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Abstract. Previous studies have demonstrated that fatty 
acid synthase (FASN) is overexpressed in osteosarcoma 
(OS) cells and tissues and, therefore, knockdown of FASN 
may inhibit OS cell proliferation, migration and invasion 
via regulation of the human epidermal growth factor 
receptor 2 (HER2)/phosphoinositide 3‑kinase (PI3K)/protein 
kinase B(Akt) signaling pathway in vitro. However, the tumor 
microenvironment has a crucial role in the determination of 
tumor malignant phenotype. The aim of the present study 
was to investigate the effect of knockdown of FASN on 
OS progression and the potential molecular mechanism in 
nude mice with orthotopic tumor implants in vivo. Results 
demonstrated that the knockdown of FASN markedly 
suppressed the growth and metastasis of OS, at least partially, 
by blocking the HER2/PI3K/Akt signal pathway in mice with 
intratibial 143B OS xenografts. These results suggest that the 
FASN/HER2/PI3K/Akt signaling pathway may be a potential 
therapeutic target for OS management.

Introduction

Osteosarcoma (OS) is the most common primary bone tumor 
in children and adolescents and has a high propensity for 

local invasion and distant metastasis  (1). With the current 
multidisciplinary treatments, there have been no significant 
improvements in the overall prognosis of OS patients within 
the last two decades and, currently, 60‑70% of patients with 
localized disease survive (2). Previous studies have estimated 
the 5‑year survival rate of patients with metastatic diseases to 
be <20% (3,4). The leading causes of mortality in patients with 
OS is lung metastases and, therefore, the identification of the 
molecular mechanisms of OS metastasis is important in order 
to improve the prognosis of OS.

Fatty acid synthase  (FASN) is an enzyme involved in 
mammalian endogenous lipogenesis that functions to cata-
lyze the synthesis of long‑chain fatty acids. Research has 
demonstrated that FASN is overexpressed in various human 
tumors and FASN has been identified as a crucial factor for 
sustaining a number of biological features of cancer cells (5‑9). 
Inhibition of FASN may suppress cancer cell proliferation 
and metastasis in vitro and in vivo (10‑14). Previous studies 
have demonstrated that FASN is overexpressed in OS cells 
and tissues and knockdown of FASN may suppresses the 
invasion and migratory ability of OS cells by downregulating 
the human epidermal growth factor receptor 2 (HER2)/phos-
phoinositide 3‑kinase (PI3K)/protein kinase B (Akt)/nuclear 
factor (NF)‑κB signaling pathway in vitro (15,16); however, 
the tumor microenvironment has an important influence on 
tumor progression.

In the present study, the effect of inhibiting FASN on the 
growth and metastasis of OS cells in nude mice and the poten-
tial molecular mechanisms of such effects were investigated. 
The aim was to demonstrate that the knockdown of FASN may 
suppress OS cell growth and metastasis, at least partly, by inhib-
iting the HER2/PI3K/Akt/NF‑κB signaling pathway in vivo.

Materials and methods

Ethics statement. Animal experiments were approved by the 
Animal Care Committee of The First Affiliated Hospital of 
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Nanchang University (Nanchang, China) and were conducted 
according to the institutional guidelines for animal care.

Cell culture. Cells from the human OS cell line, 143B, were 
purchased from the Shanghai Cell Bank, Chinese Academy of 
Sciences (Shanghai, China), and were cultured in Dulbecco's 
modified Eagle's medium supplemented with 10% fetal bovine 
serum (both Gibco; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA) and incubated at 37˚C in 5% CO2.

Lentivirus vector construction of small hairpin (sh) FASN. 
shRNA targeting FASN mRNA were designed online 
(invitrogen.com/rnai) according to the human mRNA 
sequence encoding the FASN gene  (NM_004104.4) and a 
plasmid with the highest silencing rate was selected from a 
previous study for use (16). Recombinant lentivirus vector 
was constructed according to the manufacturer's instructions 
(Invitrogen; Thermo Fisher Scientific, Inc.) for the generation 
of FASN‑shRNA lentivirus (Lv‑shFASN) and negative control 
lentivirus (Lv‑negative).

Tumor xenograft model. A total of 50 male athymic nude 
BALB/c mice (weight, 15±2 g; age, 6±2 weeks) were provided 
by the Department of Laboratory Animal Science of Nanchang 
University  (Nanchang, China). Mice were maintained in a 
12‑h light/dark cycle at a temperature of 20‑26˚C and humidity 
of 40‑70%, with access to food and water. For subcutaneous 
implantation, 143B cells were suspended in phosphate‑buffered 
saline and 200 µl of cell suspension (1x107 cells) was injected 
subcutaneously under the dorsal skin of nude mice. Mice 
were intraperitoneally injected with 1% pentobarbital sodium 
(40 mg/kg body weight) and sacrificed by cervical dislocation 
4  weeks subsequent to successful tumor establishment. 
Tumors were removed and cut into 1‑mm3 blocks and two 
blocks of tumor tissue were implanted into the proximal tibia 
bone marrow cavity of mice. Following 7 days, mice were 
randomly divided into two groups (n=12 mice/group) for 
Lv‑shFASN and Lv‑negative treatment. Lv‑shFASN treatment 
was administered by injecting 0.2  ml (108  copies/ml) of 
Lv‑shFASN into tumors three times per week. The Lv‑negative 
treatment group was injected with Lv‑negative in the same 
manner as for the Lv‑shFASN group. Xenograft tumor sizes 
were observed dynamically by measuring the outer skin each 
week. Mice were sacrificed, using the same method described 
above, at 5 weeks subsequent to the final injection. The volume 
and weight of the tumors and the incidence of spontaneous 
metastasis to the lungs were evaluated.

Hematoxylin and eosin (H&E) staining. Paraffin embedding, 
slicing  (4‑µm thick), and H&E staining were performed 
according to the manufacturer's instructions (Sysmex Corp., 
Kobe, Japan).

Western blot analysis. Total protein from OS tumor xeno-
graft cells was extracted using radioimmunoprecipitation 
assay lysis buffer (Invitrogen; Thermo Fisher Scientific, Inc.) 
containing 60 µg/ml phenylmethylsulfonyl fluoride, according 
to the manufacturer's instructions. Protein concentration 
was determined using the Bradford assay. Proteins were 
separated by 10% SDS‑PAGE (10 µg/lane) and transferred to 

polyvinylidene difluoride membranes. Non‑specific binding 
sites were blocked by immersing the membrane in 5% non‑fat 
milk (Gibco; Thermo Fisher Scientific, Inc.) for 1 h at room 
temperature on a shaking platform. Membranes were incu-
bated with the following primary antibodies overnight at 4˚C: 
Mouse anti‑FASN (1:500; sc‑55580) and mouse anti‑β‑actin 
antibodies (1:2,000; sc‑47778; both Santa Cruz Biotechnology, 
Inc., Dallas, TX, USA). The membrane was washed three 
times, 5 min each, with 20 ml of TBS‑Tween-20 (Thermo 
Fisher Scientific, Inc.). Following this, the membrane was 
incubated with goat anti‑mouse horseradish peroxidase‑conju-
gated secondary antibody (1:5,000; 610‑103‑043; Rockland 
Immunochemicals, Inc., Pottstown, PA, USA) for 1.5 h at room 
temperature. The membrane was washed again three times, 
5 min each, with 20 ml of TBS‑Tween-20. Immunoreactive 
bands were visualized using an enhanced chemiluminescence 
reagent  (Thermo Fisher Scientific, Inc.). The intensity of 
western blot bands was measured using ImageJ v.1.48 soft-
ware (National Institutes of Health, Bethesda, MA, USA). This 
procedure for western blot analysis was conducted according 
to a previous study (16).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA from 143B cells was extracted using 
TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.) according 
to the manufacturer's instructions. Genomic DNA was 
removed by DNase treatment (Takara Biotechnology Co., Ltd., 
Dalian, China). mRNA expression levels of NF‑YA and FASN 

Figure 1. Lv‑shFASN was able to inhibit FASN expression in OS xenograft 
tumors in nude mice. (A) mRNA and (B) protein expression levels of FASN 
in xenografts treated with Lv‑shFASN were significantly lower than those in 
the group treated with Lv‑negative. Data are presented as the mean ± stan-
dard deviation. *P<0.05 vs. the Lv‑negative control. Lv, Lentivirus vector; sh, 
small hairpin; FASN, fatty acid synthase; OS, osteosarcoma; Lv‑negative, 
control group.
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Figure 2. Knockdown of FASN inhibits OS cell growth in nude mice. (A) Outer skin measurements of xenograft tumors in nude mice demonstrated that tumor 
growth in mice injected with Lv‑shFASN was significantly reduced compared with mice injected with Lv‑negative. (B) Volume and (C) weight of xenograft 
tumors in nude mice. Results demonstrated that the volume and weight of xenograft tumors were significantly lower in the Lv‑shFASN group than in the 
Lv‑negative group. (D) A representative image of xenograft tumors from the Lv‑shFASN and Lv‑negative groups. Data are presented as the mean ± standard 
deviation. *P<0.05 vs. the Lv‑negative control. Lv, Lentivirus vector; sh, small hairpin; FASN, fatty acid synthase; OS, osteosarcoma; Lv‑negative, control 
group.

Figure 3. Knockdown of FASN inhibits OS cell metastasis in nude mice. (A) X‑ray of xenograft tumor in nude mouse. (B and C) Xenograft tumors were 
anatomized and (D) lung tissues of sacrificed mice were cut into sections, stained with hematoxylin and eosin and visualized under a microscope (magni-
fication, x400). Metastasized tumor cells (black arrow) were identified. (E) Incidence of spontaneous metastasis was significantly reduced (P<0.001) in 
Lv‑shFASN‑treated mice (8.33%) compared with that in the Lv‑negative group (25.00%). Lv, Lentivirus vector; sh, small hairpin; FASN, fatty acid synthase; 
OS, osteosarcoma; Lv‑negative, control group.
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were evaluated by RT‑qPCR using a thermal cycler (Applied 
Biosystems  2720; Applied Biosystems; Thermo Fisher 
Scientific, Inc.), with β‑actin as the internal reference gene. 
The primer sequences used were as follows: β‑actin (295 bp), 
forward 5'‑TCA​CCC​ACA​CTG​TGC​CAT​CAT​CGA‑3' and 
reverse 5'‑CAG​CGG​AAC​CGC​TCA​TTG​CCA​ATGG‑3'; 
NF‑YA (238 bp), forward 5'‑TTG​TTG​GTC​AGG​GTT​TAC​
AGC‑3' and reverse 5'‑ACG​CTC​CAC​GAT​GTC​ACT​AA‑3'; 
and FASN (262 bp), forward 5'‑GTC​GGA​GAA​CTT​GCA​GGA​
GT‑3' and reverse 5'‑TCC​TCG​GAG​TGA​ATC​TGG​GT‑3'. 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). A two‑step reverse transcription kit  (Promega 
Corp., Madison, WI, USA) was used to obtain cDNA, 
according to the manufacturer's instructions, which was then 
used as the template for qPCR. TaqMan Real‑Time PCR master 
mix (Thermo Fisher Scientific, Inc.) was used for amplifica-
tion under the following conditions: Pre‑denaturation at 95˚C 
for 1 min, followed by 40 cycles of 95˚C for 15 sec, 58˚C for 
20 sec and 72˚C for 20 sec. Dissolution curves were obtained 
between 72‑95˚C, with 1˚C increases every 20 sec. Data was 
normalized to β‑actin, according to the 2‑ΔΔCq method (17). 
This procedure for RT‑qPCR was conducted according to 
a previous study  (16). Six  independent experiments were 
performed over multiple days.

Statistical analysis. Data analysis was conducted using SPSS 
v.l3.0 software (SPSS, Inc., Chicago, IL, USA). Count data 
were analyzed using non‑parametric Wilcoxon rank sum test 
analysis. Measurement data were expressed as the mean ± stan-
dard deviation. Statistical significance for the difference 
between groups was assessed using an independent‑samples 
t‑test. P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

Lv‑shFASN inhibits FASN expression in mice with intratibial 
143B OS xenografts. In order to evaluate whether Lv‑shFASN 
was able to inhibit FASN expression in mice with intratibial 
143B OS xenografts, Lv‑shFASN and Lv‑negative were 
injected into xenograft tumors. FASN mRNA and protein 
expression levels in the tumors were detected using RT‑qPCR 
and western blot analysis, respectively. Results demonstrated 
that the mRNA (Fig. 1A) and protein (Fig. 1B) expression 
levels of FASN in the tumors of the Lv‑shFASN treatment 
group were significantly lower  (P<0.05) than those in the 
Lv‑negative group. These results indicate that Lv‑shFASN was 
able to inhibit FASN expression in xenograft tumors in nude 
mice.

Knockdown of FASN inhibits OS cell growth in nude mice. 
In order to evaluate the effect of the knockdown of FASN 
on OS cell growth in nude mice, Lv‑shFASN was injected 
into xenograft tumors. Results demonstrated that tumor 
growth in mice injected with Lv‑shFASN was significantly 
reduced compared with tumor growth in the Lv‑negative 
group (P<0.001 on week 5; Fig. 2A). Significant reductions in 
tumor volume (Fig. 2B) and weight (Fig. 2C) were observed 

in the xenograft tumors of the mice in the Lv‑shFASN group 
compared with those in the Lv‑negative group (P<0.05). These 
results suggest that the knockdown of FASN inhibits OS cell 
growth in mice with intratibial 143B OS xenografts.

Knockdown of FASN inhibits OS cell metastasis in nude 
mice. In order to investigate the effect of the knockdown of 
FASN on OS cell metastasis in nude mice, Lv‑shFASN was 
injected into xenograft tumors. The incidence of spontaneous 
lung metastasis was evaluated using H&E staining. Results 
demonstrated that the incidence of spontaneous metastasis 
was significantly reduced in Lv‑shFASN‑treated mice (8.33%) 
compared with the incidence of metastasis in mice in the 
Lv‑negative group (25.00%; P<0.001). These results suggest 
that the knockdown of FASN inhibits OS cell metastasis in 
mice with intratibial 143B osteosarcoma xenografts (Fig. 3).

Figure 4. Western blot analysis demonstrated that the protein expression 
levels of p‑HER2, HER2, PI3K, p‑Akt and Akt were markedly reduced when 
OS xenograft tumors were injected with Lv‑shFASN compared with injec-
tion with Lv‑negative. HER2, human epidermal growth factor receptor 2; 
PI3K, phosphoinositide 3‑kinase; Akt, protein kinase B; p, phosphorylated; 
Lv, Lentivirus vector; sh, small hairpin; FASN, fatty acid synthase; OS, 
osteosarcoma; Lv‑negative, control group.
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Silencing of FASN inhibits the activation of HER2/PI3K/Akt 
signaling in OS xenografts. In order to investigate the potential 
molecular mechanisms of the knockdown of FASN on the 
inhibition of OS cell growth and metastasis, the expression 
levels of phosphorylated (p)‑HER2, HER2, PI3K, p‑Akt and 
Akt protein in OS xenograft tumors was detected using western 
blot analysis. Results demonstrated that p‑HER2, HER2, PI3K, 
p‑Akt and Akt protein expression levels in xenograft tumors 
treated with Lv‑shFASN were markedly lower than those in 
mice injected with Lv‑negative (Fig. 4). These results demon-
strate that the inhibition of FASN downregulates the activation 
of the HER2/PI3K/Akt signaling pathway in OS xenografts.

Discussion

Despite the introduction of multi‑agent chemotherapy in the 
1970s and refinements in surgical techniques that increase the 
long‑term survival rate of patients with localized OS, little has 
changed for patients with metastatic disease (18). Therefore, a 
more detailed understanding of the pathophysiological mecha-
nisms in OS metastasis is necessary for the development of 
novel treatment strategies to improve the prognosis for OS 
patients with metastatic disease. Although several evolutionary 
signaling pathways have been demonstrated to be associated 
with OS pathogenesis, including the Wnt, Notch, mechanistic 
target of rapamycin and PI3K/Akt signaling pathways (19‑22), 
the molecular mechanisms of OS metastases have not been 
fully elucidated.

The FASN gene (also known as OA‑169) has recently 
been identified and is considered to be crucial for endogenous 
lipogenesis in mammals, and is responsible for catalyzing 
the synthesis of long‑chain fatty acids (23). In the majority 
of normal cells, FASN expression is not observed due to the 
presence of abundant amounts of dietary lipids (24); however, 
FASN expression levels are increased in various types of human 
malignant cancer, including colon (25), ovarian (26), pros-
tate (27) and breast (28) cancer. A study by Agostini et al (29) 
demonstrated that orlistat, a small molecular inhibitor of 
FASN, reduces the growth and metastasis of orthotopic tongue 
oral squamous cell carcinomas. A study by Seguin et al (30) 
demonstrated that orlistat reduces experimental metastases 
and angiogenesis in B16‑F10 melanomas. Furthermore, 
previous in vitro studies have demonstrated that FASN may 
contribute to OS cell migration and invasion (31,32). In the 
present study, it was demonstrated that the knockdown of 
FASN was able to inhibit OS cell growth and metastasis to 
the lungs in nude mice. Although previous studies have indi-
cated that FASN may contribute to the metastasis of OS cells, 
the potential molecular mechanisms of how elevated FASN 
expression promotes OS cells growth and metastasis have 
remained unclear.

PI3K and Akt have a crucial role in the metastasis of 
tumor cells through the activation of NF‑κβ/matrix metal-
loproteinase signaling, which promotes extracellular matrix 
degradation (33). A study by Tomek et al (34) indicated that 
the inhibition of FASN induces ubiquitination and degradation 
of PI3K signaling proteins in ovarian cancer. A previous study 
demonstrated that small interfering RNA silencing of FASN 
decreased the PI3K/Akt/NF‑κB signaling pathway in vitro (32); 
however, the mechanism (s) responsible for the inhibition of 

Akt activity due to the downregulation of FASN have not been 
investigated. A study by Puig et al (35) revealed that inhibition 
of FASN resulted in a marked decrease in the active forms 
of the HER2 protein. FASN‑mediated lipogenesis produces 
phospholipids that are incorporated into cell membranes and 
partitioned into lipid rafts, which accommodate HER proteins 
and form signaling platforms. FASN inhibition destabilizes 
these lipid rafts, triggering the degradation of HER proteins 
and impeding the membrane recruitment of downstream medi-
ators of Akt and resulting in the downregulation of p‑Akt (36). 
A study by Li et al (37) suggested that the downregulation of 
FASN effectively inhibits the activity of the HER2‑PI3K/Akt 
axis and alters the malignant phenotype in colorectal cancer 
cells. Furthermore, a previous study demonstrated that the 
inhibition of FASN in OS cells resulted in the downregulation 
of HER2 and p‑HER2 protein and inhibited the activation of 
PI3K/Akt signaling in vitro (16). In the present study, it was 
observed that the inhibition of FASN decreased the activation 
of the HER2/PI3k/Akt signaling pathway in OS xenografts.

In conclusion, the present study demonstrated that the inhi-
bition of FASN suppresses OS growth and metastasis, at least 
partly, by inhibiting the HER2/PI3K/Akt signaling pathway 
in nude mice. Targeting the FASN/HER2/PI3K/Akt signaling 
pathway, therefore, may be a potential therapeutic strategy 
for OS management; however, further research is required in 
order to identify exactly how FASN inhibition may be used as 
a novel therapeutic strategy.
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