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Overexpression of PTEN may increase the effect of pemetrexed
on A549 cells via inhibition of the PI3K/AKT/mTOR
pathway and carbohydrate metabolism
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Abstract. Lung cancer is one of the leading causes of
tumor-associated mortality, and >75% of patients with lung
cancer have non-small cell lung cancer (NSCLC). Pemetrexed,
afolate antagonist, is a first-line chemotherapy drug for NSCLC
that is administered alone or in combination with cisplatin.
The present study established in vitro cell models of PTEN
inhibition and overexpression, and the effects of the treatment
with pemetrexed were investigated in these cell models. Result
from the present study demonstrated that treatment with
pemetrexed suppressed lung cancer cell proliferation, inhib-
ited mRNA and protein expression levels of anti-apoptotic
Bcl2, and increased the mRNA and the protein expression
levels of pro-apoptotic p53 and apoptosis regulator BAX. The
present study suggested that pemetrexed regulated apoptosis
via the inhibition of the mTOR/PI3K/AKT signaling pathway.
Additionally, cellular processes associated with the aerobic
oxidation of carbohydrates were identified to be significantly
inhibited. The present findings suggested that treatment with
pemetrexed may exhibit synergistic effects with PTEN on
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lung cancer cells via the inhibition of the PI3K/AKT/mTOR
signaling pathway and through carbohydrate metabolism,
and treatment with pemetrexed combined with PTEN over-
expression may represent a novel therapeutic strategy for the
treatment of NSCLC.

Introduction

Lung cancer is one of the leading causes of tumor-associated
mortality worldwide (1). Small cell lung cancer (SCLC) and
non-small cell lung cancer (NSCLC) are the most common
types of lung cancer, and NSCLC affects ~80% of the total
number of patients with lung cancer (2). NSCLC may be
further classified into various subtypes, including squamous
cell carcinoma, large cell carcinoma and adenocarcinoma, and
each subtype exhibits particular characteristics. The majority
of patients with NSCLC are diagnosed at late stages (primarily
at stage I1Ib and IV), and one-third of patients are diagnosed
in the early stages of the disease (3). The prognosis of patients
with NSCLC remains poor, and the average survival rate is
8-10 months, with a 5-year survival rate of ~15% (4). Numerous
treatments are available to control NSCLC growth and metas-
tasis, including surgery, radiation therapy, chemotherapy
and targeted therapy, and various treatments exhibit positive
results on NSCLC cells in vitro (5).

Pemetrexed is a first-line standard treatment for
NSCLC (6). Previous studies demonstrated that treatment
with pemetrexed alone or in combination with other chemo-
therapeutics may prolong the overall survival of patients with
NSCLC, and pemetrexed has limited toxicity in humans (7).
The toxic effects following treatment with pemetrexed were
identified to primarily affect the immune, hematopoietic
and digestive systems; however, overall toxicity is decreased
compared with other chemotherapeutics (8). Pemetrexed was
demonstrated to have antitumor activity primarily via the
inhibition of thymidylate synthase, dihydrofolate reductase
and glycinamide ribonucleotide formyl transferase (9). In
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addition, 5-aminoimidazole-4-carboxamide ribonucleotide
formyltransferase is involved in the antitumor activity of
pemetrexed (9). PTEN, located on chromosome 10qg23, is able
to suppress the proliferation of multiple types of cancer (10).
Although PTEN mediates the phosphorylation of various
proteins, one of the most common substrates of PTEN is
phosphatidylinositol-3,4,5-triphosphate (PIP3) (11). PIP3
is a second messenger involved in intracellular signaling
pathways that, following phosphorylation by PTEN at posi-
tion D3, is able to directly inhibit the activity of PI3K, thus
negatively regulating the PI3K/AKT signaling pathway (12).
The PIP3/PI3K/AKT signaling pathway regulates cellular
metabolism, cell proliferation and migration (13), important
processes involved in tumor development and progression.
Human cancer may exhibit dysfunctions and mutations in
PTEN, and its promoter was identified to be hypermethylated
in various types of cancer, resulting in the silencing of PTEN
and subsequent activation of the PI3K/AKT signaling pathway,
thus promoting tumor growth and migration (14). In addition,
a previous study identified that dysfunctions of PTEN were
associated with drug resistance in human tumors (15). The
invasive and metastatic ability of tumors increased signifi-
cantly following dysregulation of PTEN (16). However, the
detailed molecular mechanisms underlying the anti-tumor
activity of PTEN and pemetrexed remain unclear, and whether
the overexpression of PTEN is able to increase the anticancer
activity of pemetrexed in NSCLC has not been previously
investigated, to the best of the authors' knowledge.

In the present study, the antitumor activity of pemetrexed
was demonstrated to increase following PTEN overexpression.
The combination of pemetrexed with PTEN overexpression
inhibited the AKT signaling pathway and activated the mTOR
signaling pathway, thus promoting the upregulation of apop-
tosis-associated genes at the transcriptional and protein levels.
In addition, treatment with pemetrexed combined with PTEN
overexpression downregulated the expression of enzymes
associated with the aerobic oxidation of carbohydrates.

Materials and methods

Reagents and materials. FBS (cat. no. 10100147), high
glucose Dulbecco's Modified Eagle Medium (H-DMEM,;
cat. no. 11995065) and GlutaMAX™ (cat. no. 25030081)
were purchased from Gibco® (Thermo Fisher Scientific, Inc.).
Penicillin-streptomycin (cat. no. P1400) and the MTT Assay
kit (cat. no. M1020) were purchased from Beijing Solarbio
Science & Technology Co., Ltd. EcoRI (cat. no. RO101L)
and Xhol (cat. no. RO146L) were purchased from New
England BioLabs, Inc. Hieff Trans™ transfection reagent
(cat. no. 40802ES01) and G418® (cat. no. 60220ES03) were
purchased from Yeasen Biotechnology Co., Ltd. The chemical
inhibitor of PTEN, SF1670 (cat. no. S7310), was purchased
from Selleck Chemicals. Pemetrexed (cat. no. CDS024404)
was purchased from Sigma-Aldrich (Merck KGaA). SuperRT
One Step RT-PCR Kit (cat. no. CW0742), RNApure Tissue
& Cell kit (cat. no. CW0584), HiFiScript cDNA Synthesis kit
(cat. no. CW2569) and Super TagMan OneStep reverse tran-
scription-quantitative PCR (RT-qPCR) kit (cat. no. CW2695)
were purchased from CoWin Biosciences Co., Ltd. The
primary antibodies for malate dehydrogenase 1 (MDHI,;
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cat. no. ab175455), succinate-Coenzyme A (CoA) ligase
GDP-forming beta subunit (SUCLG2; cat. no. ab187996),
aconitase 2 (ACO2; cat. no. ab110321), p53 (cat. no. ab26),
proliferating cell nuclear antigen (PCNA,; cat. no. ab29), ERK
(cat. no. ab54230), phosphorylated (p-)ERK (cat. no. ab50011),
AKT (cat. no. ab8805), p-AKT (cat. no. ab38449), mTOR (cat.
no. ab2732), p-mTOR (cat. no. ab109268) and GAPDH (cat.
no. ab181602); Donkey anti goat (cat. no. ab97120), goat anti
rabbit (cat. no. ab97080) and goat anti-mouse (cat. no. ab97040)
secondary antibodies were purchased from Abcam. A549 lung
adenocarcinoma cells (cat. no. SCSP-503) were purchased
from Cell library of typical culture preservation committee of
the Chinese Academy of Science.

Vector construction. RNA of A549 cells were extracted
according to the protocol of RNApure Tissue & Cell kit. The
full-length coding sequence of PTEN was cloned following PCR
from A549 cells using SuperRT One Step RT-PCR kit with the
following primers: Forward, 5-CGGAATTCGGATGTCCCG
AAAGCAGG-3', reverse 5-CCGCTCGAGTCAGATGTTGAG
CGG-3'". The reaction mixture was made up as recommended
by the manufacturer of the kit, and the reaction steps were:
Reverse transcription at 45°C for 30 min and pre-degeneration
at 95°C for 2 min repeated for 40 cycles: Degeneration at 94°C
for 30 sec, annealing at 58°C for 30 sec, extension at 72°C for
30 sec. Followed with final extension at 72°C for 5 min. The PCR
product and the pcDNA3.1-3XFlag vector (MJ8001, Mingjing
Biology) were digested with two restriction enzymes, EcoRI
and Xhol. Following digestion, the DNA fragment containing
the coding sequence was cloned into the vector to construct the
expression plasmid pcDNA3.1-3XFlag-PTEN. A549 cells were
transfected with 10 g pcDNA3.1-3XFlag-PTEN or the empty
plasmid at 37°C using Hieff Trans™ transfection reagent for
48 h, according to the manufacturer's protocol. Subsequently,
cells with stable PTEN overexpression were selected by treating
transfected cells with 1 mg/ml G418 at 37°C until stable
expressed cells were successfully constructed.

MTT assay. MTT assay was performed according to a previous
study (17). Cells were cultured in 96-well plates at a concentra-
tion of 1x10* cells/well. Cultures at 80-85% confluence were
treated with pemetrexed at various concentrations (0, 5, 10 and
20 pg/ml). Following a 24-h incubation, cells were washed with
sterile PBS to remove extra pemetrexed. MTT was diluted in
the medium at a concentration of 5 mg/ml, and incubated with
the cells for 4 h. Following incubation, DMSO was added to
each well and the optical density (OD) at 560 nm was deter-
mined using a microplate reader. The viability of cells was
calculated using the following formula: (ODg, e imen-ODgjani)/
(ODcontror~ODgjani) X100%.

Cell culture and grouping. Cells were cultured in H-DMEM
supplemented with 10% FBS and GlutaMAX™ (2 mmol/l) in
a humid atmosphere with 5% CO, at 37°C. Cells were divided
into six groups: i) Negative control (NC) group; ii) treatment
with 10 mg/ml pemetrexed for 24 h (NC + P) group; iii) PTEN
inhibition (2 gmol/l for 36 h) (PI) group; iv) PTEN inhibition
(2 umol/1 for 36 h) with treatment with 10 mg/ml pemetrexed
for 24 h (PI + P) group; v) PTEN overexpression (PO) group;
and vi) PTEN overexpression with treatment with 10 mg/ml
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Figure 1. Effects of pemetrexed on the proliferation of A549 cells. (A) Dose-dependent effect of pemetrexed on the proliferation of A549 cells, as measured
by MTT assay. ‘P<0.05 vs. untreated control group. (B) Protein expression level of PCNA in each group, as detected by western blotting. (C) Quantification
analysis of western blotting. Data are presented as the mean + standard deviation (n=3). GAPDH was used as the internal control. “P<0.05 vs. Inhibitor; “P<0.05
vs. NC group. MW, molecular weight; P, pemetrexed; PCNA, proliferating cell nuclear antigen.

pemetrexed for 24 h (PO+P) group. Following treatment, the
cells were washed with sterile PBS to remove residual peme-
trexed and collected for use in further experiments.

RNA extraction and RT. RNA extraction was performed using
the RNApure Tissue & Cell kit according to the manufac-
turer's protocol. Cells were lysed, incubated for 5 min at room
temperature, and centrifuged at 14,462 x g for 5 min. Ethanol
was added and the mixture was loaded onto the adsorption
columns provided in the kit. RNA was eluted using RNase-free
water following washing with wash buffer provided in the kit.
The concentration of extracted RNA was measured using the
Nanodrop ND-2000 (Thermo Fisher Scientific, Inc.). An equal
amount of RNA from each group was used as template to
perform RT. The reaction solution was prepared according to
the manufacturer's protocol. The reaction solution was mixed
and incubated at 42°C for 15 min, followed by an incubation
at 85°C for 5 min.

qPCR. Primers used for qJPCR were: p53, forward 5'-ATTAGC
GGCCGATGGAGGAGCCGC-3, reverse 5'-ATCTCGAGT
CAGTCTGAGTCAGGCCC-3' Bcl, forward 5'-CGACGA
CTTCTCCCGCCGCTACCGC-3, reverse 5'-CCGCATGCT
GGGGCCGTACAGTTCC-3'; BAX, forward 5-TGCAGA
GGATGATTGCTGAC-3', reverse 5'-GAGGACTCCAGC
CACAAAGA-3'; GAPDH, forward 5-GAATCTCACTCA
GACGAGGACTT-3', reverse 5'-GGTGTGTGGTTTAAG
TGATGTCA-3". qPCR was performed according to the manu-
facturer's protocol, and the thermocycling conditions were as
follows: 40 cycles at 95°C for 15 sec and at 60°C for 40 sec.
The threshold cycle value was calculated using the intensity
of the fluorescence signal following PCR amplification (18).
GAPDH was used as the internal reference, and the quantifica-
tion result for each target gene was normalized to GAPDH.

Western blotting. Cells from each group were washed with
PBS and were lysed with RIPA buffer supplied with protease

inhibitor cocktail (CW2383, CWhbio). Following lysis,
the supernatant was collected following centrifugation at
14,462 x g for 10 min (4°C) and a bicinchoninic acid assay was
used to measure the concentration of protein. Same amounts
(60 ug) of protein from each group were used to perform
10% SDS-PAGE electrophoresis. Following electrophoresis,
proteins were transferred onto 0.22-ym-thick nitrocellulose
membranes using a semi-dry electro blotter. Membranes
were blocked with 5% skimmed milk at room temperature for
1 h, and subsequently incubated with the primary antibody
(1:1,000) at 4°C overnight, followed by incubation with the
secondary antibody (1:5,000) for 1 h at room temperature.
Chemiluminescence was performed using electrochemilu-
minescence reagent (WBKLS0500, Merck KGaA) to detect
the protein expression levels. The densitometric analysis
was performed using Scion Image (version 4.0.3.2; Scion
Corporation) software and normalized to GAPDH.

Statistical analysis. Data are presented as the mean + standard
deviation. Each experiment was repeated three times. One-way
ANOVA was performed to assess differences among groups
followed by Tukey's post hoc test for multiple comparisons.
GraphPad (version 7; GraphPad Software, Inc., La Jolla, CA,
USA) was used to analyze the data. P<0.05 was considered to
indicate a statistically significant difference.

Results

Effects of pemetrexed on the proliferation of A549 cells.
MTT assay results suggested that the proliferation of A549
cells was inhibited with pemetrexed in a dose-dependent
manner (Fig. 1A). Following treatment with 5 mg/ml peme-
trexed for 24 h, the cell viability was 90.30+4.86%, with
10 mg/ml pemetrexed was 73.60+3.12% and with 20 mg/ml
was 52.40+2.10%. Pemetrexed was able to significantly inhibit
the viability of A549 cells at the concentrations of 10 mg/ml
and 20 mg/ml. Therefore, 10 mg/ml was used as the working
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Figure 2. Effects of pemetrexed on the AKT/mTOR signaling pathway. (A) Protein expression levels of p-mTOR, mTOR, p-AKT and AKT, as detected by
western blotting. Quantification of (B) p-mTOR/mTOR and (C) p-AKT/AKT ratios. GAPDH was used as the internal control. Data are presented as the
mean = standard deviation (n=3). ‘P<0.05 vs. corresponding control group without pemetrexed treatment; “P<0.05 vs. NC group. MW, molecular weight; P,

pemetrexed; p-, phosphorylated.

concentration for pemetrexed in the following experiments,
since this concentration was the lowest to significantly inhibit
the proliferation of A549 cells. PCNA regulates the replica-
tion of DNA, Notably, the protein expression level of PCNA
decreased following treatment with pemetrexed (Fig. 1B);
however, this decrease was not statistically significant in the
single pemetrexed treatment group (Fig. 1C). The protein
expression level of PCNA was significantly decreased in the
PI + P group compared with the PI group. In addition, the
protein expression levels of PCNA in the PO and in the PO
+ P groups were significantly decreased compared with the
NC group.

Protein expression levels of factors of the AKT/mTOR signaling
pathway. The protein expression ratios of p-AKT/AKT and
p-mTOR/mTOR were measured by western blotting and
densitometric analysis (Fig. 2). The p-mTOR/mTOR ratio
was slightly decreased following treatment with pemetrexed,
and was significantly decreased in the PI + P and the PO +
P groups compared with the PI and the NC groups, respec-
tively (Fig. 2). The p-AKT/AKT ratio was also measured,
and the protein expression levels presented a trend similar
to the p-mTOR/mTOR ratio. Single inhibition or overexpres-
sion did not significantly change the ratio of p-AKT/AKT in
these groups, and the p-AKT/AKT ratio was not significantly
affected in the NC + P or PI + P groups compared with the
corresponding control group without pemetrexed treatment;
however, it was slightly decreased in the PO group and was
significantly decreased in the PO + P group compared with the
NC group (Fig. 2).

Alterations in the mRNA and the protein expression levels of
apoptosis-associated factors. The protein expression level of
p53 was significantly increased in the NC + P group compared
with the NC group (Fig. 3A and B). Following treatment with
PTEN inhibitor, the protein expression level of p53 in the PI
group was significantly decreased compared with the NC
group. The protein expression level of p53 in the PI + P group
was significantly increased compared with the PI group, and
significantly increased in the PO and PO + P groups compared
with the NC groups. In addition, the protein expression levels
of Bcl2 and BAX were detected in each group (Fig. 3A).
The protein expression level of Bcl2 was slightly decreased
following treatment with pemetrexed in the NC + P group
(Fig. 3C); however, the protein expression level of Bcl2 was not
significantly increased in PI + P group, and was significantly
decreased in the PO + P group compared with the PO group. In
addition the protein expression level of Bcl2 was significantly
decreased in the PO group compared with the NC group.
The protein expression level of BAX was slightly increased
following treatment with pemetrexed and was significantly
increased in the PI + P and PO + P groups compared with
the PI and the PO groups, respectively (Fig. 3D). Compared
with NC group, the expression level of BAX was significantly
decreased following inhibition of PTEN. The expression of
PTEN was detected using PCR. Pemetrexed significantly
increased the expression of PTEN compared with inhibitor
group. The expression of PTEN was significantly decreased
in inhibitor group and significantly increased in PO and PO+P
group compared with NC group. The mRNA expression levels
of p53, BAX and Bcl2 were also measured. The expression of
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Figure 3. Effects of pemetrexed on the protein expression level of apoptosis-associated factors. (A) Protein expression levels of p53, Bcl2 and BAX, as
detected by western blotting. Quantification of the protein expression levels of (B) p53, (C) Bcl2 and (D) BAX. GAPDH was used as the internal control. Data
are presented as the mean + standard deviation (n=3). “P<0.05 vs. corresponding control group without pemetrexed treatment; “P<0.05 vs. NC group. MW,
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"P<0.05 vs. NC group. ACO2, aconitase 2; MW, molecular weight; P, pemetrexed; SUCLG2 succinate-Coenzyme A ligase GDP-forming beta subunit.

p53 was significantly decreased in inhibitor group and PI+P
group compared with the NC group, and pemetrexed signifi-
cantly increased the expression of PTEN compared with
the inhibitor group. Pemetrexed significantly increased the
expression of BAX in PO+P and PI+P group compared with
the PO and PI groups, and significantly decreased in inhibitor
and PI+P group compared with the NC group, and signifi-
cantly increased in PO+P group compared with the NC
group. Pemetrexed significantly decreased the expression of
Bcl-2 in NC+P and PO+P group compared with NC and PO
groups, and significantly decreased in PO and PO+P groups
compared with the NC group (Fig. 4). The present gPCR and
western blot results suggested that the expression levels of
apoptosis-associated factors were altered at the transcriptional
and the protein levels.

Protein expression levels of proteins associated with carbo-
hydrate metabolism following treatment with pemetrexed.
The protein expression levels of ACO2 and SUCLG2 were
significantly altered following treatment with pemetrexed
(Fig. 5). The protein expression level of ACO2 was signifi-
cantly increased in the NC + P and OP + P groups compared
with the NC and OP groups, respectively, and was significantly
increased in the PI, PI+P and PO groups compared with the
NC group. However, the protein expression level of SUCLG2
exhibited an opposite trend. Pemetrexed significantly
decreased the protein expression level of SUCLG2 in NC + P,
PI + P and PO + P groups compared with the NC, PI and PO
groups, respectively. In addition, the protein expression level

of SUCLG2 was significantly decreased in the PO and PO + P
group compared with the NC group.

Discussion

Lung cancer is one of the leading causes of tumor-associated
mortalities in men and women worldwide (19). In 2015, the
guidelines of The American Society of Clinical Oncology
recommended two drugs for the treatment of NSCLC,
docetaxel and pemetrexed (20). The present study established
in vitro models of PTEN inhibition and overexpression, and
the present results suggested that pemetrexed was able to
suppress the proliferation of A549 cells by inhibiting the
PI3K/AKT/mTOR signaling pathway and the carbohydrate
metabolism, inducing apoptosis in A549 cells and exerting
anti-tumor activities. In the present study, PTEN overexpres-
sion was identified to increase the effects of pemetrexed on
lung cancer cells, enhance the anti-tumor effect of pemetrexed.
A previous studies demonstrated that pemetrexed regulated
the activity of the PTEN/PI3K/AKT/mTOR pathway indi-
rectly (21), and further experiments are required to confirm
the mechanism observed in the present study.

PTEN is a tumor suppressor gene, and is able to limit
the aggressiveness of kidney, breast and prostate cancers
by regulating cell proliferation exerting lipid phosphatase
activity (22). The phosphatase activity of PTEN was identified
in the C-terminal region of the protein (23), and the phos-
phorylation state of PTEN affects the intramolecular partners
of PTEN, altering its subcellular localization and phosphatase
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activity (24). Mutations in the active site of PTEN are associated
with the loss of its lipid phosphatase activity, and are identified
in various types of human cancer (25). The PI3K/PTEN/AKT
signaling axis is associated with cell proliferation, and dysfunc-
tions or mutations of its components may lead to abnormal
cell growth and tumor development (26). Activation of the
PI3K/AKT pathway was identified in various types of cancer
and is associated with tumor progression and with poor prog-
nosis of patients with cancer. As a downstream molecular factor
of the PI3K/AKT pathway, the activity of mTOR is associated
with cancer (27). A previous study identified that inhibition of
mTOR was able to increase the anti-tumor effect of pemetrexed
by inhibiting autophagy in NSCLC cells (28). In the present
study, the activity of the PI3K/mTOR signaling pathway was not
significantly changed following single pemetrexed treatment,
although the effect increased following PTEN overexpression.
The present results suggested that pemetrexed may inhibit
the growth of A549 cells by inhibiting the PI3K/AKT/mTOR
signaling pathway, and inhibition of PTEN may increase the
effect of pemetrexed, whereas, PTEN overexpression may
decrease pemetrexed activity.

BAX, Bcl2 and p53 are downstream molecules of the
PIBK/AKT/mTOR pathway, and serve important role in apop-
tosis. In normal tissue, p53 is involved in various biological
processes, including the regulation of cell cycle, homeostasis
and apoptosis (29). Notably, mutations in p53 lead to cancer
development, and the transcription factor p53 was identified to
be mutated in >50% of patients with cancer (30). Additionally, a
previous study demonstrated that the expression of p53 is silenced
in human cancer tissues (31). Therefore, p53 is considered the
‘guardian of the genome’ (32). PTEN was identified to directly
interact with p53, and decreases the degradation of p53 by
regulating MDM?2 proto-oncogene, thus increasing the protein
expression level of p53 (33). The expression level of Bcl2 binding
component 3 (BBC3) was identified to be promoted by p53, and
BBC3 may be able to interact with Bcl2 or Bel2 like 1 via its Bcl2
homology 3 domain, thus inducing the expression of BAX (34).
Additionally, p53 was demonstrated to be able to upregulate
the expression level of BAX via the TNF receptor superfamily
member 10b/Fas-associated via death domain pathway (35).
The present results suggested that pemetrexed may increase
the expression level of p53 following inhibition of PTEN, thus
suggesting that pemetrexed may inhibit the proliferation of A549
cells by regulating p53 at the protein and transcriptional levels.
BAX, a tumor suppressor protein, belongs to the Bcl2 family and
serves an important role in the intrinsic apoptosis pathway (36).
Upon activation, BAX translocates on the outer membrane of
mitochondria following apoptotic stimuli, and this translocation
is a crucial step in the initiation of apoptosis (37). In addition,
BAX may be directly activated by p53 (38). BAX promotes the
release of cytochrome c from the mitochondria and activate
multiple caspases, thus inducing apoptosis in cancer cells (39). In
the present study, treatment with pemetrexed was able to increase
the expression of BAX at the protein and transcriptional levels,
and overexpression of PTEN increased this effect, whereas,
inhibition of PTEN led to the opposite effect.

Bcl2 is an anti-apoptotic member of the Bcl2 family (40),and
overexpression of anti-apoptotic molecules of the Bcl2 family
including Bcl2 and Bcl2-like 1 is frequently observed in human
tumor tissues (41). Overexpression of Bcl2 was identified to be
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associated with cancer occurrence and progression, and chemo-
therapy resistance (42). Various small molecule inhibitors of
Bcl2 have been investigated in the treatment of hematological
cancer (43). In contrast with the effects of pemetrexed on BAX,
pemetrexed decreased the expression level of Bcl2 at the protein
and transcriptional levels, and PTEN overexpression increased
this effect. Collectively, treatment with pemetrexed was able to
promote apoptosis in cancer cells, inhibiting the anti-apoptotic
factors BAX and p53, thus exerting anti-tumor activity. Notably,
the expression level of PTEN was associated with pemetrexed
activity, and overexpression of PTEN increased the anti-tumor
effects of pemetrexed.

Rapid cell proliferation is a characteristic of cancer cells;
in order to sustain their metabolic requirements, multiple
metabolic alterations occur in cancer cells (44), including
the increased uptake of nutrients and the preferential use of
glucose as carbon source (45), resulting in an increased meta-
bolic rate. Carbohydrate metabolism is an important pathway
used by cancer cells to sustain their proliferation during tumor
development (46). The tricarboxylic acid (TCA) cycle is a central
hub in the catabolism of carbohydrates, and it is involved in
various physiological processes. Previous studies identified that
the TCA cycle in cancer cells may be uncoupled to glycolysis to
allow the use of additional carbon sources, including glutamine,
to fulfill their metabolic requirements (45,47). Therefore, in the
present study, it was hypothesized that the expression level of
factors associated to the aerobic oxidation of glucose, including
enzymes of the TCA cycle, may be altered following treatment
with pemetrexed. ACO2 and SUCLG2 are important enzymes
of the TCA cycle. ACO?2 is able to reversibly catalyze citrate into
isocitrate forming a cis-aconitate intermediate, and SUCLG2 is
a subunit of the succinyl-CoA synthetase, which is able to revers-
ibly catalyze the formation of succinyl-CoA into succinate.
Treatment with pemetrexed led to inverse effects on ACO and
SUCLG2, the protein expression level of ACO2 increased and
the protein expression level of SUCLG2 decreased. This effect
was increased following PTEN overexpression and decreased
following PTEN inhibition. The present results suggested that
pemetrexed may exert an anti-tumor activity via the inhibition
of the TCA cycle, decreasing the energy supply of cancer cells
and inducing apoptosis. The effects of pemetrexed were altered
following PTEN inhibition or overexpression, suggesting that
PTEN overexpression may enhance the anti-tumor effect of
pemetrexed, and may contribute to the development of a novel
therapeutic strategy in the future.

In the present study, pemetrexed was demonstrated to
inhibit the proliferation of lung cancer cells via the inhibition
of the PI3K/AKT/mTOR signaling pathway and the upregula-
tion of pro-apoptotic factors at the protein and transcriptional
levels. Furthermore, the results suggested that pemetrexed
may inhibit the aerobic oxidation of glucose, decreasing the
energy supply of cancer cells, leading to apoptosis. In the
present in vitro model, and PTEN overexpression was able to
increase the effect of pemetrexed on lung cancer cells. The
modulation of PTEN, in combination with pemetrexed, may
represent a therapeutic strategy against NSCLC. However, the
present study presents certain limitations, since only one cell
line was examined, and further in vitro and clinical experi-
ments are required to be performed in future studies, including
knockdown of PTEN via small interfering RNA technology.
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