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Abstract. Increasing evidence suggests that fatty acid synthase 
(FASN) is crucial in the carcinogenesis of various types of 
tumor. In addition, the phosphatidylinositol 3‑kinase (PI3K)/Akt 
signaling pathway, which is closely associated with cellular 
metabolism, affects cancer biology. However, whether the 
malignant phenotype of osteosarcoma (OS) cells is regulated 
by the PI3K/Akt/FASN signaling pathway and how the PI3K 
family specific inhibitor, 2‑(4‑morpholinyl)‑8‑phenyl‑chromone 
(LY294002) affects the malignant phenotype of OS cells 
remains to be elucidated. In the present study, U2‑OS and 
MG‑63 cells were treated with LY294002 and subsequently 
western blot analysis was used to examine Akt, p‑Akt and FASN 
protein expression. Additionally, FASN mRNA was detected by 
reverse transcription quantitative polymerase chain reaction. 
MTT and fluorescence‑activated cell sorting assays were used 
to assess proliferation and apoptosis. Migration and invasion 
were investigated using wound healing and transwell invasion 
assays. The results demonstrated that LY294002 suppressed the 
PI3K/Akt/FASN signaling pathway. However, the malignant 
phenotypes of OS cells mentioned above were significantly 
inhibited. The present results indicated that LY294002 inhibits 
the malignant phenotype of OS cells via modulation of the 
PI3K/Akt/FASN signaling pathway in vitro and may be a new 
therapeutic strategy for the management of OS.

Introduction

Osteosarcoma (OS) is one of the most common types of 
primary malignant bone tumor in childhood and adoles-
cence (1). Despite the introduction of effective chemotherapy 
and improvements in surgical technology, which has increased 
the survival rate to approximately 65‑75%, pulmonary metas-
tasis occurs in 40‑50% of OS patients and remains the leading 
cause of mortality (2‑3). Therefore, it is important to uncover 
the molecular mechanisms involved in OS progression, 
particularly pulmonary metastasis.

Mechanistically, OS development, as with other types of 
cancer, involves multiple genetic alterations, including onco-
gene activation and tumor‑suppressor gene dysfunction. Over 
the previous several decades, substantial knowledge has been 
gained regarding the molecular alterations associated with OS 
carcinogenesis and several key signaling pathways, including 
fatty acid synthase (FASN)/human epidermal growth factor 
receptor  2/phosphatidylinositol 3‑kinase (PI3K)/Akt  (5), 
extracellular signal‑regulated kinases‑p38‑JNK (6), nuclear 
factor‑κB  (7) and the mitogen‑activated protein kinase 
pathway  (8) have been implicated in OS metastasis. 
Dysregulation of the genes associated with these pathways has 
been demonstrated to promote OS cell growth and metastasis.

PI3Ks are a family of related intracellular signal trans-
ducer enzymes, which have the capability to phosphorylate 
the hydroxyl group at position  3 of the inositol ring of 
phosphatidylinositol. PI3Ks are important in tumor cell differ-
entiation, the cell cycle, apoptosis, growth and metastasis via 
the activation of Akt. Various studies have demonstrated 
that decreasing the activation of the PI3K/Akt signaling 
pathway inhibits cell growth and metastasis in various types 
of tumor  (9,10). Several small molecule inhibitors of the 
PI3K/Akt signaling pathway have been previously developed 
as promising antitumor treatments (11‑14). Previous studies 
have demonstrated that inhibition of PI3K/Akt significantly 
suppresses OS cell growth, migration and invasion (5,15,16). 
Therefore, we hypothesized that small molecule inhibitors 
of the PI3K/Akt signaling pathway may be novel alternative 
agents for the treatment of OS.

LY294002 inhibits the malignant phenotype of osteosarcoma cells 
by modulating the phosphatidylinositol 3‑kinase/Akt/fatty acid  

synthase signaling pathway in vitro
YANG ZHOU1*,  LIANG BO ZHU1*,  AI FEN PENG2,  TAO FANG WANG1,  XIN HUA LONG1,   

SONG GAO1,  RONG PING ZHOU3  and  ZHI LI LIU1

1Department of Orthopedics, First Affiliated Hospital of Nanchang University, Nanchang, Jiangxi 330006; 2College of Humanities, 
Jiangxi University of Traditional Chinese Medicine, Nanchang, Jiangxi 330006; 3Department of Orthopedics, 

Second Affiliated Hospital of Nanchang University, Nanchang, Jiangxi 330006, P.R. China

Received December 18, 2013;  Accepted September 24, 2014

DOI: 10.3892/mmr.2014.2787

Correspondence to: Dr Zhi Li Liu, Department of Orthopedics, 
First Affiliated Hospital of Nanchang University, 17 Yong Wai 
Zheng Street, Nanchang, Jiangxi 330006, P.R. China
E‑mail: zgm7977@163.com

*Contributed equally

Key words: 2‑(4‑morpholinyl)‑8‑phenyl‑chromone, malignant 
phenotype, osteosarcoma, phosphatidylinositol 3‑kinase/Akt/fatty 
acid synthase signaling pathway



ZHOU et al:  LY294002 INHIBITS THE MALIGNANT PHENOTYPE OF OSTEOSARCOMA CELLS 1353

The present study investigated the inhibition of the 
malignant phenotype of U2‑OS and MG‑63 cells by 
2‑(4‑morpholinyl)‑8‑phenyl‑chromone (LY294002), a 
commonly used pharmacological inhibitor that selectively 
inhibits the PI3K‑Akt pathway, via downregulation of the 
PI3K/Akt/FASN signaling pathway.

Materials and methods

Cell lines and cell culture. The human OS cell lines, U2‑OS 
and MG‑63, were obtained from the American Type Culture 
Collection (Manassas, VA, USA) and cultured in Dulbecco's 
modified Eagle's medium (DMEM; HyClone, Waltham, MA, 
USA) supplemented with 10% fetal bovine serum (FBS; Sigma 
Aldrich, St. Louis, MO, USA) in a humidified atmosphere of 
5% CO2 at 37˚C.

Cell growth assay. MG‑63 and U2‑OS cell lines were 
cultured in 96‑well tissue culture plates at a density of 
5,000 cells/well in minimum essential medium (Solarbio, 
Beijing,China) containing 10% FBS and 2 mM l‑glutamine. 
Following attachment overnight, the medium was replaced 
and cells were incubated with increasing concentrations (5, 
10, 20, 40, 80 and 160 µM) of LY294002 (Sigma Aldrich). 
Following treatment for 48 h, MTT assays were performed at 
a wavelength of 490 nm in triplicate. The inhibition ratio was 
calculated and the concentration‑viability curves were fitted 
by the OriginPro 7.5 program (OriginLab, Northampton, 
MA, USA). The half maximal inhibitory concentration (IC50) 
values of LY294002 were determined. All experiments were 
performed in triplicate.

Fluorescence‑activated cell sorting (FACS). MG‑63 and 
U2‑OS cells in the exponential growth phase were treated with 
varying concentrations of LY294002 for 24 h. Cells were then 
fixed with 70% ethanol and stained with propidium iodide. 
FACS analysis was performed to determine the percentage of 
apoptotic cells and cell cycle distribution by using the EPICS 
XL flow cytometer (Beckman Coulter, Miami, FL, USA) and 
System II software V4.16 (Coulter Electronics, Miami, FL, 
USA). All experiments were performed in triplicate.

Invasion assay. The invasiveness of the OS cells was measured 
using BD BioCoat™ BD Matrigel™ Invasion Chambers 
(BD  Bioscience, Franklin Lakes, NJ, USA) according to 
the manufacturer's instructions. The medium in the lower 
chamber contained 15% FBS as a source of chemoattractant. 
The cells were suspended in serum‑free medium containing 
LY294002 (20 and 40 µM) and added to the upper chambers 
simultaneously (2x103 cells in 0.1 ml). The cells that passed 
through the Matrigel‑coated membrane were stained with 
Diff‑Quik (Sysmex, Kobe, Japan) and images were captured. 
Cell invasion was quantified by direct microscopic visual-
ization and cell counting. Invading cells were counted from 
five randomly selected fields under an inverted microscope. 
The cells not treated with LY294002 were used as a control. 
Three independent experiments were performed.

Migration assay. Cell migration was assessed by determining 
the ability of the cells to move into a cellular space in a 

two‑dimensional wound healing assay in vitro. In brief, the 
cells were cultured in six‑well tissue culture plastic dishes at a 
density of 5x106 cells/well and then subsequently treated with 
LY294002 (20 and 40 µM ) for 24 h. The cells were denuded 
by dragging a rubber policeman (Fisher Scientific, Hampton, 
NH, USA) through the center of the plate well. The culture 
plates were rinsed with phosphate‑buffered saline (PBS) and 
fresh quiescent medium alone or with 10% bovine serum 
albumin was added. The cells were subsequently incubated 
at 37˚C for 24 h. Images of the cells were captured at 0 and 
24 h and the migrated distance was measured. The migration 
rate was counted from five randomly selected fields under an 
inverted microscope (Olympus, Tokyo, Japan). The cells not 
treated with LY294002 were used as a control. Three inde-
pendent experiments were performed.

Western blot analysis. U2‑OS and MG‑63 cells in the 
exponential growth phase were treated with LY294002 
(20, 40, 80 and 160 µM) for 24 h. The cells were subse-
quently washed with cold PBS. Total cellular protein was 
extracted using radioimmunoprecipitation assay lysis buffer 
containing 60 µg/ml phenylmethanesulfonyl fluoride and 
the protein concentration was determined using a Bradford 
protein assay. Equal quantities of protein were electro-
phoresed by 10% SDS‑PAGE (Solarbio) and transferred 
onto a pure nitrocellulose blotting membrane (0.22  µm 
pores; Solarbio).  The membranes were blocked with 5% 
Difco skimmed milk for 1 h at room temperature and then 
incubated with primary antibodies (monoclonal rabbit 
anti‑Akt, anti‑p‑Akt and anti‑FASN IgG; 1:2,000; Santa 
Cruz Biotechnology, Inc., Santa Cruz, CA, USA) overnight 
at 4˚C. The membranes were washed prior to incubation 
with the appropriate peroxidase‑conjugated secondary 
antibodies (monoclonal mouse anti-rabbit; 1:5,000; Santa 
Cruz Biotechnology, Inc.). The immune complexes were 
detected with a Pro‑light HRP kit (Tiangen Biotech Co., 
Ltd., Beijing, China). All experiments were performed in 
triplicate.

Reverse transcription quantitative polymerase chain reac‑
tion (RT‑qPCR). Semi‑quantitative PCR was used to detect 
FASN mRNA levels. Total RNA was extracted from cells 
using TRIzol reagent (Invitrogen Life Technologies, Carlsbad, 
CA, USA). The total RNA concentration was determined by 
spectrophotometry at 260 nm and the purity was determined 
by calculating the 260/280 ratio with a BioPhotometer 
(Eppendorf, Hamburg, Germany). The Two‑Step kit (Promega 
Corporation, Madison, WI, USA) was used to obtain cDNA 
according to the manufacturer's instructions, which was 
subsequently used as the template for amplification. The 
following primers were used to amplify target sequences: 
FASN, forward 5'‑AACTCCATGTTTGGTGTTTG‑3' and 
reverse 5'‑CACATGCGGTTTAATTGTG‑3', 171 bp (Sangon 
Biotech Shanghai Co., Ltd., Shanghai, China); GAPDH, 
forward 5'‑CAGGGCTGCTTTTAACTCTGGT‑3' and reverse 
5'‑GATTTTGGAGGGATCTCGCT‑3', 199  bp (Sangon 
Biotech Shanghai Co., Ltd.). Following amplification, DNA 
electrophoresis was performed on standard 1% agarose gels 
and DNA was labeled and visualized using ethidium bromide. 
Images were captured using the Canon Digital IXUS 900Ti 
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(Canon Inc., Tokyo, Japan). All experiments were repeated six 
times.

Results

LY294002 inhibits OS cell growth. The inhibitory effect of 
LY294002 on the growth of U2‑OS and MG‑63 cell lines 
was examined using an MTT assay. The results revealed that 
MG‑63 and U2‑OS cell lines were sensitive to LY294002 and 
that LY294002 inhibits U2‑OS and MG‑63 cell proliferation 
in a time‑ and dose‑dependent manner (Fig. 1). IC50 values at 
24 h were 62.98 and 55.2 µM, respectively.

LY294002 induces OS cell apoptosis. FACS analysis was used 
to examine the mechanism of LY294002 inhibition of OS cell 
apoptosis. Gradient concentrations (20, 40, 80 and 160 µM) of 
LY294002 were added to U2‑OS and MG‑63 cell cultures in 
the exponential growth phase. The treated and untreated cell 
samples were obtained and fixed for FACS analysis 24 h later. 
FACS analysis revealed that LY294002‑induced apoptosis of 
U2‑OS and MG‑63 cells increased with increasing concentra-
tion of the inhibitor (Fig. 2). The data indicated that LY294002 
induced OS apoptosis in a dose‑dependent manner.

LY294002 inhibits OS cell invasion. Transwell invasion assays 
were used to examine the effect of LY294002 on U2‑OS 
and MG‑63 cell invasion. The results demonstrated that the 
proportion of invading cells of these cell samples treated with 
LY294002 was significantly lower than that of the untreated 
cells and the inhibitory effect of LY294002 on cell invasion 

was increased with increasing concentration of the inhibitor 
(Fig. 3A and B). The data indicated that LY294002 inhibits OS 
cell invasion in vitro.

LY294002 decreases OS cell migration. The effect of 
LY294002 on the migration of U2‑OS and MG‑63 cells was 
evaluated using wound healing assays. The results revealed 
that the migration rate of cells treated with LY294002 was 
significantly lower when compared with that of the untreated 
cells and the migration rate decreased with increasing concen-
tration of LY294002 (Fig. 3C and D). The results suggested 
that LY294002 inhibits OS cell migration.

LY294002 downregulates the activation of the PI3K/Akt/FASN 
pathway. To investigate the potential molecular mechanisms, 
RT‑qPCR was performed to detect the expression of FASN 
mRNA in U2‑OS and MG‑63 cell lines to evaluate the inhibi-
tory effect of LY294002 on FASN expression. The results 
revealed that the mRNA expression of FASN was significantly 
downregulated with increasing concentrations of LY294002 
(Fig. 4A). Furthermore, the expression levels of p‑Akt, Akt and 
FASN protein in U2‑OS and MG‑63 cell lines were measured 
using western blot analysis. The results revealed that p‑Akt 

Figure 1. LY294002 suppresses MG‑63 and U2‑OS cell proliferation. 
(A and B) LY294002 inhibited MG‑63 and U2‑OS cell proliferation in a 
time‑ and dose‑dependent manner and the IC50 values (24 h) were 62.98 and 
55.2 µM, respectively.

  A

  B

Figure 2. LY294002 induces U2‑OS and MG‑63 cell apoptosis. 
(A and B) LY294002 induced MG‑63 and U2‑OS cell apoptosis. (C) The 
histogram indicates that LY294002 accelerated osteosarcoma cell apoptosis 
in a dose‑dependent manner. DMSO, dimethyl sulfoxide.

  A

  B

  C
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and FASN protein expression levels in cells treated with 
LY294002 were significantly lower compared with untreated 
cells (Fig. 4B). The present findings indicated that LY294002 
downregulates the activation of the PI3K/Akt/FASN pathway.

Discussion

A significant number of studies on OS were published 
during the 1950s and 1960s, revealing poor 5‑year survival 
rates of <15% (17‑19). Following the discovery of effective 
chemotherapy, the 5‑year survival rates for patients treated 
with intensive multi‑drug chemotherapy and aggressive local 

control have been reported to be 55‑80% (20‑22). However, 
chemotherapy fails to eliminate all OS cells due to intrinsic 
or acquired drug resistance, which is the most common cause 
of tumor recurrence and resultant poor clinical outcomes (23). 
Therefore, there is an urgent requirement to develop new drugs 
with improved chemotherapeutic effects for the management of 
OS.

LY294002, a selective inhibitor of PI3K, is the first arti-
ficially synthesized small molecular inhibitor of PI3Kα/β/δ, 
which acts on the adenosine triphosphate‑binding site of the 
enzyme and is also more stable than wortmannin in solution. 
LY294002 inhibits cell proliferation and induces apoptosis 

Figure 3. LY inhibits MG‑63 and U2‑OS cell migration and invasion. Representative images of the wound healing assays is shown for (A) MG‑63 and 
(B) U2‑OS cells. It indicates that LY suppressed MG‑63 and U2‑OS cell migration when compared with the negative group and the migrated cells decreased 
with increasing concentrations of LY (20 and 40 µM). Representative images of the invasion assays is shown for (C) MG‑63 and (D) U2‑OS cells. The results 
indicated that LY suppressed MG‑63 and U2‑OS cell invasion when compared with the negative group and the number of invasive cells decreased with 
increasing concentration of LY. LY, LY294002.

Figure 4. LY294002 inhibits the activity of the phosphatidylinositol 3‑kinase/Akt/FASN signaling pathway in OS cells. (A) Representative images of the three 
experiments for each group. FASN mRNA expression was significantly downregulated with increasing concentrations of LY294002. (B) The results revealed 
that the p‑Akt, Akt and FASN proteins in MG‑63 and U2‑OS cells treated with LY294002 were inhibited to varying degrees in a dose‑dependent manner. 
FASN, fatty acid synthase; OS, osteosarcoma.
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by downregulating the activation of AKT/PKB. Semba et al 
demonstrated that LY294002 inhibits cell growth and induces 
apoptosis by decreasing the phosphorylation of Akt (Ser473) 
in colon cancer cell lines (24). Previous studies revealed that 
LY294002 inhibits cell growth and induces apoptosis in various 
types of cancer (25,26). However, the mechanism of the anti‑OS 
effect of LY294002 remains to be elucidated. In the present 
study, the results demonstrated that LY294002 induces MG‑63 
and U2‑OS cell apoptosis and inhibits growth in a dose‑depen-
dent manner. Furthermore, the inhibitory effect of LY294002 
on MG‑63 and U2‑OS cell migration and invasion was also 
revealed. The present findings suggest that LY294002 inhibits 
the malignant phenotype of OS cells in vitro and LY294002 
may be an alternative treatment option for the management of 
OS.

The role of the PI3K/Akt signaling pathway in OS inva-
sion and migration has been confirmed. Substantiated studies 
demonstrate that LY294002 inhibits malignant phenotypes of 
cells in various types of tumor via modulating the activity of 
the PI3K/Akt signaling pathway (25,27). The molecular mecha-
nisms associated with LY294002 inhibition of the malignant 
phenotype of OS cells were also analyzed. The current results 
demonstrated that the Akt and p‑Akt protein in MG‑63 and 
U2‑OS cells was inhibited by LY294002 in a dose‑dependent 
manner. It indicated that LY294002 may modulate the activa-
tion of the PI3K/Akt signaling pathway in OS cells.

FASN is an enzyme crucial for endogenous lipogenesis in 
mammals as it is responsible for catalyzing the synthesis of 
long‑chain fatty acids. FASN is increased in a variety of human 
tumors and has been demonstrated to be associated with tumor 
cell growth, apoptosis and metastasis (28‑31). It has been previ-
ously demonstrated that inhibition of FASN through use of 
pharmacological inhibitors or RNA interference significantly 
inhibits OS cell growth, migration and invasion in vitro and 
in vivo (32,33). Previous studies have demonstrated that the 
activation of the PI3K/Akt pathway modulates FASN expres-
sion in tumor cells (32,33). It is therefore hypothesized that the 
inhibition of the PI3K/Akt signaling pathway by LY294002 may 
modulate the expression of FASN, resulting in inhibition of the 
malignant phenotype in OS cells. To confirm these hypotheses, 
the inhibitory effect of LY294002 on the expression of FASN 
mRNA and protein was investigated by RT‑qPCR and western 
blot analysis. The results revealed that the expression of FASN 
was inhibited by LY294002 in a dose‑dependent manner.

Taken together, the present findings indicated LY294002 
suppressed the malignant phenotype of OS cells by downregu-
lating the PI3K/Akt/FASN signaling pathway in vitro. However, 
the tumor microenvironment is important in the malignant 
phenotype of tumor cells. Further experiments are required to 
elucidate whether LY294002 may be a new, alternative drug 
in vivo and whether targeting the PI3K/Akt/FASN pathway may 
be a potential treatment strategy for treating OS.
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