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Abstract. Lung cancer is one of the most common malignant 
tumor types globally. Acquisition of chemoresistance in lung 
cancer cells is the primary cause of chemotherapy failure. 
Inflammatory chemokine C‑C motif chemokine ligand  2 
(CCL2) has been reported to be involved in the progression of 
cancer and drug resistance. However, its function in docetaxel 
(DTX) resistance of lung cancer remains unclear. In the present 
study, the mechanism underlying DTX‑induced drug resistance 
was investigated. Reverse transcription‑quantitative poly-
merase chain reaction and western blot analysis revealed that 
DTX treatment increased the mRNA and protein expression 
of CCL2 in lung cancer A549 cells. CCL2 was knocked down 
by small interfering RNA or was overexpressed by recombi-
nant CCL2 lentivirus, and cell viability was determined. An 
MTT assay indicated that CCL2 downregulation decreased 
the viability of A549 cells and augmented the DTX‑induced 
cytotoxicity, whereas CCL2 upregulation protected A549 cells 
from DTX‑induced cytotoxicity. Additionally, it was revealed 
that CCL2 overexpression activated phosphoinositide 3‑kinase 
(PI3K)/protein kinase  B (AKT) signaling and inhibited 
apoptosis‑associated protein caspase‑3 activation and B‑cell 
lymphoma 2 (Bcl‑2) phosphorylation at Ser70 induced by DTX, 
and enhanced DTX‑induced Bcl‑2‑associated death promoter 
phosphorylation at Ser112. PI3K/AKT inhibitor LY294002 
restored DTX‑induced caspase‑3 activation and Bcl‑2 phos-
phorylation, reversed the effect of CCL2 on the viability of 
A549 cells and enhanced DTX‑induced cytotoxicity. These 

results demonstrated that chemoresistance may be mediated 
by cell stress responses involving CCL2 expression, suggesting 
that CCL2 may be a potential target for enhancing the thera-
peutic effect of DTX in lung cancer.

Introduction

Lung cancer is the leading cause of cancer‑associated mortality 
globally, with the highest mortality rate due to abnormal 
cell proliferation and a high metastasis rate in 2014  (1). 
Chemotherapy is the standard treatment for advanced lung 
cancer with high metastatic ability (2). However, resistance 
to drugs is the most notable limitation of chemotherapy (3,4). 
Therefore, understanding the mechanisms underlying the 
cellular response and drug resistance of cancer is required 
in order to improve chemotherapeutic efficacy. Docetaxel 
(DTX) is a well‑established anti‑mitotic chemotherapy agent 
that functions by interfering with cell division (5). It is used 
to treat a number of cancer types including metastatic or 
advanced breast, prostate, thyroid, gastric, ovarian and lung 
cancer based on its pro‑apoptosis potential and its inhibitory 
effect on angiogenesis and cell viability (6‑14). DTX has also 
been demonstrated to upregulate growth/differentiation factor 
15 and results in chemoresistance in prostate cancer  (15). 
However, DTX‑induced cellular resistance responses in lung 
cancer remain unknown.

Inf lammation is involved in the progression and 
development of malignancies  (16). Balance between pro‑ 
and anti‑inflammatory mechanisms is responsible for tissue 
homeostasis (17). However, an abnormal imbalance is often 
associated with the development of cancer accompanied by an 
inflammatory response (18‑21). Inflammatory responses are 
mediated by specific cytokines and chemokines commonly 
expressed by immune cells; however, cancer cells have 
also been reported to produce cytokines and chemokines 
in order to promote tumorigenesis in an inflammatory 
microenvironment (22). C‑C motif chemokine ligand 2 (CCL2) 
is a small chemokine, also known as monocyte chemoattractant 
protein 1, belonging to the CC chemokine family (23). CCL2 
has been reported to be secreted and to recruit immune cells 
to the sites of inflammation produced by either tissue injury or 
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infection (24,25) and may also stimulate angiogenesis through 
a direct effect on endothelial cells (26). CCL2 has additionally 
been revealed to be associated with the development of cancer 
and to be highly expressed in cancer cells (27). The majority 
of studies of CCL2 focus on its effects on the migration 
and metastasis of tumor cells, whereas its effects on cell 
proliferation and viability have not been sufficiently explored. 
It has been revealed that a CCL2 blockade may enhance the 
effect of therapeutic methods on CCL2‑induced inflammatory 
diseases and cancer  (28). Targeting CCL2 with blocking 
antibodies has been demonstrated to suppress lung and bone 
metastases in vivo, exhibiting a novel therapeutic approach 
for cancer  (29,30). Furthermore, it has been demonstrated 
that CCL2 inhibition decreases the volume of subcutaneous 
tumor xenografts in mice (31). Additionally, CCL2 is involved 
in DTX‑induced chemoresistance in prostate cancer (32), and 
CCL2 inhibition augments DTX‑induced inhibitory effects 
on the growth of prostate cancer (33). CCL2 blockades have 
also been demonstrated to inhibit tumor growth in lung 
cancer (34,35). However, the role of CCL2 in the sensitivity of 
lung cancer to DTX remains unclear.

In the present study, lung cancer A549 cells were treated 
with DTX, and then CCL2 expression prior to and following 
exposure to DTX was investigated in order to identify whether 
CCL2 is involved in the molecular mechanism underlying 
DTX‑induced resistance.

Materials and methods

Cell culture and reagents. The human non‑small cell lung 
cancer cell line A549 was purchased from the American 
Type Culture Collection (Manassas, VA, USA). Cells were 
cultured in Kaighn's modification of Ham's F12 (F12K) 
medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA) supplemented with 10% fetal bovine serum (FBS; 
Lonza Group, Ltd., Basel, Switzerland), 5 mM non‑essential 
amino acids, 5 mM L‑glutamine, 100 U/ml penicillin and 
streptomycin (Invitrogen; Thermo Fisher Scientific, Inc.), in 
a humidified 5% CO2 incubator at 37˚C. For serum‑starved 
culture, cells were first maintained in F12K medium with 
FBS for 24 h, and then PBS was used to wash the cells three 
times and was replaced with F12K without FBS. DTX was 
purchased from Sigma‑Aldrich; Merck KGaA (Darmstadt, 
Germany), dissolved in dimethylsulfoxide (DMSO). The phos-
phoinositide 3‑kinase (PI3K)/protein kinase B (AKT) inhibitor 
LY294002 was purchased from Enzo Life Sciences, Inc. 
(Farmingdale, NY, USA).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was extracted from A549 cells using 
an RNA isolation kit (A&A Biotechnology, Gdynia, Poland) 
according to the manufacturer's protocol. cDNA was obtained 
by RT using a RevertAid™ First Strand cDNA synthesis kit 
(Fermentas; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's protocol and was amplified using a TaqMan® 
Gene Expression assay (Applied Biosystems; Thermo Fisher 
Scientific, Inc.) with fluorigenic carboxyfluorescein‑labeled 
probes using the specific primers for the target protein CCL2. 
PCR involved 40 amplification cycles of 94˚C for 10 sec, 53˚C 
for 30 sec and 72˚C for 40 sec, followed by final extension 

at 72˚C for 10 min. Primer sequences for CCL2 were: 5'‑GAA​
CAC​ACT​CAG​CGC​AGT​TA‑3' (forward primer) and 5'‑CAC​
CCA​CCC​TCT​CTT​TGA​TTA​C‑3' (reverse primer). Primer 
sequences for GAPDH were 5'‑CAT​GGC​CTT​CCG​TGT​TCC​
TA‑3' (forward primer) and R, 5'‑CCT​GCT​TCA​CCA​CCT​
TCT​TGA​T‑3' (reverse primer). Fluorescence detection was 
performed using the ABI PRISM 7700 Sequence Detector 
(PerkinElmer; Applied Biosystems; Thermo Fisher Scientific, 
Inc.). The mRNA expression of CCL2 was calculated using 
the formula 2‑ΔΔCq (36) and was normalized to the level of 
GAPDH. The relative level of CCL2 mRNA was presented as 
a percentage of the control.

Western blot analysis. A total of 5x105 A549 cells were 
plated in a culture dish and grown to 80% confluence, and 
then treated with 0, 2 and 4 nM of DTX. The cells were 
then washed twice with PBS and homogenized with M‑PER 
Mammalian Protein Extraction reagent (Pierce; Thermo 
Fisher Scientific, Inc.), according to the manufacturer's 
protocol. Following centrifugation at 12,000 x g for 10 min 
at 4˚C, the supernatant was collected and quantified using a 
bicinchoninic acid quantification kit (Beyotime Institute of 
Biotechnology, Haimen, China). The proteins (50 µg) were 
separated by SDS‑PAGE (12% gel; Beijing Solarbio Science 
& Technology Co., Ltd., Beijing, China) and transferred onto 
polyvinylidene fluoride membranes (EMD Millipore, Billerica, 
MA, USA). The membranes were blocked with 5% non‑fat 
dried milk in Tris‑buffered saline with 0.1% Tween‑20 for 
1 h at room temperature, and incubated with the following 
specific primary antibodies overnight at 4˚C: Anti‑CCL2 
antibody (cat. no.  MAB679; 1:500; R&D Systems, Inc., 
Minneapolis, MN, USA), anti‑B‑cell lymphoma  2 (Bcl‑2, 
cat. no.  sc7382; 1:500) and anti‑GAPDH antibodies (cat. 
no.  sc‑365062; 1:3,000; Santa Cruz Biotechnology, Inc., 
Dallas, TX, USA), anti‑phospho‑Bcl‑2 (pSer70, cat. no. 2871; 
1:1,000), anti‑Bcl‑2‑associated death promoter (Bad; cat. 
no. 9292; 1:1,000), anti‑phospho‑Bad (pSer112, cat. no. 9291; 
1:1,000), anti‑protein kinase B (AKT; cat. no. 9272; 1:1,000) 
and anti‑phospho‑AKT (pSer473; cat. no.  9271; 1:1,000) 
antibodies (Cell Signaling Technology, Inc., Danvers, MA, 
USA). This was followed by incubation with horseradish 
peroxidase‑conjugated secondary antibodies goat anti‑mouse 
(cat. no. sc‑2005; 1:2,000) and anti‑rabbit immunoglobulin 
G (cat. no. sc‑2004; 1:2,000; both Santa Cruz Biotechnology, 
Inc.) for 2 h at room temperature. Then the membranes were 
washed with Tris‑buffered saline with 0.1% Tween‑20 three 
times for 5  min each time. Development was performed 
using an enhanced chemiluminescence‑detecting reagent 
(GE Healthcare, Chicago, IL, USA). The protein blots were 
quantified by densitometry using QuantityOne software 
(version  4.6.2; Bio‑Rad Laboratories, Inc., Hercules, CA, 
USA), and the amounts were expressed relative to the internal 
reference GAPDH.

Coomassie blue stain. The staining solution containing 
0.1%  Coomassie® R‑250 (Thermo Fisher Scientific Inc., 
Rochester, NY, USA) was prepared in 40%  ethanol and 
10% acetic acid. Following SDS‑PAGE as described above, 
gel is incubated in a staining container containing 100 ml 
Coomassie® Blue R‑250 staining solution at 95˚C for 10 min 
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and then gently agitated for 15 min at room temperature. 
The gel was rinsed once with deionized water. A destaining 
solution containing 10% ethanol and 7.5% acetic acid was 
prepared. The stained gel was placed in a staining container 
containing 100 ml destaining solution, gently agitated at room 
temperature on an orbital shaker until the desired background 
was achieved.

CCL2 siRNA and overexpression. CCL2 small interfering 
RNA (siRNA) and control siRNA were obtained from GE 
Healthcare Dharmacon, Inc. (Lafayette, CO, USA). The 
sequence of CCL2 siRNA: 5'‑CTC​GCG​AGC​TAT​AGA​
AGA​A‑3'. The small interference RNA of negative control 
(siCtrl): Sense,  5'‑UUC​UCC​GAA​CGU​GUC​ACG​UTT‑3'; 
Antisense, 5'‑ACG​UGA​CAC​GUU​CGG​AGA​ATT‑3'. A total of 
2x104 A549 cells were seeded in 12‑well plate and cultured 
for 24 h, and then transfected using 100 nmol siRNA and 5 µl 
Lipofectamine™ 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.) for 48 h according to the manufacturer's protocol. Cells 
were grown for a further 48 h following transfection, and then 
were lysed in lysis buffer [50 mM Tris‑HCl (pH 7.4), 1 mM 
EDTA, 1% NP40, 150 mM NaCl, 10 mM NaF, 1 mM Na3VO4] 
containing a protease inhibitor cocktail (Roche, NJ, USA) and 
used for protein expression analysis. A recombinant lentiviral 
vector containing CCL2 and control vector were obtained 

from the Department of Medicine, Oregon Health & Science 
University (Portland, OR, USA). The lentiviral infection and 
establishment of A549 cells with stable CCL2 expression was 
performed as previously described (37).

Cell viability assay. A549 cell viability was evaluated using an 
MTT assay (Sigma Aldrich; Merck KGaA). MTT assay was 
performed using 96‑well plate according to the manufacturer's 
protocol. In total, 5x104 cells/well were cultured at 37˚C with 
5% CO2 overnight and 0, 2, 4 or 15 nM DTX was added to the 
culture for 6 days or 4 nM for 48 h. Then cells were incubated 
with 20 µl MTT (5 mg/ml in PBS) for 4 h at 37˚C, and then 
cells were lysed for 10 min by the addition of 200 µl DMSO 
(OriGene Technologies, Inc., Rockville, MD, USA) used to 
dissolve the formazan crystals. Absorbance was measured 
at 570 nm using a Rainbow microplate reader (Tecan Group, 
Ltd., Mannedorf, Switzerland). Cell viability was expressed as 
a percentage of the untreated control.

Caspase‑3 activity assay. Caspase‑3 activity was evaluated 
in A549 cells using the human active caspase‑3 ELISA 
kit (cat. no. KM300; R&D Systems, Inc.) according to the 
manufacturer's protocol. In total, 5x105  cells/well were 
cultured in 6‑well plates for 24 h at 37˚C. Cells were treated 
with or without 4  nM DTX/5  µM LY294002 for 48  h 
at 37˚C. Subsequently, the cells were lysed with Extraction 
Buffer (included in the human active caspase‑3 ELISA kit) 
and analyzed according to the manufacturer's protocol. 
Absorbance was measured at 570 nm using a microplate 
reader.

Statistical analysis. Data are expressed as the mean ± standard 
error of the mean. Statistical analyses were performed using 
SPSS software (version 11.0; SPSS, Inc., Chicago, IL, USA). 
All experiments were performed at least three times. One‑way 
analysis of variance (ANOVA) was used to assess differences 
between groups. Duncan's new multiple range test as a post 
hoc test was used following ANOVA for pairwise comparison 
followed by Bonferroni's correction. P<0.05 was considered to 
indicate a statistically significant difference.

Results

CCL2 is increased in DTX‑treated A549 cells. To investigate 
the role of CCL2 in regulating the DTX resistance of lung 
cancer, CCL2 expression in was detected in A549 cells prior 
to and following DTX treatment. Cells were exposed to 0, 2 
and 4 nM DTX for 72 h, and then the mRNA expression level 
was determined using RT‑qPCR and protein expression was 
examined using western blot analysis. The results confirmed 
that the mRNA expression levels of CCL2 were significantly 
increased (P<0.01; Fig. 1A) and the intracellular/extracellular 
protein expression of CCL2 were increased in DTX‑treated 
cells in a dose‑dependent manner compared with non‑treated 
control cells (Fig. 1B), suggesting that CCL2 is associated with 
DTX‑induced resistance in lung cancer A549 cells.

CCL2 downregulation augments the inhibition of cell viability 
by DTX. To confirm the role of DTX‑induced CCL2 expression 
in the chemoresistance of lung cancer, CCL2 expression was 

Figure 1. DTX treatment increases the expression of CCL2. A549 cells 
were treated with 0, 2 and 4 nM DTX for 72 h. (A) CCL2 mRNA expression 
levels were detected using the reverse transcription‑quantitative polymerase 
chain reaction. (B)  Intracellular/extracellular CCL2 protein expression 
was detected using western blot analysis using an anti‑CCL2 antibody. 
Intracellular and extracellular CCL2 loading was normalized using GAPDH 
and a Coomassie blue stain, respectively. **P<0.01 vs. DTX‑untreated control. 
DTX, docetaxel; CCL2, C‑C motif chemokine ligand 2; Intra, intracellular; 
Extra, extracellular.
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knocked down using siRNA in A549 cells. Cells were trans-
fected with CCL2 siRNA or control siRNA for 48 h followed 
by 24 h recovery, and then were treated with or without 4 nM 
DTX for another 48 h. RT‑qPCR and western blot analysis 
were performed to determine CCL2 mRNA expression levels 
and protein expression. The data revealed that DTX‑induced 
CCL2 expression was substantially decreased in CCL2 siRNA 
treated cells compared with siRNA control‑transfected cells 
(Fig. 2A and B). Next, following transfection, CCL2‑silenced 
and non‑silenced A549 cells were maintained in serum‑free 
medium with 0, 2 and 4 nM DTX for 6 days. Cell viability 
was evaluated using an MTT assay. The results indicated that 
CCL2‑silenced cells exhibited significantly decreased viability 
compared with non‑silenced cells in groups treated with 0 
and 4 nM DTX (P<0.05). Cell viability was also decreased 
by DTX in a concentration‑dependent manner. Notably, CCL2 
silencing in combination with 4 nM DTX revealed a signifi-
cantly increased viability inhibition compared with DTX 
alone or CCL2 siRNA alone (P<0.01; Fig. 2C). These results 
imply that the DTX resistance response in lung cancer A549 
cells may be caused by DTX‑induced CCL2 expression, and 
CCL2 inhibition may attenuate DTX resistance and augment 
DTX‑induced cytotoxicity.

CCL2 upregulation attenuates DTX cytotoxicity. To verify the 
role of CCL2 in DTX resistance of lung cancer A549 cells, an 
A549 cell line that stably overexpressed CCL2 was established 
using recombinant CCL2 lentiviruses. Western blot analysis 
revealed that CCL2 was effectively overexpressed in CCL2 
lentivirus‑infected cells and was increased compared with 
control lentivirus‑infected cells (Fig. 3A). Viability of cells with 
CCL2 overexpression or empty control vectors was examined 
using an MTT assay. No significant differences were identified in 
cell viability between the two cell lines under serum‑free culture 
conditions (Fig. 3B). When treated with 4 nM DTX for 6 days, 
CCL2‑overexpressed cells exhibited a significantly increased 
cell viability compared with control cells (P<0.05; Fig. 3B). 
However, when cells were treated with a high concentration 
of DTX at 15 nM, CCL2 overexpression did not attenuate the 
inhibitory effect on cell viability induced by DTX, suggesting 
that the resistance response in A549 cells may be induced by 
DTX at a low concentration but not at a high concentration that 
caused the suppression of cell viability to sufficiently overcome 
the positive effect of CCL2 on cell viability.

CCL2 influences the activation of viability and apoptosis‑
associated signaling. To determine the mechanism underlying 
the CCL2‑mediated DTX resistance response in lung cancer 
cells, cells with CCL2 overexpression or empty control vectors 
were treated with or without 4 nM DTX for 48 h in serum‑free 
culture medium. Western blot analysis results revealed that DTX 
treatment induced AKT phosphorylation at Ser473 compared 
with the control and CCL2 overexpression also substantially 
stimulated the activation of AKT compared with the control by 
promoting its phosphorylation at Ser473. DTX in combination 
with CCL2 notably enhanced AKT phosphorylation (Fig. 4A), 
suggesting that CCL2 mediated PI3K/AKT signaling activation 
serves an important function in the DTX induced resistance 
response. Next, activities of apoptosis‑associated proteins 
including the anti‑apoptotic protein Bcl‑2, pro‑apoptotic 

protein Bad and caspase‑3 were detected. Western blot analysis 
revealed that the phosphorylation of Bcl‑2 at Ser70 was induced 
by DTX, whereas its phosphorylation was attenuated by 
CCL2. Meanwhile, CCL2 enhanced the phosphorylation of the 
pro‑apoptotic protein Bad at Ser112 induced by DTX (Fig. 4A). 
Additionally, a caspase‑3 activity assay indicated that CCL2 
significantly inhibited the activation of caspase‑3 induced 
by DTX (P<0.05; Fig. 4B). These data suggest that CCL2 
attenuates DTX‑induced cytotoxicity potentially by regulating 
the activities of the PI3K/AKT signaling pathway and these 
apoptosis‑associated proteins.

Inhibition of PI3K/AKT signaling augments DTX cytotoxicity. 
In order to further confirm whether PI3K/AKT activation 
participated in regulating the activities of the aforemen-
tioned apoptosis‑associated proteins, the PI3K/AKT‑specific 
inhibitor LY294002 was used to inhibit this signaling pathway. 
Control, normal and CCL2‑overexpressing cells were treated 
with or without 4 nM DTX, or 4 nM DTX combined with 

Figure 2. CCL2 downregulation augments DTX cytotoxicity. A549 cells 
were transfected with siRNA against CCL2 (siCCL2) or control siRNA 
(siCtrl) for 48 h and then were treated with 4 nM DTX for another 48 h. 
Total mRNA and proteins were extracted from the cells, and then (A) the 
reverse transcription‑quantitative polymerase chain reaction was used to 
determine CCL2 mRNA expression levels and (B) western blot analysis 
was used to detect CCL2 protein expression using an anti‑CCL2 antibody. 
GAPDH was used as an internal reference. (C) CCL2‑silenced (siCCL2) and 
non‑silenced (siCtrl) A549 cells were maintained in serum‑free medium with 
0, 2 and 4 nM DTX for 6 days. Cell viability was determined using an MTT 
assay. *P<0.05 and **P<0.01 with comparisons shown by lines. CCL2, C‑C 
motif chemokine ligand 2; DTX, docetaxel; siRNA, small interfering RNA; 
Ctrl, control.
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5 µM LY294002 for 48 h. Western blot analysis revealed 
that LY294002 restored the phosphorylation of Bcl‑2 
compared with CCL2‑overexpressing cells treated with 
DTX alone, whereas Bad phosphorylation at Ser112 was unaf-
fected, suggesting that it may be a target of other signaling 
molecules (Fig. 5A). Additionally, the activity of caspase‑3 
in CCL2‑overexpressing cells treated with DTX was signifi-
cantly restored by LY294002 (P<0.05; Fig. 5B). Therefore, it 
may be that DTX‑induced CCL2 stimulates the PI3K/AKT 
signaling pathway to resist DTX‑induced cytotoxicity. Next, 
cell viability was determined using an MTT assay. The results 
revealed that LY294002 enhanced DTX inhibition on cell 
viability in CCL2‑overexpressing cells (P<0.05; Fig.  5C), 
indicating that PI3K/AKT is a promising target for improving 
the efficacy of chemotherapy.

Discussion

Lung cancer is a common malignancy with the highest 
mortality rate in the United States in 2014  (1). DTX is 
widely used as a cancer treatment (6‑14). However, the emer-
gence of chemotherapeutic resistance iTHs universal and 
DTX‑resistance responses have been observed in a number 
of patients (15). In the present study, it was demonstrated that 
DTX induced a resistance response in lung cancer A549 cells 
and the underlying molecular mechanism was investigated. 
A comparison of mRNA and protein levels of the chemokine 
CCL2 prior to and following DTX treatment identified an 
increase in CCL2 in DTX‑treated A549 cells. Additionally, it 
was revealed that CCL2 silencing augmented the inhibition of 
DTX on viability, whereas CCL2 upregulation protected A549 
cells from DTX‑induced cytotoxicity.

PI3K/AKT signaling has been reported to be positively 
associated with cell viability and apoptosis resistance, and 
PI3K may promote tumor cell survival by triggering AKT 
activation  (38‑40). In the present study, it was indicated 
that DTX treatment or CCL2 overexpression, or the two 
combined, activated AKT by inducing AKT phosphoryla-
tion at Ser473, suggesting the involvement of PI3K/AKT 
signaling in a DTX‑induced resistance response. AKT is 
able to directly control apoptosis by regulating phosphoryla-
tion to affect the activities of apoptosis‑associated proteins 
including the pro‑apoptotic Bad and caspase cascades (41‑43). 
AKT may phosphorylate Bad at several sites to inactivate 
the pro‑apoptotic function (44). It was revealed that DTX 
induced CCL2 and activated AKT, and CCL2 enhanced 
DTX‑induced Bad phosphorylation at Ser112 leading to 
Bad inactivation, which blocked apoptosis. However, the 
PI3K/AKT inhibitor LY294002 did not alter Bad phosphory-
lation at Ser112, suggesting that Bad Ser112 may not be the 
target of PI3K/AKT in the resistance response. Additionally, 
DTX has been demonstrated to promote the phosphoryla-
tion of anti‑apoptotic protein Bcl‑2 at Ser70 (45,46). It has 
also been revealed that Bcl‑2 phosphorylation abolishes its 

Figure 3. CCL2 upregulation attenuates DTX cytotoxicity. (A) Western 
blot analysis was used to determine CCL2 protein expression in CCL2 
lentivirus‑infected A549 cells (CCL2) and control lentivirus‑infected cells 
(Ctrl). (B) CCL2‑overexpressing and control cells were treated with 0, 4 or 
15 nM DTX for 6 days. Cell viability was examined using an MTT assay. 
*P<0.05 with comparisons shown by lines. N.S., not significant; CCL2, C‑C 
motif chemokine ligand 2; DTX, docetaxel; Ctrl, control.

Figure 4. CCL2 regulates apoptosis‑associated signaling. A549 cells with 
CCL2 overexpression or empty control vector were treated with or without 
4 nM DTX for 48 h in serum‑free culture medium. (A) Western blot analysis 
was performed to detect AKT phosphorylation using specific antibodies 
against p‑AKT (pSer473), p‑Bcl‑2 (pSer70) and p‑Bad (pSer112). Total AKT, 
Bcl‑2 and Bad were used as loading controls. (B) Caspase‑3 activity was 
detected using a human active caspase‑3 ELISA. *P<0.05 with comparisons 
shown by lines. CCL2, C‑C motif chemokine ligand 2; DTX, docetaxel; 
Ctrl, control; p‑, phosphorylated; AKT, protein kinase B; Bcl‑2, B‑cell 
lymphoma 2; Bad, Bcl‑2‑associated death promoter.
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anti‑apoptosis effect, resulting in caspase‑3 activation and 
cellular apoptosis (47,48). It was revealed that DTX induced 
Bcl‑2 phosphorylation at Ser70 resulting in its inactivation 
and the activation of caspase‑3 that triggered cell apoptosis, 
whereas CCL2 overexpression attenuated Bcl‑2 phosphoryla-
tion and caspase‑3 activation induced by DTX, suggesting 
that CCL2 decreased DTX‑induced cytotoxicity by blocking 
cell apoptosis. Additionally, it was indicated that the inhibi-
tion of PI3K/AKT by the inhibitor LY294002 augmented 
DTX treatment toxicity, implying that chemotherapy 
combined with PI3K/AKT inhibition may be more efficient 
for the treatment of lung cancer.

CCL2 may be regulated by multiple mechanisms. It has 
been reported that CCL2 expression is upregulated by DTX 
via c‑Jun N‑terminal kinases (JNKs) and nuclear factor‑κB 
(NF‑κB) pathways in prostate cancer  (32). Whether CCL2 
was induced by DTX via JNK or NF‑κB signaling path-
ways requires further studies. In addition, it has also been 
revealed that tumor protein p53 binds to CCL2, consequently 
significantly downregulating CCL2 promoter activity, and 
thus suppressing CCL2‑induced subcutaneous tumor xeno-
grafts (49). CCL2 may be regulated by myeloid differentiation 
primary response 88 in murine mammary carcinomas and thus 
affect cell viability and metastasis (50). CCL2 was revealed to 
be involved in visfatin‑mediated lung cancer NCI‑H446 cells 
transendothelial migration and visfatin‑induced CCL2 was 
attenuated by a specific inhibitor of PI3K/AKT signaling (51). 
CCL2 was also been revealed to be inhibited by atypical 
chemokine receptor D6 and then regulated cell viability in 
lung cancer A549 cells (52). The identity of the molecules 
involved in the modulation of CCL2 induced by DTX is yet 
to be determined.

Monoclonal antibodies against CCL2 have been adminis-
tered in lung cancer immunotherapy models and have been 
identified to exhibit antitumor activity (34,35). The results of 
the present study confirm this the effect of targeting CCL2 
by siRNA in DTX treatment. These results also imply that 
targeting DTX‑induced CCL2 expression combined with DTX 
may effectively decrease chemotherapy‑induced resistance 
and improve drug efficacy in lung cancer.
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