more than 50 cells were- considered for
the analysis.

2.4. RNA extraction for microarray analysis

RNA was extracted from the samples by TRIzol reagent method.
Control and malathion treated respective cultured human lymphocytes
were harvested in pre-chilled 1X PBS in centrifuge tubes. The tubes
were centrifuged at 2000 rpm for 15 min at 4 °C. The supernatant media
was discarded carefully and the pellet was collected. The pellet was
diluted by adding 4–5 volume of sterile and pre-chilled 1X PBS solution.
The tubes were gently tapped for 2 min (care has been taken to avoid
rupture of the cell membrane by vigorous shaking). The tubes were
centrifuged at 2000 rpm for 15 min at 4 °C. The supernatant was dis-
carded carefully and the pellet was collected. To the pellet 500 μL
TRIzol was added and vortexed for 10 min for getting the homogenate.
The tubes were centrifuged at 8000 rpm for 4 min to check for proper
cell lysis. If the pellet was observed at the bottom, then vortexed again
for 10 min 100 μL of chloroform was added to the sample tubes, se-
curely capped and mixed by inversion for 15 s. The tubes were cen-
trifuged at 13200 rpm for 15 min at 4 °C. After centrifugation, the
mixture was separated into a lower red phenol-chloroform phase, in-
terphase, and a colorless upper aqueous phase. The aqueous phase was
transferred to a fresh tube. 250 μL of isopropyl alcohol was added to the
aqueous phase to precipitate the RNA. Samples were incubated at room
temperature for 10 min and centrifuged at 13200 rpm for 15 min at
4 °C. The RNA was precipitated at the side and bottom of the tube
forming a gel-like pellet. The supernatant was discarded. The RNA
pellet was washed twice with 0.5 mL 70% ethanol. The sample was
mixed and centrifuged at 13200 rpm for 5 min at 4 °C. The RNA pellet
was vacuum dried for 3 min at 30 °C. The RNA was dissolved in nu-
clease free water and stored at −80 °C. The stored RNA was used for
microarray analysis.

2.5. RNA analysis

Total RNA and complementary RNA (cRNA) was purified using
Qiagen's RNeasy Minikit (Cat#74106). RNA quality and purity were
analyzed using the Nanodrop ND-1000, and RNA integrity was ana-
lyzed using the Agilent 2100 Bioanalyzer. Samples achieved A260/

A280 absorbance ratios of purified RNA exceeding 2.0, the 28S/18S
rRNA ratios were equal to or exceeded 1.5, and the RNA integrity
number (RIN) exceeded 8.0.

2.6. Acquiring microarray data

The samples were labeled using the Agilent's Quick-Amp labeling kit
(p/n:5190–0442). T7 promoter based-linear amplification method was
used to generate labeled complementary RNA (One-color microarray-
based gene expression analysis). The hybridization was done using
Agilent's in situ hybridization kit (5190–6420). Gene expression was
assessed on the Human 8 × 60K GXP AMADID:039494 commercially
available in situ oligonucleotide arrays (A-GEOD-19775-Agilent-062647
INP 039494 Human GE v2 8 × 60K 039494) according to standard
expression analysis protocols.

2.7. Analysis of microarray data

The normalization was made between the control and the malathion
treated sample data using GeneSpring GX Software. Percentile shift
normalization was employed to adjust the locations of all the spot in-
tensities in the array. The number of differentially regulated genes
consisting of up regulated genes (fold value ≥ 1) and down regulated
genes (fold value ≤ −1) in the treated sample were found out. The
color range was from green to yellow to red. The control was re-
presented by a yellow color, the up regulated genes by red and the
down regulated genes by green color. The fold change was calculated as
log base 2. The genes which are present in significant functions and
pathway were analyzed using the DAVID database (http://david.abcc.
ncifcrf.gov/home.jsp).

2.8. Validation of malathion induced differential gene expression by
quantitative RT-PCR

To validate the malathion induced cancer associated gene expres-
sion in human lymphocytes, LPCAT4, MICA, BMI1, MAP2K3 and HLA-E
genes were selected on the basis of their highest fold changes recorded
in microarray analysis. ACTB gene was used for normalization. The
forward and reverse primers of these genes (Table 1) were designed and
obtained from Integrated DNA Technologies (IDT) USA. Briefly, lym-
phocytes were cultured in RPMI-1640 medium containing suitable
supplements in a humidified incubator with 5% CO2 at 37 °C in 15 mL
T25 polystyrene culture flasks for 48 h. The cultured 1 × 104 lym-
phocytes/group in triplicate were treated with different sublethal
concentrations (50, 100 and 150 μg/mL) of malathion along with
control and were cultured for 24 h. The malathion treated and control
lymphocytes were harvested and RNA was isolated from each sample
by TRIzol reagent method. RNA was quantified and normalized to 1 μg.
20 μL of cDNA was synthesized using a high capacity Verso cDNA
synthesis kit (Thermo Fisher Scientific). The relative quantification of
gene expression was analyzed by LightCycler® 480 Instrument II -
Roche Life Science using SYBR Green qPCR master mix. Each sample
was run in triplicate for each gene. The gene expression levels of
samples were then analyzed by calculating ΔCT and ΔΔCT values: ΔCT

Table 1
List of genes and their primers used for validation of gene expression by qRT-
PCR.

Gene Forward primer Reverse primer

LPCAT4 GCTACAGCTCTCTGATCCTCAG GACGAGTTAGCTCTTCCAGGCT
MICA CCACCAGGATTTGCCAAGGAGA CTGCCAATGACTCTGAAGCACC
BMI1 GGTACTTCATTGATGCCACAACC CTGGTCTTGTGAACTTGGACATC
MAP2K3 CTTGGTGACCATCTCAGAACTGG CTTCTGCTCCTGTGAGTTCACG
HLA-E CGGCTACTACAATCAGAGCGAG AATCCTTGCCGTCGTAGGCGAA
ACTB CACCATTGGCAATGAGCGGTTC AGGTCTTTGCGGATGTCCACGT
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value = CT value of target gene – CT value of reference gene and ΔΔCT
value = ΔCT value of the test for target gene – ΔCT value of control for
the target gene. The relative gene expression (RQ) is expressed as 2-
ΔΔCT.

3. Results

Treatment of human lymphocytes with different concentrations of
malathion caused a concentration-dependent decrease in lymphocyte
viability. At the lowest concentration of malathion treatment (50 μg/
mL), human lymphocytes were viable, indicating that a low con-
centration of malathion is not cytotoxic (Fig. 1). Similarly, -the lowest
concentration of malathion treated lymphocytes recorded more co-
lonies compared to 100 and 150 μg/mL malathion treated lymphocytes.
The number of colonies in control and 50 μg/mL malathion treated
groups are not having any significant differences (p>0.05; Fig. 2).

Microarray analysis revealed the presence of differentially regulated
genes in low concentration of malathion treated human lymphocytes.
Among the 4388 genes which were differentially expressed, 659 genes
(15%) were up regulated and 3729 genes (85%) were down regulated
(Fig. 3). About 57 differentially regulated genes linked to cancer are
given in Table 2. The functionally explored groups include the genes

related to the growth and differentiation of B and T cells, im-
munoglobulin production, haematopoiesis, tumor suppressors, onco-
genes, and those involved in the signal transduction pathways like
MAPK and RAS. The significant relative over expression of LPCAT4,
MICA, and BMI1 genes (Fig. 4a, b, c) and low-level expression of
MAP2K3 and HLA-E genes were observed in malathion treated human
lymphocytes compared to control group (Fig. 4d and e). This differ-
ential relative gene expression is dose-dependent (Fig. 4).

4. Discussion

This study highlights the identification of differentially regulated
genes involved in carcinogenesis, upon exposure of malathion pesticide
to human lymphocytes. Differential expression of cancer related genes
identified in malathion treated human lymphocytes (Table 2) proved
that the low concentration of malathion induces the expression of
cancer genes without causing cytotoxicity (Fig. 1) and promotes the
lymphocyte proliferation (Fig. 2). From this, it can be inferred that low
concentration of malathion is enough to show its carcinogenic nature in
human lymphocytes.

4.1. B and T cells

Differentially regulated genes in the growth and differentiation of B
and T cells: CEBPG, MICA, PAX1, and TFRC were up regulated and the
HLA-A, HLA-E and LGALS1 were down regulated (Table 2) when human
lymphocytes were exposed to malathion pesticide and may lead to the
development of hematological cancers. CEBPG is involved in the dif-
ferentiation of B cells. It has been shown that in acute myeloid leukemia
samples CEBPG expression was drastically up regulated (Alberich-Jorda
et al., 2012). TFRC is involved in the positive regulation of B and T cell
proliferation and their activation. Up regulation of TFRC genes in this
study (Table 2), suggesting for the uncontrolled proliferation of B and T
cells. TFRC is also involved in the cellular iron uptake and haemato-
poiesis, and it's over expression was reported in hepatocellular carci-
noma (Kindrat et al., 2016). LGALS1 is involved in the activation,
regulation- and differentiation of B cells. In acute myeloid leukemia, the
expression of LGALS1 was down regulated (El-Leithy et al., 2015).
MICA and PAX1 help in the T cell activation and its regulation. The
relative over expression of MICA upon malathion treatment to human
lymphocytes (Fig. 4b, Table 2) and it is reported to promote tumor
immune evasion in tumor cells by down regulating NKG2, a receptor for
natural killer cells, and thus affecting the anti-tumor effect of natural
killer and cytotoxic T cells (Chen and Gyllensten, 2014). PAX1 is a
potential biomarker for cervical cancer (Kan et al., 2014). HLA-A and
HLA-E are involved in the positive regulation of CD8-positive, α, and β-
T cell proliferation. HLA-A helps in the activation of memory T cells and
its positive regulation. Low level expression of HLA-E gene upon ma-
lathion pesticide exposure to human lymphocytes was found in this
study (Fig. 4e, Table 2) and has been reported to increase the risk of
cancer as their down regulation lead to the loss of protective anti-tumor
activity mediated by T cells (Hicklin et al., 1999; Marin et al., 2003;
Kaneko et al., 2011).

4.2. Immunoglobulin production

Genes involved in the production and regulation of immunoglobulin
IL13RA2, MICA, TFRC, TLR8, and VPREB3, were up regulated and
C1QBP, HLA-A, and HLA-E are down regulated in the malathion treated
human lymphocytes (Table 2). C1QBP, HLA-A, HLA-E, MICA and TLR8
help in the adaptive immune response based on the somatic re-
combination of immune receptors built from immunoglobulin super-
family domains. The expression of C1QBP was significantly decreased
in the tissues of human cervical squamous cell carcinoma (Liu et al.,
2012). It has been reported in renal carcinoma cells, where its down
regulation has resulted in the elevation of cell adhesion and metastasis
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Fig. 2. Effect of malathion on human lymphocytes colony formation. Values
without the symbol (*) is not significant compared to control at p>0.05; sig-
nificant compared to control at ****p<0.0001 level.

Fig. 3. (A) An overview of cluster of differentially regulated genes in malathion
treated sample (50 μg/mL) compared to control. Yellow: Control (neutral);
Green: Down regulation; Red: Up regulation. (B) Percentage of differentially
regulated genes. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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(Wang et al., 2017). IL13RA2 negatively regulates immunoglobulin
production and is highly expressed in human glioblastoma multiform
and squamous cell carcinoma of the head and neck (SCCHN) cell lines
(Kawakami et al., 2003; Newman et al., 2017). Grimmig et al. (2015)
have reported that during the pathogenesis of pancreatic cancer, TLR8
was over expressed and its signaling lead to tumor cell proliferation and
chemoresistance.

4.3. Haematopoiesis

The genes associated with haematopoiesis BMI1, CBFB, CD36,
CEBPG, FSHR, PAX1, TEK and TFRC were up regulated and CD14,

LGALS1 and NME2 were down regulated in the malathion treated
lymphocytes (Table 2). The overexpression of the polycomb group
BMI1 gene was found in this study(Fig. 4c) and this gene regulates cell
proliferation and is a molecular marker for predicting prognosis of
chronic myeloid leukemia (Mohty et al., 2007). CBFB expression was
elevated in prostate and ovarian cancer cells, and its knockout resulted
in the inhibition of anchorage independent growth of the cancer cells.
Thus, this gene is essential for malignancy and - promotes carcino-
genesis (Davis et al., 2010). In adrenocortical carcinoma, a significant
reduction in the expression of CD14 was reported by Kanczkowski et al.
(2010). CD36 was expressed in 97% of ovarian cancers (Wang et al.,
2016a; Wang et al., 2016b), and has been reported as a potential

Table 2
Malathion induced cancer linked genes in human lymphocytes.

UniGene Symbol Description Differential gene expression Fold change

Hs.272011 B4GALT1 UDP-Gal:β-GlcNAc β 1,4- galactosyltransferase, polypeptide 1 ↓ −1.804
Hs.380403 BMI1 BMI1 polycomb ring finger oncogene ↑ 7.255
Hs.255935 BTG1 B-cell translocation gene 1, anti-proliferative ↓ −1.784
Hs.555866 C1QBP Complement component 1, q subcomponent binding protein ↓ −7.207
Hs.138378 CASP4 Caspase 4, apoptosis-related cysteine peptidase ↓ −1.804
Hs.460988 CBFB Core-binding factor, beta subunit ↑ 4.827
Hs.163867 CD14 CD14 molecule ↓ −6.421
Hs.58685 CD5 CD5 molecule ↓ −1.753
Hs.120949 CD36 CD36 molecule ↑ 4.134
Hs.19192 CDK2 Cyclin-dependent kinase 2 ↑ 4.067
Hs.429666 CEBPG CCAAT/enhancer binding protein (C/EBP), gamma ↑ 2.569
Hs.489142 COL1A2 Collagen, type 1, alpha 2 ↑ 5.188
Hs.443960 DDX11 DEAD/H (Asp-Glu-Ala-Asp/His) box polypeptide 11 ↑ 5.733
Hs.171695 DUSP1 Dual specificity phosphatase 1 ↓ −1.746
Hs.371218 EPHA4 EPH receptor A4 ↑ 2.287
Hs.438862 EPS8L1 EPS8-like 1 ↑ 3.623
Hs.166015 FGF6 Fibroblast growth factor 6 ↑ 4.551
Hs.264887 FGFR1 Fibroblast growth factor receptor 1 ↑ 4.571
Hs.584654 FOXO4 Forkhead box O4 ↑ 3.629
Hs.1428 FSHR Follicle stimulating hormone receptor ↑ 5.124
Hs.77269 GNAI2 Guanine nucleotide binding protein (G protein), alpha inhibiting activity polypeptide 2 ↓ −6.958
Hs.438219 GPS2 G protein pathway suppressor 2 ↓ −3.355
Hs.475150 GRAMD4 GRAM domain containing 4 ↓ −1.784
Hs.523836 GSTP1 Glutathione S-transferase pi 1 ↓ −5.150
Hs.181244 HLA-A Major histocompatibility complex, class I, A ↓ −5.197
Hs.650174 HLA-E Major histocompatibility complex, class I, E ↓ −7.528
Hs.90753 HTATIP2 HIV-1 Tat interactive protein 2, 30 kDa ↓ −1.804
Hs.336046 IL13RA2 Interleukin 13 receptor, alpha-2 ↑ 4.195
Hs.522819 IRAK1 Interleukin-1 receptor associated kinase 1 ↑ 4.754
Hs.445351 LGALS1 Lectin, galactoside-binding, soluble, 1 ↓ −5.698
Hs.352614 LPCAT4 Lysophosphatidylcholine acyltransferase 4 ↑ 15.569
Hs.523221 LZTS2 Leucine zipper, putative tumor suppressor 2 ↓ −3.349
Hs.514012 MAP2K3 Mitogen-activated protein kinase 3 ↓ −7.863
Hs.130838 MICA MHC class I polypeptide-related sequence A ↑ 7.745
Hs.494457 NINJ1 Ninjurin 1 ↓ −6.599
Hs.463456 NME2 Non-metastatic cells 2, protein (NM23B) ↓ −6.158
Hs.494312 NTRK2 Neurotrophic tyrosine kinase, receptor, type 2 ↑ 6.673
Hs.349082 PAX1 Paired box 1 ↑ 3.238
Hs.433863 PEBP1 Phosphatidylethanolamine binding protein 1 ↓ −5.554
Hs.494691 PFN1 Profilin 1 ↓ −5.825
Hs.514303 PHB Prohibitin ↓ −1.763
Hs.77274 PLAU Plasminogen activator, urokinase ↑ 5.656
Hs.526464 PML Promyelocytic leukemia ↓ −4.349
Hs.508999 PRKD1 Protein kinase D1 ↑ 3.182
Hs.531642 RAB11FIP3 RAB11 family interacting protein 3 (class II) ↑ 3.742
Hs.433795 SHC1 SHC (Src homology 2 domain containing) transforming protein 1 ↑ 2.096
Hs.527973 SOCS3 Suppressor of cytokine signaling 3 ↓ −4.090
Hs.89640 TEK TEK tyrosine kinase, endothelial ↑ 6.287
Hs.529618 TFRC Transferrin receptor ↑ 2.816
Hs.660543 TLR8 Toll-like receptor 8 ↑ 2.867
Hs.279640 TPR Translocated promoter region ↑ 1.808
Hs.104223 TRIM35 Tripartite motif containing 35 ↓ −1.753
Hs.517981 TUSC2 Tumor suppressor candidate 2 ↓ −3.490
Hs.66744 TWIST1 Twist homolog 1 (Drosophila) ↑ 4.023
Hs.517792 VHL von Hippel-Lindau tumor suppressor ↓ −2.484
Hs.136713 VPREB3 Pre-B lymphocyte 3 ↑ 2.924
Hs.591980 WT1 Wilms tumor 1 ↑ 5.933

↑ - Up regulated expression; ↓ - Down regulated expression of the gene with respect to the control.
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prognostic biomarker in cancer (Enciu et al., 2018). FSHR was over
expressed in numerous metastatic tumors (Siraj et al., 2013). The down
regulation of NME2 leads to metastasis as it was reported to reduce
proliferation, migration and invasion of gastric cancer cells to limit
metastasis (Liu et al., 2015). TEK, also known as TIE2, helps in angio-
genesis along with the growth factors angiopoietin 1 and 2 (Jones and
Dumont, 2000). Its high expression can lead to breast cancer metastasis,
particularly bone invasion (Dales et al., 2004; Min et al., 2010).

4.4. Tumor suppressor genes

Tumor suppressor genes like B4GALT1, BTG1, CASP4, CD5, DUSP1,
GPS2, GSTP1, GRAMD4, HTATIP2, LZTS2, NINJ1, PFN1, PHB, PML,
SOCS3, TRIM35, TUSC2 and VHL were down regulated in this study
(Table 2). The glycogene B4GALT1 is down regulated in colorectal
cancer and frequently methylated (Poeta et al., 2012). Also, BTG1 was
down regulated in ovarian carcinoma by promoter methylation (Kim
et al., 2017). Notably, CASP4 expression is suppressed in head and neck
squamous cell carcinoma (Li et al., 2003, 2004). CD5 acts as a shield for

cancer cells (Dalloul, 2009); down regulation of this gene can disrupt
the protective barrier and promote carcinogenesis. DUSP1 in prostate
cancer and GPS2 in liposarcoma were significantly down regulated
(Rauhala et al., 2005; Huang et al., 2016). In prostate cancer, GSTP1,
which codes for a detoxification enzyme, was largely down regulated
(Beer et al., 2002). The high expression of death inducing protein
GRAMD4 normally increases apoptosis in cancer cells (Deng and Wu,
2000), but, in this study, it is down regulated (Table 2), thus, may be
enhancing cancer cell survival. HTATIP2 acts as a tumor suppressor,
decreasing invasion and motility of malignant cells, inhibiting epithe-
lial-mesenchymal transition and by enhancing apoptosis (Li et al., 2009;
Tong et al., 2009; Chen et al., 2010; Liu and Yang, 2011; Guo et al.,
2014; Zhu et al., 2014). In primary gliomas, HTATIP2 expression was
absent or decreased compared to the normal brain tissue (Dong et al.,
2015). The down regulation of its expression results in the protection of
cancer cells from apoptosis (Chen and Shtivelman, 2010). LZTS2 is a
tumor suppressor gene, inhibiting cell proliferation and G1/S cell cycle
transition; a significant reduction of LZTS2 expression in non-small cell
lung cancer, enhancing its progression (Cui et al., 2013). By inhibiting
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Fig. 4. Malathion induced gene expression in human lymphocytes validated by qRT-PCR.
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the IL-6 signaling pathway, NINJ1 was reported to suppress migration,
invasion, and metastasis of lung cancer (Jang et al., 2016), so if down
regulated can pave the way for the emergence of cancer. PFN1 is a
tumor suppressor gene, and leads to the development of cancer when it
is down regulated, and was confirmed in the case of pancreatic cancer
(Yao et al., 2014). Down regulation of PHB expression has been noted in
gliomas (Nijtmans et al., 2000). PML expression was reduced or lost in
the pathogenesis of prostate and breast cancers (Gurrieri et al., 2004).
The expression of SOCS3, one of the most significant members of the
SOCS family, was down regulated in colorectal cancer (Chu et al.,
2017). TRIM35 is a tumor suppressor gene and was down regulated in
many cancers (Zhao and Zhao, 2016). In lung cancer, over expression of
TUSC2 was found to decrease cell growth by inducing G1 cell cycle
arrest and promoting apoptosis (Kondo et al., 2001; Li et al., 2014).
Down regulation of TUSC2 gene can result in the development of can-
cers. Inactivation of VHL was responsible for most sporadic renal cell
carcinomas (Latif et al., 1993) and thus, down regulation of VHL
(Table 2) can result in carcinogenesis.

4.5. Oncogenes

BMI1, DDX11, FOXO4, NTRK2, PLAU, SHC1, TEK, TWIST1 and WT1
oncogenes up regulated in this study (Table 2) indicating that malathion
induces the genes responsible for promoting carcinogenesis. BMI1
(Fig. 4c), and TWIST1 have been reported to enhance metastasis and
chemoresistance, thus promoting carcinogenesis (Ren et al., 2016). The
drastic over expression of helicase DDX11 was reported in primary and
metastatic melanoma (Bhattacharya et al., 2012). Like the members of
Forkhead Box Class O protein family, over expression of FOXO4 has been
reported to promote metastasis and thus the progression of cancer (Kim
et al., 2018). NTRK2 is an oncogene and when it was up regulated, there
was an increase of TrkB protein that resulted in enhanced proliferation
and invasion of cancer cells (Hu et al., 2016). High expression of
PLAU,encodes urokinase plasminogen activator (uPA), was reported in
breast cancer cells (Pavet et al., 2014). SHC helps in the regulation of cell
adhesion and motility in breast cancer by interacting with a5b1 integrin
(Mauro et al., 1999).WT1 is over expressed in different types of cancers,
and it's knockdown resulted in mitochondrial damage that had caused
the inhibition of malignant cell growth (Tatsumi et al., 2008).

4.6. MAPK pathway

Genes associated with MAPK pathway CD36, EPHA4, FGF6, FGFR1,
FSHR, IRAK1, NTRK2, SHC1, TLR8 and TPR were up regulated, and
GNAI2, GSTP1, MAP2K3 (Fig. 4d) and PEBP1 were down regulated in
malathion treated human lymphocytes (Table 2). EPHA4 has been re-
ported to promote the proliferation and migration of cancer cells
through EPHA4-FGFR1 signaling pathway (Fukai et al., 2008). FGF
signaling network plays a ubiquitous role in normal growth, survival,
and differentiation of cells, and also in angiogenesis (Korc and Friesel,
2009). FGF6 was over expressed in prostatic intraepithelial neoplasia
and prostate cancer, and promotes the proliferation of the transformed
prostatic epithelial cells (Ropiquet et al., 2000). Zhang et al. (2009)
found that there was an over expression of FGFR in ovarian epithelial
cancer. Elevated expression of FGFR1 was detected in non-small cell
lung cancer, which was responsible for promoting angiogenesis (Pu
et al., 2017). IRAK1 has been reported to play an important role in the
pathogenesis of multiple cancers; over expression of this gene has re-
sulted in the development of hepatocellular carcinoma (Ye et al., 2017).
TPR is involved in the spatial and temporal regulation of spindle
checkpoints and ensures the proper recruitment of checkpoint proteins
for the proper formation of anaphase (Nakano et al., 2010). Up reg-
ulation of TPR support malignant transformations (Lee et al., 2006).
GNAI2 functions as a metastasis suppressor and the knockdown of its
expression has resulted in the enhanced migration and invasion of he-
patocellular carcinoma cells (Yao et al., 2010). The expression of

MAP2K3 produces senescence protein and its down regulation (Fig. 4d)
has been reported to provides immortality to breast cancer cells (Jia
et al., 2010). PEBP1 is a metastasis suppressor gene in breast cancer and
its down regulation promotes metastasis, thus, paving the way for the
pathology of cancer (Hagan et al., 2005).

4.7. RAS pathway

Genes associated with RAS pathway involved in carcinogenesis
CDK2, COLIA2, EPS8L1, FGF6, FGFR1, FOXO4, LPCAT4 (Fig. 4a),
PRKD1, RAB11FIP3, SHC1 and TEK which were up regulated, and PFN1
was down regulated in malathion treated human lymphocytes
(Table 2). A study showed that CDK2 is functionally associated with
hyperproliferation in multiple cancer cells and its expression level was
elevated in human cholangiocarcinoma tissues (Zheng et al., 2016) and
induces radio resistance in glioblastoma (Wang et al., 2016a,Wang
et al., 2016b). COL1A2 over expression promotes invasion and metas-
tasis of gastric cancer cells (Yasui et al., 2004). The gene EPS8L1 was
over expressed in human pituitary tumors and it led to the amplification
of growth factor receptor signaling, promoting proliferation and sur-
vival of the cells (Xu et al., 2008). The elevated level of LPCAT4 gene
expression in malathion treated human lymphocytes (Fig. 4a) and was
also elevated in human colorectal cancer (Kurabe et al., 2013). PRKD1
was up regulated in pancreatic adenocarcinoma and promoted the
survival of the cells and oncogenic signaling (Storz and Doeppler,
2014). Increased expression of RAB11FIP3 in papillary thyroid cancer
and breast cancer plays a major role in endocytotic recycling and
through the transport of EGFR promotes tumorigenesis (Tong et al.,
2017; Liu et al., 2018).

5. Conclusion

This study evidences carcinogenic nature of malathion. The low
concentration of this pesticide is not cytotoxic and it promotes the
proliferation of lymphocytes. Malathion induced differentially regu-
lated genes are involved in the activation and proliferation of B and T
cells, immunoglobulin production and regulation, haematopoiesis and
in the signal transduction pathways like MAPK, RAS, tumor suppression
and oncogenes. These differentially regulated genes are evident in the
etiology of cancer and also act as prognostic markers. A low con-
centration of malathion pesticide is enough to pave the way for the
initiation, progression and pathogenesis of cancer.
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