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Fibroblast growth factor receptor 1 promotes MG63 cell
proliferation and is associated with increased expression
of cyclin-dependent kinase 1 in osteosarcoma
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Abstract. Osteosarcoma is the most common type of malig-
nant bone tumor in adolescents and young adults. However,
current understanding of osteosarcomagenesis remains
limited. In the present study, the role of fibroblast growth
factor receptor 1 (FGFR1) in human osteosarcoma cell
proliferation was investigated, and the possible pathways that
contribute to FGFR1-mediated osteosarcoma cell proliferation
were examined using microarray analysis. The expression
of FGFRI in osteosarcoma tissues was assessed by reverse
transcription-quantitative polymerase chain reaction and
immunohistochemistry. The results demonstrated that FGFR1
was markedly increased in osteosarcoma tissues, and that the
overexpression of FGFR1 in MG63 cells significantly promoted
cell proliferation, as observed using the cell viability assay.
In addition, FGFR1-mediated cell proliferation was closely
associated with cell cycle re-distribution, as determined by
microarray analysis. Western blotting identified that the expres-
sion of cyclin-dependent kinase 1 (CDK1) was correspondingly
increased in response to the overexpression of FGFR1. These
results indicated that FGFR1 contributes to cell proliferation
in osteosarcoma MGG63 cells, and FGFR1 mediated cell prolif-
eration may be attributed to the regulation of the cell cycle
regulator, CDK1. These findings provide evidence to support
the potential use of molecule target therapy against FGFR1 as
a promising strategy in osteosarcoma treatment and prevention.

Introduction

Osteosarcoma is the most common type of malignant bone
tumor in adolescents and young adults. In ~75% of cases,
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patients suffering from osteosarcoma are aged between
15-25 years old, with a median onset age of 16 years old and
a male predominance (1). Pain and swelling of the soft tissues
are the most common symptoms in patients with osteosar-
coma (2). Histologically, osteosarcoma is ascribed to the
proliferation of malignant spindle cells and is characterized
by osteoid, which is directly produced by sarcoma cells (3).
However, although current understanding of the histological
and clinical manifestations of osteosarcoma is increasing,
knowledge regarding the onset of osteosarcoma remains
limited.

Previous reports identifying fibroblast growth factor
receptors (FGFRs) have significantly improved current
understanding of human tumorigenesis (4-6). FGFRs are
transmembrane tyrosine kinase receptors, which belong to the
immunoglobulin (Ig) superfamily (7). FGFRs are known to
be comprised of four members in humans; FGFR1, FGFR2,
FGFR3 and FGFR4 (7). Structurally, the prototypical FGFR
monomer consists of three domains: An extracellular domain,
which mediates FGF binding; a transmembrane domain; and
an intracellular tyrosine kinase domain (7). The binding of
FGFs ligands to FGFRs directly induces receptor dimeriza-
tion and finally activates FGFRs kinase activities, leading to
initiation of the intracellular signaling network (7). Increasing
evidence indicates that alteration of the FGF-FGFR signaling
cascade may lead to cancer and is involved in organ devel-
opment, tumor cell proliferation and metastasis (6,8-11). At
present, three alterations have been identified as the predomi-
nant mechanisms that contribute to FGFR-mediated human
tumorigenesis, including chromosomal translocations (12-14),
receptor gene amplification (15-17) and FGFR-activating
mutations (18,19).

FGFRI, the first member of the FGFR family, has been
investigated predominantly in the process of human tumori-
genesis. Of note, FGFR1 overexpression is common in multiple
types of tumor. A previous study demonstrated that, in breast
cancer, FGFR1 amplification was one of the most common
changes and accounted for 10% of breast cancer cases (20).
Evidence has also revealed that the upregulation of FGFR1
increases cell proliferative ability, whereas its downregula-
tion stimulates apoptosis in breast cancer (21). In addition, a
previous study reported the existence of focal amplification
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of FGFRI1 in non-small cell lung cancer and in 21% of lung
adenocarcinoma cases (22). Furthermore, the number of
FGFRI1 copies has been identified as an independent prog-
nostic factor in non-small cell lung cancer (23), and the FGFR
inhibitor, ponatinib, can suppress the growth of non-small
cell lung cancer cells exhibiting a high expression level of
FGFRI1 (24). FGFRI1 has also found to be upregulated in pros-
tate cancer (25), pancreatic ductal adenocarcinoma (26), oral
squamous cell carcinoma (27), bladder cancer (28), ovarian
cancer (29) and sarcoma (30). Although high expression levels
of FGFR1 have been observed in a broad spectrum of types
of cancer, its role in human bone diseases remains to be eluci-
dated. To the best of our knowledge, FGFR1 has only been
reported to be associated with fracture non-union (31).

The present study aimed to investigate the expression
profile of FGFR1 in osteosarcoma and determine the possible
mechanisms underlying FGFR-mediated osteosarcoma devel-
opment, using high-throughput tissue microarray analysis.
Furthermore, the role of FGFR1 in osteosarcoma MG63 cell
proliferation was examined.

Materials and methods

Reagents. FGFR1 cDNA was amplified from the human
genome by polymerase chain reaction (PCR) and the ampli-
fied fragments were digested with HindIII and Xhol (Takara
Biotechnology Co., Ltd., Dalian, China) and were inserted
into the HindIIT and Xhol sites of the pcDNA3.1-Flag vector
(Invitrogen Life Technologies, Carlsbad, CA, USA), according
to the manufacturer's instructions. Sequences were verified
using DNA electrophoresis and sequencing. Dulbecco's modi-
fied Eagle's medium (DMEM; Corning Incorporated, New
York, NY, USA), dimethylsulfoxide (DMSO; Sigma-Aldrich,
St. Louis, MO, USA) and fetal bovine serum (FBS; Thermo
Fisher Scientific, Waltham, MA, USA) were all purchased
from commercial sources, as described. The anti-FGFR1
and actin antibodies were purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA, USA). Primary anti-
bodies against CDK1 and CDK?2 were obtained from Abcam
(Cambridge, MA, USA).

Cell line and transfection. The MG63 human osteosarcoma
cell line was obtained from Shanghai Institute of Biological
Sciences, Chinese Academy of Sciences (Shanghai, China).
The cells were cultured in DMEM with 10% FBS at 37°C in
a 5% CO, humidity-controlled incubator. The medium was
refreshed every 2 days. The Flag-FGFRI1 plasmid, which was
constructed using the pcDNA3.1-basic vector, was transfected
into the MG63 cells (1x10° cells/6 cm dish) prior to cell conflu-
ence reaching 80%. Lipofectamine 2000 (Invitrogen Life
Technologies) was used as the transfection regent. Transfection
efficiency was verified using a fluorescence microscope
(DMI3000 B; Leica Microsystems GmbH, Wetzlar, Germany)
and subsequent western blotting.

Patient samples and immunohistochemisty (IHC). A total
of 65 patients who underwent surgery at The Sixth People's
Hospital Affiliated to Shanghai Jiaotong University (Shanghai,
China) between 2012 and 2014 were chosen subsequent to histo-
logical verification of osteosarcoma. None of the 65 patients
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received preoperative chemotherapy or radiotherapy. The
examined population consisted of 65 patients (41 men and
24 women) with a median age of diagnosis of 51 years old
(range, 33-75 years). The tissue, which was separate from the
edge of tumor foci and was histologically judged to be free
from adenocarcinoma cells, was used as a normal tissue
control. All tissue samples were fixed in 4% formalin imme-
diately subsequent to removal and were embedded in paraffin
for immunohistochemical staining. The study was approved
by the Ethics Committee of Shanghai Jiaotong University, and
all patients provided informed consent.

THC analysis was performed using osteosarcoma tissues
and paired normal bone tissues. Paraffin-embedded tissues
were first cut into 4 ym-thick sections, followed by deparaf-
finization and rehydration with xylene and ethanol. The sections
were then subjected to antigen retrieval in 0.1 M citrate acid
buffer (Sangon Biotech Co., Ltd., Shanghai, China). Following
washing in phosphate-buffered saline (PBS) three times, the
sections were incubated with primary antibodies overnight at
4°C. Following incubation, the sections were incubated with
horseradish-peroxidase-labeled secondary antibody for 1 h at
room temperature. Following washing in PBS three times, the
sections were visualized using diaminobenzidine and images
were captured (DM13000 B; Leica Microsystems GmbH).

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA were isolated from samples from 65 patients using
TRIzol reagent (Sigma-Aldrich). The cDNA (500 ng) was
then prepared using an AMV Reverse Transcriptase synthesis
kit (Promega Corporation, Madison, WI, USA), according to
the manufacturer's instructions. qPCR was performed using a
QuantiTect SYBR Green PCR kit (Qiagen, Shanghai, China).
The qPCR cycle conditions were as follows: 95°C for 30 sec 38
cycles of 95°C for 5 sec and 60°C for 34 sec. The amplifica-
tion specificity was evaluated by melting curve analysis. The
relative mRNA levels were determined using the 2°2°T (CT;
cycle threshold) formula, where ACT = CT (target gene) - CT
(actin). All assays were performed in triplicate. 3-actin was
selected as the internal control. The following primers were
used: Forward 5'-CTAAGATCCCGTCCATCGCC-3' and
reverse 5-GGAGCCCAGCACTTTGATCT-3.

Western blot analysis. Following culture for 24 h, the MG63
cells were lysed using radioimmunoprecipitation assay buffer
(Sigma-Aldrich), containing 150 mM NaCl, 1% sodium deoxy-
cholate, 0.1% SDS, 1% Triton X-100, 50 mM Tris-HCI (pH 7.5)
and 2 mM EDTA), on ice for 20 min. Following centrifugation
at 4°C for 20 min (12,000 x g), the supernatant was collected.
Protein concentration was determined using a Bicinchoninic
Acid Assay kit (Pierce Biotechnology, Rockford, IL, USA).
Equal quantities of protein extract (40 ug) were loaded into
each lane of a 12% SDS-PAGE gel (Sangon Biotech Co., Ltd.)
for separation, and transferred onto polyvinylidene difluoride
membranes (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Following antigen blocking in Tris-buffered saline with
0.1% Tween 20, supplemented with 5% skim milk for 1 h,
the membranes were incubated with the following primary
antibodies overnight at 4°C: Monoclonal rabbit anti-EGFR1
(1:1,000; cat. no. ab32152; Epitomics, Inc., Burlingame,
CA, USA) and monoclonal rabbit anti-CDK1 (1:1,000; cat.
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Figure 1. Expression of FGFRI is high in osteosarcoma tissues. (A) IHC analysis of osteosarcoma and paired normal bone tissues with the FGFR1 antibody.
The protein level of FGFR1 was significantly elevated in the osteosarcoma tissues (magnification, x200). (B) Determination of the mRNA level of FGFR1 in
osteosarcoma and paired normal tissues. The changes in the mRNA expression levels were consistent with the results of the IHC analysis. Data are expressed
as the mean + standard deviation. FGFR1, fibroblast growth factor receptor 1; ICH, immunohistochemisty.

no. 5524; Cell Signaling Technology, Inc., Danvers, MA,
USA). Subsequently, the membranes were incubated with the
goat anti-rabbit IgG (1:5,000; Santa Cruz Biotechnology, Inc.)
secondary antibodies for 1 h at room temperature and were
processed for electrochemiluminescent detection using an
ECL system (Pierce Biotechnology).

Microarray analysis. To investigate the possible pathways
contributing to the onset of FGFR 1-mediated osteosarcoma, the
present study performed microarray analysis in osteosarcoma
samples. The focus of this investigation was predominantly on
cell cycle changes, and bone remodeling changes were selected
as a control. Data from the scanned arrays were extracted using
Genome Studios software (v 1.6; Illumina, San Diego, CA,
USA). Data processing and statistical analysis were performed
using MATLAB 2011a (MathWorks, Natick, MA, USA),
which was also used for multidimensional scaling analysis of
the detected probes. For gene analysis, the microarray data
were analyzed using the filtering criteria of adjusted P<0.05
and >15% change. To reveal genes with significant changes in
expression, heatmap analysis was performed for visualization
using MATLAB.

Cell viability assay. A Cell Counting Kit-8 (Dojindo
Molecular Technologies, Inc., Kumamoto, Japan) was used
to measure cell viability following FGFR1 transfection. The
MG63 cells (10°) were seeded into a 96-well plate and incu-
bated for 48 h at 37°C in 5% CO,. At 48 h post-transfection,
10 u1 CCK-8 solution was added to each well and the cells

were incubated for a further 4 h at 37°C, following which
the absorbance at 450 nm was measured using a microplate
reader (Multiskan Spectrum; Thermo Fisher Scientific). Each
experiment was repeated in triplicate, and observation of the
cells was continued for 4 days to determine changes.

Statistical analysis. Data are representative of at least three
independent replicate experiments performed in triplicate,
and are expressed as the mean + standard deviation. Student's
t-test was used to analyze the difference between two groups.
P<0.05 was considered to indicate a statistically significant
difference. All statistical analyses were performed with SPSS
statistical software, version 20.0 (IBM SPSS, Armonk, NY,
USA).

Results

FGFRI is expressed at high levels in osteosarcoma tissues.
To determine the expression level of FGFR1 in osteosarcoma
tissues, the present study performed IHC analysis of osteosar-
coma tissues and paired normal bone tissues using the FGFR1
antibody. The results demonstrated that the protein level of
FGFRI in the osteosarcoma tissues was notably higher than
that in the paired normal bone tissues (Fig. 1A). The staining
of FGFR1 was predominantly located in the plasma (Fig. 1A).
In addition, the mRNA level of FGFR1 was determined in the
two tissue groups. Consistently, FGFR1 exhibited a relative
mRNA level of ~4.5 in the normal bone, whereas the relative
mRNA level reached almost 7.5 in the osteosarcoma tissues
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Figure 2. FGFR1 affects the cell cycle in osteosarcoma. (A) Kyoto Encyclopedia of Genes and Genomes analysis revealed that the (a) cell cycle was significantly
affected in osteosarcoma (P=0.003), whereas no significant change was observed in the (b) bone remodeling process (P=0.369). (B) Heatmap analysis revealed
increases in the experession of a broad spectrum of genes associated with the cell cycle, whereas the expression of other genes decreased. (C and D) Multiple
cell cycle-associated genes were upregulated, while other genes were downregulated. FGFR1, fibroblast growth factor receptor 1.

(Fig. 1B). The elevated protein and mRNA levels of FGFR1
in osteosarcoma suggested that FGFR1 may be involved in
osteosarcomagenesis.

FGFRI affectsthe cell cycle in osteosarcoma.To investigate the
possible pathways, which contributed to the effects of FGFR in
osteosarcoma, the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database (http://www.kegg.jp/kegg/pathway.html)
was accessed (Fig. 2). Notably, cell cycle was significantly
affected in osteosarcoma (Fig. 2A(a); P=0.003). Bone remod-
eling is a ubiquitous process in bone diseases, therefore, the
bone remodeling process was also assessed as a control. As
expected, bone remodeling was not significantly affected

(Fig. 2A(b); P=0.369). As shown in Fig. 2C and D, the cell
cycle was significantly affected in osteosarcoma, with the
upregulation of multiple cell cycle-associated genes and the
downregulation of other genes downegulated. Furthermore,
the present study performed microarray analysis of osteosar-
coma using MATLAB, and to identify the genes and pathways
that are involved in disease development, heatmap analysis was
performed. The heatmap analysis demonstrated that multiple
genes associated with the cell cycle were elevated, whereas
certain other genes were decreased in osteosarcoma (Fig. 2B).
Taken together, the data from the KEGG and microarray
analyses suggested that the cell cycle is significantly affected
by FGFRI in osteosarcoma.
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Figure 3. CDKI1 is upregulated by FGFR1 in MG63 osteosarcoma cells. (A) Transfection efficiency was verified using a fluorescence microscope (magnifica-
tion, x200). (B) Reverse transcription-quantitative polymerase chain reaction analysis of the mRNA levels of CDK1 and CDK2 in FGFR1-overexpressed
MG63 cells. The mRNA expression of CDK1 was upregulated by FGFR1 overexpression ('P<0.05). Data are expressed as the mean + standard deviation.
(C) Western blotting revealed that the protein expression of CDK1 increased following transfection of the MG63 cells with the FLAG-FGFR1 plasmid. CDK,

cyclin-dependent kinase; FGFR1, fibroblast growth factor receptor 1.

08 - —o— pcDNA3
—m— pcDNA3-FGFR1
0.7 1 /é
/
0.6 /
/
05- _/ )
2 A A
< 04 - e /,/
S S
0.3 a1
P /.( ~ //’
0.2 T
=
0.1+
0.0 v ; )
0 1 2 3 4 5
Days

Figure 4. Overexpression of FGFR1 promotes MG63 cell proliferation.
The MG63 cells were transfected with the FGFR1 expression plasmid. At
48 h post-transfection, the cells from FGFR1-overexpression group and
control group were examined using a cell viability assay. The cells in the
FGFRI1-overexpressed group exhibited increased proliferative activity from
day 2. On day 4, the number of cells in the FGFR1-overexpressed group were
~1.7-fold higher than those in the control group. FGFRI, fibroblast growth
factor receptor 1; OD, optical density.

CDK]1 is upregulated by FGFRI in MG63 osteosarcoma
cells. To further investigate the downstream molecules
regulated by FGFR1, the MG63 cells were transfected with

the Flag-FGFRI1 expression plasmid. Transfection efficiency
was visualized using a fluorescence microscope (Fig. 3A).
Subsequently, total RNA was extracted and RT-qPCR anal-
ysis was performed to examine the expression of cell cycle
molecules, including CDK1 and CDK?2. Notably, the mRNA
expression of CDK1 increased significantly in response to
FGFRI1 overexpression, whereas no significant change was
observed in the mRNA level of CDK?2 (Fig. 3B). Consistently,
western blotting also confirmed that the protein level of
CDKI1 was upregulated following MG63 cell transfection
with the pcDNA3-Flag-FGFRI1 plasmid (Fig. 3C). These data
suggested that FGFR1 targeted CDKI1 to regulate the cell
cycle in osteosarcoma.

Overexpression of FGFRI promotes MG63 cell prolif-
eration. To investigate the role of FGFR1 in osteosarcoma
development, the MG63 cells were transfected with the
pcDNA3-Flag-FGFR1 plasmid and a cell viability assay
was performed. The absorbance at 450 nm, which repre-
sents cell numbers was continuously determined for
5 days. The results demonstrated that the number of cells
in the FGFR1-overexpressed group were higher than in the
control group from day 2. Subsequently, the cell numbers
increased markedly, with the FGFR1-overexpressed MG63
cells increasing ~7-fold by day 4. Notably, the number of
FGFR1-overexpressed MG63 cells increased by almost
1.7-fold, compared with the control group on day 4 (Fig. 4).
These data lead to the conclusion that FGFR1 overexpression
promoted MG63 cell growth.
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Discussion

Although substantial progress has been achieved through
combination surgical resection and neoadjuvant chemotherapy
in the treatment of human osteosarcoma, the survival rate of
patients with osteosarcoma exhibiting localized diseases at
diagnosis has remained at ~70% since the mid-1980s, and the
long-term survival rate of patients with metastatic or recur-
rent disease remains <20% (32,33). Accordingly, increased
understanding of the molecular mechanisms underlying
osteosarcomagenesis, and the identification of novel molecular
targets for osteosarcoma treatments, are urgently required. The
present study investigated the role of FGFR1 in the development
of human osteosarcoma, and examined the possible mecha-
nisms underlying the involvement of FGFR1 in osteosarcoma.

Consistent with the expression profile in other types of
cancer, the present study demonstrated that the expression
level of FGFR1 was elevated in osteosarcoma tissues (Fig. 1).
Overexpression of FGFRI1 significantly promoted MG63 cell
proliferation (Fig. 4), indicating that a high expression level
of FGFR1 may be an indicator of osteosarcoma cell growth.
Furthermore, the possible pathways that contribute to the role
of FGFRI1 in osteosarcoma were screened. KEGG database
and heatmap analysis were common strategies that were
used for high-throughput microarray analysis (34). With the
assistance of these two tools, the present study demonstrated
that cell cycle was significantly affected in the development
of FGFR1-mediated osteosarcoma (Fig. 2A). Multiple gene
expression levels were elevated, and others were decreased
(Fig. 2B-D). Based on these findings, the present study upreg-
ulated the expression of FGFR in MGG63 cells and, following
verification of transfection efficiency (Fig. 3A), detected
the expression of CDKs using RT-qPCR and western blot
analysis. The results revealed that the expression of CDKI,
but not CDK2, was significantly upregulated by FGFR1 in
the MG63 cells (Fig. 3B and C). These findings indicated that
FGFRI1 may affect cell cycle by regulating the expression of
CDKI.

CDKs are key regulators of the cell cycle and are under
tight control by external and internal signals (35). The
targeting of CDKs is always implicated in clinical anticancer
drug developments (11,36). The role of CDKs in neoplasia is
also widely reported (11). In general, CDK1 and cyclin Bl are
associated with the G2/M phase; CDK?2, cyclin E and cyclin
A are associated with the G1/S transition and S phase; and
CDK4 and cyclin DI are associated with the G1 phase (37).
In the present study, the upregulation of FGFR1 caused a
corresponding increase in the expression of CDK1, without
affecting the level of CDK?2 (Fig. 3B and C). These data
suggested that FGFR1 may affect the G2/M phase. Of note,
targeting CDK1, but not CDK4/6 or CDK2, is selectively lethal
to MYC-dependent human breast cancer cells (38). Melatonin
also selectively targets CDK1, but not CDK2, to promote
breast cancer cell proliferation (37). These reports confirm that
the promoting effect of FGFR1 may be due to the upregulation
of CDK1, which is associated with the G2/M phase. However,
the detailed mechanisms of how FGFRI1 regulates CDK1 and
affects the G2/M phase remain to be elucidated. As kinase
activity is critical for FGFR1 and CDK function, the present
study hypothesized that phosphorylation may be pivotal in
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FGFR1-mediated cell cycle regulation. However, further
investigation is required.

The present study provided evidence that FGFR1 promoted
osteosarcoma cell proliferation, and that CDK1 may be
critical in FGFR1-mediated osteosarcoma development. These
findings may improve current understanding of molecule
mechanisms underlying the development of osteosarcoma, and
may provide novel insights into the molecular targeted therapy
for osteosarcoma. The development of novel drugs targeting
FGFR1 may be promising for osteosarcoma treatment and
prevention.
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