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Abstract. Forkhead box L1 (FOXL1), which is considered a 
novel candidate tumor suppressor, inhibits proliferation and 
invasion in certain types of cancer. However, the regulation 
and function of FOXL1 in osteosarcoma remains unclear. 
The expression of FOXL1 gene in osteosarcoma tissues and 
cell lines was examined using RT-PCR, immunohistochem-
istry and western blot analysis. pcDNA-FOXL1 carrying 
full‑length FOXL1 cDNA was constructed to upregulate 
the level of FOXL1 expression in osteosarcoma cell lines. 
The proliferation, cell cycle and apoptosis of osteosarcoma 
cells in vitro or in vivo were examined following transfec-
tion with pcDNA-FOXL1. In addition, the expression of p21, 
p27, cytochrome c and caspase-3, which may be involved in 
the regulation of the cell cycle and apoptosis was examined 
using western blot analysis. The results showed that FOXL1 
expression was downregulated in osteosarcoma tissues and 
cell lines. Loss or downregulation of FOXL1 was associated 
with poor prognosis. Ectopic FOXL1 expression inhibited 
cell proliferation in vitro and in vivo. The ectopic FOXL1 
expression increased the expression of p21 and p27, which 
induced G1 arrest in the U-2  OS cells. In addition, the 
ectopic FOXL1 expression induced cytochrome c release 
between mitochondria and cytoplasm, which disrupted 
the mitochondrial transmembrane potential and triggered 
intrinsic pathway apoptosis. In conclusion, the downregula-
tion of FOXL1 expression was associated with osteosarcoma 
cell growth. Restoration of FOXL1 gene expression by gene 
therapy may have a therapeutic potential for patients with 
osteosarcoma.

Introduction

Osteosarcoma, the most common primary bone malignancy, is 
most prevalent in children and young adults (1). Due to its high 
propensity for local invasion, early metastasis and recurrence, 
osteosarcoma leads to a high mortality rate. It has been docu-
mented that the 3-year disease‑free survival of osteosarcoma 
patients remains 60-70% despite combined therapy including 
surgery, chemotherapy and radiotherapy (2). The molecular 
mechanism underlying osteosarcoma development and metas-
tasis has yet to be fully elucidated, which has a negative impact 
on the improvement of diagnosis and treatment. Therefore, 
an improved understanding of the molecular biology and 
carcinogenic mechanism underlying the development and 
progression of osteosarcoma may be useful in the treatment 
of this malignancy.

The forkhead box (FOX) superfamily comprises a number 
of transcription factors which share a highly conserved 
DNA-binding domain (forkhead/winged helix-box) that 
plays a role in the regulation of various processes, including 
metabolism, cell proliferation and gene expression during 
ontogenesis (3). The role of FOX proteins in various types of 
cancer has been comprehensively investigated considering that 
these proteins have vital functions on biological processes. 
Certain Fox members including FOXP1, FOXM1, FOXR1 and 
FOXA1, show a diversity of activities on tumorigenesis and 
progression of cancer (4-8), while having dual roles in cancer 
biology. For instance, on the one hand, FOXP1 overexpression 
by chromosome translocations is associated with poor prog-
nosis in lymphomas, suggesting it acts as an oncogene (4). On 
the other hand, loss of FOXP1 expression is associated with  
poor prognosis in breast cancer, suggesting FOXP1 also acts 
as a tumor suppressor in other types of cancer (5). As tumor 
suppressors or oncogenes, Fox proteins may function as direct 
or indirect targets of therapeutic intervention.

The present study focused on FOXL1 which belongs to the 
FOXL subfamily. As a novel identified tumor suppressor, the 
re-expression or overexpression of FOXL1 inhibits growth and 
induces apoptosis in colonic, pancreatic and gallbladder cancer 
cells  (9-11). However, the role of FOXL1 in osteosarcoma 
remains to be investigated. In the present study, the association 
of FOXL1 expression with prognosis of osteosarcoma patients 
was assessed. In addition, the biological functions of FOXL1 
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in proliferation, cell cycle and apoptosis of osteosarcoma cells 
were evaluated in vitro or in vivo.

Materials and methods

Patients and tissue collections. The study was approved by the 
Ethics Committee of The First Affiliated Hospital of Bengbu 
Medical College and written informed consent was obtained 
from all the patients. Thirty-seven of the patients with 
osteosarcoma enrolled in the present study were treated with 
radical resection (without prior radiotherapy or chemotherapy) 
between 2007 and 2009 at the Department of Orthopedics, 
The First Affiliated Hospital of Bengbu Medical College. 
Specimens of tumor tissues (n=37) and adjacent non-tumor 
tissues (n=18) were collected immediately following surgery, 
fixed with formalin and then embedded with paraffin. The 
specimens were diagnosed by two pathologists. Following 
treatment with the same chemotherapy regimens, a follow-up 
was performed for all the patients.

Immunohistochemistry. Serial sections (5-µm) were cut 
from formalin-fixed, paraffin-embedded tumor or non-tumor 
blocks. The sections were dewaxed in xylene and rehydrated 
with concentration gradients. Heat-induced antigen retrieval 
was performed in a conventional pressure cooker, followed 
by elimination of endogenous peroxidase activity with 
H2O2. To decrease non-specific binding and background 
staining, the sections were incubated with 10% goat serum in 
phosphate‑buffered saline (PBS). The sections were then incu-
bated with primary antibodies against FOXL1 (1:100 dilution) 
overnight at 4˚C and then incubated with a secondary anti-
body (1:500 dilution) (both from Santa Cruz Biotechnology, 
Inc., Santa Cruz, CA, USA) at room temperature for 2 h. The 
horseradish peroxidase‑conjugated antibody was detected and 
visualized by 3,3'-diaminobenzidine tetrachloride (DAB). 
Immunostained sections were blindly reviewed by two 
independent pathologists. The staining intensity was scored 
using a 3-scale system (0, - or negative; 1, + or weak; 2, ++ 
or moderate; and 3, +++ or strong) and osteosarcoma patients 
were classified into two groups according to the scores of 
FOXL1 immunostaining: low expression (-or +) and high 
expression (++ or +++).

Cell lines and culture conditions. Osteosarcoma cell lines 
U-2 OS, MG-63 and Saos-2 were all purchased from the Cell 
Bank of the Chinese Academy of Sciences, Shanghai, China. 
All cell lines were cultured in Dulbecco's modified Eagle's 
medium (DMEM; Invitrogen, Carlsbad, CA, USA) supple-
mented with 10% (v/v) fetal bovine serum (FBS; HyClone, 
Logan, UT, USA) and 1% penicillin/streptomycin (Invitrogen) 
at 37˚C in a humidified 5% CO2 incubator.

Transfections. The pcDNA-FOXL1 carrying full-length of 
FOXL1 cDNA and the pcDNA3.1 empty vector were generous 
gifts from Dr Qin (Department of General Surgery, Xinhua 
Hospital, Affiliated to School of Medicine, Shanghai Jiaotong 
University, Shanghai, China). pcDNA-FOXL1 was transfected 
into osteosarcoma cells to restore or upregulate the FOXL1 
expression. Transfected cells were cultured with medium 
supplemented with geneticin (G418, 200-300  µg/ml) for 

10-14 days to generate stable transfectants. The expression 
of FOXL1 in transfected cells was examined by RT-PCR and 
western blot analysis.

RT-PCR assay. Reverse transcription-polymerase chain reaction 
(RT-PCR) was used to examine the FOXL1 mRNA expression 
in Saos-2, MG-63 and U-2 OS cells. Total RNA was extracted 
from the cell lines using a TRIzol reagent kit (Gibco-BRL, 
Gaithersburg, MD, USA) according to the manufacturer's 
instructions. After quantification, a certain amount of RNAs 
was reverse transcribed into cDNA using a PrimeScript™ 
RT-PCR kit (Takara, Bio, Shiga, Japan). The obtained cDNA 
was subjected to PCR using the following procedure: 1 cycle 
of 5 min at 94˚C, then 30 cycles of 45 sec at 94˚C, of 45 sec at 
59˚C and of 30 sec at 72˚C. The primer sequences for FOXL1 
were designed as described by Qin et al (11). The GAPDH 
expression was used as an endogenous control.

Cell viability. Cell viability was measured using the 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) assay. Briefly, 5x103 of transfected cells were collected 
and cultured in each well of 96-well plates for 24, 48, 72 or 
96 h. The cells were then incubated with 20 µl of MTT solu-
tions (5 mg/ml) for 4 h at 37˚C. The supernatant was removed 
and crystals were dissolved in dimethylsulfoxide (DMSO). 
The absorbance of each well was measured at 570 nm with 
the use of an automated microplate reader. The cell viability 
was calculated using the formula: (OD of treated groups/OD 
of control group) x100%.

Xenograft tumor experiments. To assess the effects of FOXL1 
expression on cell proliferation in vivo, a xenograft model in 
nude mice was established using U-2 OS cells. Twenty-four six-
week‑old specific pathogen-free female athymic (nu/nu) nude 
mice were purchased from the Shanghai Laboratory Animal 
Center of the Chinese Academy of Sciences. The animals were 
kept in cages and provided with clean water and food. The 
U-2 OS cells that lacked the FOXL1 expression were stably 
transfected with pcDNA-FOXL1 or pcDNA3.1 and subjected 
to the established xenograft model. Briefly, 1x106 of U-2 OS 
cells were injected into the right flanks of the nude mice. 
When xenograft tumors were visible and the volume reached 
~0.5 cm3, tumor volumes were measured every three days and 
calculated using the formula: volume = length x width2 x π/6. 
The mice were sacrificed after two weeks of observation 
and the tumor weight was measured. The animal experi-
ments were approved by the Ethics Committee of The First 
Affiliated Hospital of Bengbu Medical College and efforts 
were made to minimize suffering.

Cell‑cycle analysis. The distribution of the cell cycle was 
examined and analyzed using flow cytometry. Following 
transfection with pcDNA-FOXL1, the U-2  OS cells were 
collected and washed with cold PBS, and fixed with cold 70% 
ethanol overnight at 4˚C. The fixed cells were then washed 
twice with cold PBS and centrifuged at 500 g for 5 min. The 
cells were incubated with 10 µg/ml RNase A and 50 µg/ml PI 
at 37˚C for 30 min in the dark. The cells were then analyzed by 
flow cytometry and the cell cycle was analyzed using FlowJo 
software.
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Flow cytometric analysis of apoptosis. Annexin  V-FITC 
staining was performed to detect apoptosis of the U-2 OS 
cells. Briefly, the transfected cells were collected at a specific 
time point (24, 48 and 72 h), washed with PBS and then stained 
with Annexin V-FITC and PI at room temperature for 15 min. 
The percentage of apoptotic cells was then analyzed by flow 
cytometry.

Flow cytometric analysis of the mitochondrial membrane 
potential. The fluorescent probe JC-1 (5,5',6,6'-tetrachloro-
1,1',3,3'-tetraethyl-benzimidazolo-carbocyanine iodide) was 
used to measure the depolarization of the mitochondrial 
membrane potential in the U-2 OS cells. Briefly, the trans-
fected cells were seeded in 6-well plates and were harvested 

at 24, 48 and 72 h. Approximately 1x106 cells were incubated 
with 1 µl of JC-1 (2 mg/ml) at 37˚C for 20 min. The cells 
were then washed with PBS twice, followed by FACS analysis 
(Becton-Dickinson, Franklin Lakes, NJ, USA).

Western blot analysis. The expression of cell cycle-  and 
apoptosis-related proteins was examined using western blot 
analysis. Briefly, 48 h after transfection, total proteins were 
extracted from the U-2 OS cells. The protein (30 µg) was 
subjected to 10-12% sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) and electrotransferred to 
polyvinylidene difluoride (PVDF) membranes (Millipore, 
Billerica, MA, USA). The membranes were incubated 
in blocking buffer and probed with appropriate primary 

Figure 1. FOXL1 expression in osteosarcoma tissues and cell lines. Immunohistochemical analysis of FOXL1 in (A) normal and (B) osteosarcoma tissues. 
(C) IHC staining score of FOXL1 in non-tumor tissues was much higher than that in osteosarcoma tissues (P<0.05). (D) The Kaplan-Meier curves show that 
the patients with a high expression of FOXL1 had a longer survival rate than those with a low expression of FOXL1 (P<0.05). (E) The mRNA expression of 
FOXL1 in the MG-63, Saos-2 and U-2 OS cell lines. (F) The protein expression of FOXL1 in the MG-63, Saos-2 and U-2 OS cell lines. (G) Transfection with 
pcDNA-FOXL1 restored the expression of FOXL1 in the U-2 OS cells. FOXL1, forkhead box L1.
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antibodies (Santa Cruz Biotechnology, Inc.) overnight at 4˚C, 
followed by incubation with horseradish peroxidase‑conju-
gated secondary antibodies (Santa Cruz Biotechnology, Inc.). 
The blots were incubated with an enhanced chemilumines-
cence solution (ECL) kit (Pierce, Rockford, IL, USA) and 
exposed to X-OMAT Blue film (Kodak, Rochester, NY, USA). 
Cytochrome c oxidase subunit IV (Cox IV) and β-actin were 
used as controls for mitochondrial and cytosolic proteins, 
respectively.

Statistical analysis. Statistical analysis was performed with 
SPSS 17.0 (SPSS, Inc., Chicago, IL, USA). The Student's t-test, 
one-way ANOVA, Kaplan-Meier, log-rank and Chi-square 
tests were used to analyze the differences between the groups. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

FOXL1 expression is downregulated in the osteosarcoma 
tissues and cell lines. Immunohistochemical staining 
revealed that FOXL1 expression was downregulated in the 
osteosarcoma tissues. Brown in the nucleus (FOXL1 staining) 
indicated that the FOXL1 protein was located in the nucleus 
of normal and cancer cells  (Fig. 1A and B). The staining 
scores of FOXL1 expression in osteosarcoma cases mainly 

ranged between 0 and 1, while those in the corresponding 
normal tissues mainly range from 2 to 3. The mean score of 
FOXL1 expression in osteosarcoma tissues was reduced as 
compared to that in the normal tissues (P<0.05, Fig. 1C). In 
addition, the patients with a high expression of FOXL1 had 
a longer survival rate, than those with a low expression of 
FOXL1 (P<0.05, Fig. 1D).

RT-PCR and western blot analysis revealed that the MG-63 
and Saos-2 cell lines had endogenous FOXL1 mRNA and 
protein, while the U-2 OS cell line lacked endogenous FOXL1 
mRNA and protein (Fig. 1E and F). Thus, the U-2 OS cell 
line was selected for subsequent studies. Additionally, FOXL1 
expression in the U-2 OS cell line was restored by transfection 
with pcDNA-FOXL1 (Fig. 1G).

Restoration of FOXL1 expression inhibits U-2 OS cell growth 
in vitro and in vivo. The MTT assay showed that transfection 
with pcDNA-FOXL1 significantly inhibited the U-2 OS cell 
growth in vitro and this growth inhibition was time‑depen-
dent (Fig. 2A). The in vivo inhibitory effect of FOXL1 against 
the U-2 OS cells was evaluated by a xenograft tumor model. It 
was observed that the ectopic FOXL1 expression significantly 
inhibited the growth of xenograft tumors on nude mice. The 
volume and weight of the FOXL1-overexpressing xenograft 
tumors were much less than those of the control xenograft 
tumors  (Fig.  2B and C). The in  vitro and in  vivo studies 

Figure 2. Restoration of FOXL1 expression inhibits U-2 OS cell growth in vitro and in vivo. Restoration of FOXL1 expression significantly inhibits the (A) 
proliferation of U-2 OS cells (P<0.05), and (B and C) the volume and weight of the xenograft tumor (P<0.05). FOXL1, forkhead box L1.
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demonstrated that restoration of the FOXL1 expression inhib-
ited the proliferation of the U-2 OS cells, which lacked the 
endogenous FOXL1 expression.

Restoration of the FOXL1 expression induces G1 arrest in the 
U-2 OS cell line. The distribution of the cell cycle was analyzed 
by FACS. It was noted that the proportion of the U-2 OS cells 

in G1 phase was significantly increased following transfection 
with pcDNA-FOXL1 (P<0.05 between 24 and 72 h) (Fig. 3).

Restoration of FOXL1 expression induces apoptosis in the 
U-2 OS cell line. Annexin V/PI staining showed that restora-
tion of FOXL1 expression induced the apoptosis of U-2 OS 
cells in vitro. As shown in Fig. 4A and B, a significant increase 

Figure 3. Restoration of FOXL1 expression induces G1 arrest in vitro. (A) Distribution of the cell cycle was analyzed by FlowJo software. The results shown are 
representative of three experiments. (B) The proportion of U-2 OS cells at G1 phase were significantly increased following transfection with pcDNA‑FOXL1 
(24‑72 h). FOXL1, forkhead box L1.

Figure 4. Restoration of FOXL1 expression induces apoptosis in vitro. (A) The viable U-2 OS cells are shown at the lower left quadrant. Cells undergoing 
early apoptosis are shown at the lower right quadrant. Cells in the end stage of apoptosis or undergoing necrosis are shown at the upper right quadrant. (B) The 
apoptotic U-2 OS cells were significantly increased following transfection with pcDNA-FOXL1 (P<0.05, between 24 and 72 h). Late apoptotic cells were 
gradually increased between 24 and 72 h. FOXL1, forkhead box L1.
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in the proportion of apoptotic U-2 OS cells (early plus late 
apoptosis) was observed following transfection with pcDNA-
FOXL1 (P<0.05 24‑72 h). The proportion of late apoptotic or 
necrotic cells increased in a time-dependent manner (starting 
from 24 h and peaking at 72 h).

Restoration of FOXL1 expression depolarizes transmembrane 
potential depolarization. Disruption of the mitochondrial 
inner transmembrane potential (ΔΨm) is often associated 
with early apoptosis (20). In the present study, loss of ΔΨm 
was determined by the JC-1 staining assay. The shift of JC-1 
fluorescence from red to green indicated a collapse of ΔΨ. As 
shown in Fig. 5A and B, the percentage of low ΔΨ cells with JC-1 
(green fluorescence-positive) was increased while that of low 
ΔΨ cells with JC-1 (red fluorescence‑positive) was decreased, 
suggesting ectopic FOXL1 expression-induced disruption of the 
mitochondrial membrane potential of U-2 OS cells.

Restoration of the FOXL1 expression increases the expres-
sion of p21, p27, cytosolic cytochrome  c and cleaved 

caspase-3. To preliminarily study the molecular mechanisms 
for the induction of cycle arrest and apoptosis of the U-2 OS 
cells following transfection with pcDNA-FOXL1, the expres-
sion of p21, p27, cytochrome c and caspase-3 was examined 
by the western blot analysis. As shown in Fig. 6, the level 
of cytosolic cytochrome c was markedly increased, while 
that of mitochondrial cytochrome c was markedly decreased 
48 h after transfection with pcDNA‑FOXL1, suggesting that 
FOXL1 promoted cytochrome c release from mitochondria 
to cytosol. Furthermore, it was observed that pcDNA‑FOXL1 
induced an increase in the expression of p21, p27 and cleaved 
caspase-3.

Discussion

Gene therapy has been considered as potential strategy 
for the treatment of osteosarcoma  (12). However, the 
molecular pathogenesis of osteosarcoma‑regulating growth 
and progression remains to be fully elucidated, which may 
hinder the development of gene therapy. In the present 

Figure 5. Restoration of FOXL1 expression depolarizes the transmembrane potential depolarization. (A) The loss of the mitochondrial membrane potential 
(ΔΨm) at 0, 24, 48 and 72 h following transfection was measured by the red/green fluorescence intensity ratio. The x-axis shows the green fluorescence intensity, 
while the y-axis shows the red fluorescence intensity. The decrease of the ratio indicates loss of ΔΨm. (B) Loss of ΔΨm was observed following transfection 
with pcDNA-FOXL1 (between 24 and 72 h). The proportion of the red fluorescence‑positive cells decreased, while that of the green fluorescence‑positive cells 
increased. FOXL1, forkhead box L1.

Figure 6. FOXL1 enhances the expression of p21, p27, cytosolic cytochrome c and cleaved caspase-3. FOXL1, forkhead box L1.
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study, the role of FOXL1 in the regulation of growth, cell 
cycle and apoptosis in osteosarcoma cells was preliminarily 
investigated.

The levels of FOXL1 mRNA and protein were initially 
examined in osteosarcoma tissues and cell lines. It was 
demonstrated that the FOXL1 expression was significantly 
decreased as compared with corresponding non-tumor 
tissues. Additionally, FOXL1 expression was associated with 
an improved prognosis in patients undergoing surgery for 
osteosarcoma. These data indicate the possibility that FOXL1 
plays a tumor‑suppressor role in osteosarcoma. Similar results 
were observed in other types of cancer, such as pancreatic and 
gallbladder cancer (10,11). The regulation of FOXL1 expres-
sion remains to be determined, while future studies should be 
focused on genetic and epigenetic mechanisms for the deregu-
lated FOXL1 expression in tumors.

To identify its role in osteosarcoma, the effects of pcDNA-
FOXL1 on the proliferation of the U2-OS osteosarcoma 
cell line lacking the endogenous expression of FOXL1 was 
subsequently studied. The ectopic expression of FOXL1 
inhibited the proliferation of the U-2 OS cells as well as the 
tumorigenicity and growth of xenograft tumors in vivo. Based 
on the results of the cell cycle and apoptosis analysis, it was 
concluded that the antitumor activities of pcDNA-FOXL1 
may be attributable to its ability to induce cell cycle arrest and 
apoptosis.

It has been documented that certain forkhead transcrip-
tion factors have been shown to play an intrinsic role in 
controlling cell‑cycle progression (13,14). In the present study, 
it was found that FOXL1 plays a role in controlling G1/S 
transition. The G1/S checkpoint controls the entry of cells 
from the first preparation phase (G1) into the DNA synthesis 
phase (S). A number of cell cycle regulators participate in 
controlling this checkpoint. p21CIP1 and p27Kip1, which belong 
to cyclin-dependent kinase inhibitors (CKIs), interact with 
cyclin-dependent kinases, including CDK2, to inhibit kinase 
activity and reduce the phosphorylation of the retinoblastoma 
tumor‑suppressor protein (Rb) (15,16). The Rb complex binds 
to the E2F-DP1 transcription factors, inhibiting the down-
stream transcription (17). In the present study, transfection 
with pcDNA-FOXL1 caused the accumulation of the cyclin-
dependent kinase inhibitors p21 and p27, which may inhibit 
cdk2 kinase activity and the phosphorylation of Rb, leading 
to G1 arrest.

During apoptosis, cytochrome c is released into the cytosol 
as the outer membrane of mitochondria becomes permeable 
and the mitochondrial transmembrane potential is collapsed, 
and these events trigger caspase activation and initiation of 
apoptosis (18). In the present study, it was observed that ΔΨm 
was disrupted and cytochrome c was released from mitochon-
dria to cytosol following transfection with pcDNA-FOXL1. 
In addition, caspase-3, the key executioner in the process of 
apoptosis (19) was activated. These findings suggest that the 
ectopic FOXL1 expression activated the intrinsic (mitochon-
drial) apoptotic pathway.

In conclusion, our results suggest that FOXL1 plays a 
tumor‑suppressor role in osteosarcoma and the restoration of 
FOXL1 expression by gene therapy providing a potential treat-
ment for osteosarcoma patients lacking endogenous FOXL1 
expression.
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