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Combined inhibition of FGFR and mTOR pathways
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Abstract: The PI3K/AKT/mTOR signaling pathway is considered as a promising therapeutic target in the treatment
of ovarian cancer (OC); however, inhibition of this pathway only exhibited moderate clinical efficacy when tested
clinically. Combination of mTOR inhibitors with other anticancer compounds could improve the anticancer efficiency.
Therefore, the concurrent inhibition of Fibroblast Growth Factor Receptor (FGFR) signaling pathway was evaluated
in the present study. OC cell lines were treated with FGFR inhibitor BGJ398, mTOR inhibitor Rapamycin, or combined inhibition of both BGJ398 and Rapamycin. The results revealed that the growth and motility, expression of
angiogenic markers and phosphorylation of associated proteins were affected in treated OC cells. Additionally, the
anticancer effects of aforementioned inhibitors were evaluated using a murine tumor xenograft model. Combined
treatment with BGJ398 and Rapamycin exhibited stronger inhibitory effects on the growth and motility of OC cells
compared with BGJ398 or Rapamycin alone group. Furthermore, combined inhibition of FGFR and mTOR pathways
by BGJ398 and Rapamycin induced remarkable cell cycle arrest and apoptosis in OC cells. Reduced tumor size in
the xenograft was also observed following combined treatment but not in BGJ398 or Rapamycin alone group. The
results in the present study revealed that combined inhibition of FGFR and mTOR pathways could be a promising
therapeutic strategy in the treatment of patients with OC.
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Introduction
Ovarian cancer (OC) is the fourth leading tumor
in women, and the most common type of gynecological malignancy characterized by high
mortality rate. Annually, >200,000 cases of OC
patients are diagnosed with >100,000 mortality worldwide [1]. Most OC initiated from epithelial cells and are thus composed of poorly differentiated epithelial cells [2]. Surgical treatment of OC, such as radical hysterectomy together with bilateral salpingo-oophorectomy
combined with platinum-based chemotherapy,
is able to increase the 5-year survival rate to
45%, and <40% of patients can be cured [3].
Therefore, it is important to identify the novel
targets and underlying molecular mechanisms
that promote the pathogenesis of OC.
Recent study suggested that the Fibroblast
Growth Factor (FGF)/FGF Receptor (FGFR) fam-

ily, which consist of 19 FGFs and four FGFRs,
can interact with PI3K/AKT pathway and subsequently involve in the carcinogenesis of OC [4].
In addition, FGFRs recruit stromal cells, which
are essential participants in the growth and
motility of OC cells. Furthermore, the copy number of FGFR1 was elevated in both serous tumor
and endometrioid carcinoma [5]. Additionally,
individual FGFRs including FGFR2 IIIb are not
expressed in normal ovarian epithelium, but are
overexpressed in OC [6]. Mutations activated by
FGFR2/3 could result in OC cancerogenesis [7].
The aforementioned PI3K/AKT pathway can
activate the serine/threonine kinase called the
mechanistic target of Rapamycin (mTOR), which
is also implicated in OC [8]. Thus, the PI3K/
AKT/mTOR signaling pathway is considered a
promising therapeutic target in the treatment of
patients with OC. Numerous inhibitors have
been developed against various components of
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this pathway; however, none of these inhibitors
exhibited notable clinical efficacy [9]. Complementary therapeutic strategies combined
with the inhibition of the PI3K/AKT/mTOR pathway could be developed. For instance, FGFR
inhibitors function as tumor suppressors, such
as inhibition of stromal cells. Furthermore, a
synergistic activity of combined inhibition of
mTOR and FGFR pathways has been reported
[10].
Therefore, the present study aimed at investigating whether the combined inhibition of
mTOR and FGFR pathways would enhance the
anticancer effects in the treatment of OC.
Materials and methods
Cell lines and reagents
OC cell lines (CAOV-3, SKOV-3 and OVCAR-5)
and vascular smooth muscle cells (as stromal
control) were obtained from the Cell Bank of
the Chinese Academy of Science (Beijing,
China). Inhibitors of FGFR (BGJ398) and mTOR
(Rapamycin), paraformaldehyde and dimethyl
sulphoxide (DMSO) were purchased from Selleck Chemicals (Houston, Texas, USA). For the
treatment of mice, BGJ398 and Rapamycin
were dissolved in water. For the treatment of
cells, stock solutions of BGJ398 and Rapamycin
were prepared in DMSO and further diluted in
cell culture medium. Monoclonal antibodies
against phosphorylated AKT and total AKT,
phosphorylated ERK1/2 and total ERK1/2,
phosphorylated PI3K and total PI3K, phosphorylated S6 and total S6 and horseradish peroxidase conjugated goat anti-mouse antibody
were purchased from Cell Signaling (Beverly,
Massachusetts, USA). Other antibodies (anti-bactin antibody, horseradish peroxidase conjugated donkey anti-mouse/rabbit antibody) were
from obtained from Santa Cruz Biotechnology
(Shanghai, China).
Patient specimens
Tumor specimens were obtained from five
patients who underwent tumor resection at the
Department of Surgery, Jinzhou Medical University (Liaoning, China). None of the patients
had received radiotherapy, chemotherapy or
other anticancer treatments prior to surgery.
RNA was isolated using the RNeasy Mini Kit
(Qiagen, Venlo, The Netherlands). The study
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design was approved by the Human Ethics
Committee of Jinzhou Medical University, and
informed written consents were obtained from
patients for the use of their tissues.
Cell proliferation assay
CyQuant Cell Proliferation Assay Kit (Invitrogen,
Carlsbad, CA, USA) was used in the evaluation
of cell growth. Exponentially growing cells were
seeded into 96 well plates. The values of effective concentration at 50% maximum inhibition
(EC50) were determined for both inhibitors on
each OC line and defined as 1×. Cells were then
incubated for 24 h, and the treatments of
rapamycin and BGJ398 were performed with a
fixed ratio of 1:1 for each compound. Two-fold
serial dilutions above and below the EC50 were
tested. The values ranging from 0.125 to 8
were added to the cells for 72 h.
Transwell assay
The assay was performed using a dual chamber system. A total of 2.5×105 cells were resuspended in serum free DMEM onto a BD
FalconTM Cell Culture and seeded into an insert with the pore size of 8 mm (BD, Heidelberg, Germany). The cells were treated with
BGJ398, rapamycin or both inhibitors and
added to the upper chamber. To evaluate the
invasive ability, membranes were coated with
BD MatrigelTM (BD Biosciences, Franklin Lakes, NJ, USA). Then cells were incubated at
37°C for 48 hours, and non-invasive cells were removed using a cotton swab. The cells
attached to the lower membranes of the Transwell chambers were fixed with 4% paraformaldehyde and stained with 0.5% crystal violet. The invasive capacities were examined by
counting the number of invasive cells in three
randomly selected fields/membranes by using
an inverted microscope (magnification, ×40,
IX83; Olympus Corporation, Tokyo, Japan) noninvasive cells were removed from the upper
chamber.
Western blot analysis
Cells were harvested using radioimmunoprecipitation buffer (50 mM Tris-HCl [pH 7.4],
0.25% sodium deoxycholate, 150 mM NaCl, 1
mM EDTA, 1% NP-40, 1 mM PMSF and protease inhibitor cocktail). Protein concentration
was determined using the Bio-Rad protein
assay kit (Bio-Rad Laboratories, Hercules,
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Table 1. Primer sequences
FGFR1
FGFR2IIIb
FGFR2IIIc
FGFR3
FGFR4
VEGF-A
PDGF-B
bFGF

5’-CAGTGACACCACCTACTTC
5’-TGCTGGCTCTGTTCAATGTG
5’-ACACCACGGACAAAGAGATT
5’-ATGGGCGCCCCTGCCTGC
5’-CGGCCTCTCCTACCAGTCT
5’-GCAGCTTGAGTTAACGAACG
5’-TCGAGTTGGAAAGCTCATCTC
5’-AGCGGCTGTACTGCAAAAAC

3’-GCACCACAGAGTCATTAT
3’-GGCGATTAAGAAGACCCCTA
3’-GGCGATTAAGAAGACCCCTA
3’-GTGGTGTGTTGGAGCTCATG
3’-TGCCGGAAGAGCCTGAC
3’-GGTTCCCGAAACCCTGAG
3’-GTCTTGCACTCGGCGATTA
3’-TTCTGCTTGAAGTTGTAGCTTGAT

California, USA). Equal amounts of protein samples were separated by SDS-PAGE, transferred
onto polyvinylidene difluoride membranes and
incubated with primary antibodies overnight at
4°C. Following three washes, the membranes
were incubated with the secondary peroxidaseconjugated antibody (1:1000) for one hour at
room temperature. Bands were visualised using an enhanced chemiluminescence protein
detection kit (Pierce Biotechnology; Thermo
Fisher Scientific, Inc).
RNA isolation and reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
Total RNA was extracted using TRIzol reagent
(Thermo Fisher, Beijing, China) according to the
manufacturer’s protocols. Reverse transcription was performed using the TOYOBO ReverTra
Ace reverse transcription kit (Toyobo, Shanghai,
China). Then qPCR was conducted and primer
sequences were presented in Table 1. The program used was as follows: 95°C for 15 min, followed by 40 cycles of 95°C for 15 sec, 55°C for
30 sec and 72°C for 30 sec). Gene expression
levels were analyzed in triplicate and normalized to housekeeping genes using 2-ΔΔCt method.
®

Flow cytometry
The apoptosis and cell cycle were evaluated
using flow cytometry. Cells were washed with
phosphate-buffered saline and 70% pre-cooled
ethanol at 4°C overnight. Fixed cells were then
resuspended using 1 mL of propidium iodide
(20 mg/L, Sigma-Aldrich) containing RNAase.
Cells were filtrated by using nylon mesh after
keeping in dark for 30 min. The red fluorescence of excitation wavelength at 488 nm was
recorded by flow cytometry (FACS Calibur, BD
Biosciences, San Jose, California, USA).
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The present study was approved by the Animal Ethics
Committee of Jinzhou Medical University. Female, 5
weeks old, nude mice (nu/
nu strain) weighing 17-20 g
were used. A total of 5×104
SKOV-3 cells were injected
into the right flank of each
mouse as previously described [10]. Tumor size was calculated using
the following formula: volume = (length ×
width2)/2. When the average volume of the
tumor reached 200 mm3, mice (n=5 mice/
group) were administered BGJ398 (10 or 30
mg/kg, 1 per day by oral gavage) or rapamycin
(0.4 or 1 mg/kg per day, intra-peritoneally) or a
combination of both compounds. The treatment lasted for 21 days. The nude mice were
sacrificed by cervical dislocation, and the
tumors were removed and weighed.
Statistical analysis
All experiments were repeated at least three
times. The data were analyzed using GraphPad
Prism 6 (San Diego, California, USA) and presented as mean ± standard deviation (SD).
Student t-test or one-way analysis of variance
(ANOVA) was used for comparison between different groups. P<0.05 was considered to indicate a statistically significant difference.
Results
The expression level of FGFR in OC, vascular
smooth muscle cells and patient samples
The expression of FGFR in OC cell lines (CAOV3, SKOV-3 and OVCAR-5), vascular smooth
muscle cells and OC tissues was quantified
using qPCR The expression of FGFR1, 3, 4 and
FGFR2IIIc were detected in all three tested OC
cell lines (Figure 1A-E). In addition, FGFR2IIIb
was abundantly expressed in CAOV-3 and
OVCAR-5 cells, but not in SKOV-3 (Figure 1B).
The expression levels of FGFR2IIIb and c were
extremely low in vascular smooth muscle cells,
where FGFR1, 3 and 4 were strongly expressed
(Figure 1A-E). In OC tissues, mRNAs of all five
tested FGFRs were detected, and the expression levels of FGFG1 and 4 were abundant
(Figure 1A-E). These results revealed that
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Figure 1. The expression level of FGFRs in OC cells and tissues. A. The mRNA level of FGFR1 in OC cells, vascular smooth muscle cells and OC tissues. B. The expression of FGFR2IIIb in OC cells and tissues. C. The mRNA level of FGFR2IIIc in OC cells and tissues. D. The expression of FGFR3 in OC cells, vascular smooth muscle
cells and OC tissues. E. The mRNA level of FGFR4 in OC cells, vascular smooth muscle cells and OC tissues. VSMC: vascular smooth muscle cells, OC: ovarian cancer.
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Figure 2. The effects of combined treatment using BGJ398 and rapamycin on cancer growth. A-C. SKOV-3, CAOV-3
and OVACR-5 cells were treated with serial concentrations of BGJ398, Rapamycin, or both inhibitors at a ratio of 1:1.
The dose range was 0.125-8× IC50 of each compound.

potential targets of BGJ398 are expressed in
OC cells and tissues.
The effects of combined treatment using
BGJ398 and rapamycin on cancer cell growth
Potential synergistic effects of BGJ398 and rapamycin on cancer cell growth were investigated using previously established method [11].
BGJ398 and rapamycin inhibit FGFR and mTOR
signaling pathway respectively. The inhibitors
were tested both individually and in combination. IC50 of BGJ398 were 40, 100 and 200 nM
in SKOV-3, CAOV-3 and OVCAR-5 cells, where
the IC50 of rapamycin IC50 were 0.5, 1.0 and 1.5
nM (data not shown). Furthermore, serial concentrations from 0.125 to 8× IC50 of the inhibitors were tested alone or in combination.
Combined treatment using BGJ398 and rapamycin exhibited enhanced inhibition of cell
proliferation in a dose-dependent manner
(Figure 2).
The influences of combined treatment using
BGJ398 and Rapamycin on SKOV-3 cells
To investigate whether the growth of SKOV-3
cells was suppressed by combined treatment
of BGJ398 and rapamycin, further experiments
were conducted. Cells were treated with either
individual inhibitor or combined compounds for
up to 72 hours. The cell growth was inhibited by
BGJ398 significantly, and addition of rapamycin enhanced the effects (Figure 3A).
In addition, the mechanisms of rapamycin- and
BGJ398-modulated motility of SKOV-3 cells
were investigated. The cell growth was significantly suppressed by rapamycin and BGJ398
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especially with combined treatment (Figure
3B). The effects on angiogenic factors in treated cells were evaluated using qPCR, and the
results suggested that the expression levels of
PDGF-B and VEGF-A were significantly downregulated in SKOV-3 cells, where the level of
bFGF was remarkably upregulated by combined
treatment of BGJ398 and rapamycin (Figure
3C-E). To further explore the pathways involved
in the combined treatment, the expression
level and phosphorylation status of the proteins associated with mTOR and FGFR signaling
pathways were evaluated (Figure 3F). Treatment
with BGJ398 alone led to partially inhibited
phosphorylation of Akt, PI3K and ERK1/2,
whereas the phosphorylation of S6 remained
unchanged; however, the phosphorylation of
S6 was significantly inhibitied by rapamycin.
Furthermore, combined treatment resulted in
completely inhibited phosphorylation of S6,
Akt, PI3K and ERK1/2. In summary, SKOV-3
cells could be susceptible to co-inhibition of
BGJ398 and rapamycin.
The effects of combined treatment of BGJ398
and Rapamycin on CAOV-3 cells
The growth of CAOV-3 cells were significantly
inhibited by combined treatment using BGJ398
and rapamycin (Figure 4B). In addition, the potential effects of the inhibitors on the migration of CAOV-3 cells were investigated. Combined inhibition of mTOR and FGFR pathways
resulted in significant suppression on cell
migration (Figure 4B). Furthermore, inhibition
of FGFR notably reduced the mRNA levels of
PDGF-B and VEGF-A and increased the expression of bFGF (Figure 4C-E). The effects on phosphorylation status of S6, Akt, PI3K and ERK1/2
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Figure 3. The influences of combined treatment on SKOV-3 cells. A. The growth of SKOV-3 cells treated with 40 nM
BGJ398 (with or without 0.5 nM rapamycin) for 72 hours. B. The motility of SKOV-3 cells following the treatments.
C-E. The expression levels of PDGF-B, VEGF-A and bFGF in SKOV-3 cells treated with 40 nM BGJ398 (with or without
0.5 nM rapamycin) for 72 hours. F. The expression of p-S6, p-Akt, p-PI3K and p-ERK1/2 following the treatments.
*
P<0.05 vs. the control group; #P<0.05 vs. the treatment with BGJ398 or rapamycin alone.

Figure 4. The effects of combined treatment of BGJ398 and rapamycin on CAOV-3 cells. A. The growth of CAOV-3
cells growth treated with 100 nM BGJ398 (with or without 1.0 nM rapamycin) for 72 hours. B. The motility of CAOV3 cells following the treatments. C-E. The expression levels of PDGF-B, VEGF-A and bFGF in CAOV-3 cells treated
with 100 nM BGJ398 (with or without 1.0 nM rapamycin) for 72 hours. F. The expression of p-S6, p-Akt, p-PI3K
and p-ERK1/2 following the treatments. *P<0.05 vs. the control group; #P<0.05 vs. the treatment with BGJ398 or
rapamycin alone.

were also investigated (Figure 4F), and the
phosphorylation of these proteins was inhibited by the combined treatment. Therefore,
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combination of BGJ398 and rapamycin exhibited similar effects on CAOV-3 cells as seen in
SKOV-3 cells.
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Figure 5. Combination of BGJ398 and rapamycin promotes cell cycle arrest and apoptosis in SKOV-3 and CAOV-3
cells. A. Cell cycle in SKOV-3 cells treated with 40 nM BGJ398 (with or without 0.5 nM rapamycin) for 72 hours.
B. The apoptosis rate of SKOV-3 cells following the treatments. C. Cell cycle in CAOV-3 cells treated with 100 nM
BGJ398 (with or without 1.0 nM rapamycin) for 72 hours. D. The apoptosis of SKOV-3 cells following the treatments.
*
P<0.05 vs. the control group; #P<0.05 vs. the treatment with BGJ398 or rapamycin alone.

Combination of BGJ398 and rapamycin promote cell cycle arrest and apoptosis in SKOV-3
and CAOV-3 cells
The effects of combined treatment on cell cycle
and apoptosis on SKOV-3 and CAOV-3 cells
were evaluated. As presented in Figure 5A and
5C, treatment with individual compound led to
decreased proportion of cells in S and G2/M
phase, with a concomitant accumulation of
cells in the G0/G1 phase. The changes were
statistically significant in SKOV-3 and CAOV-3
cells. In comparison, effects of combined treatment were more pronounced and induced G0/
G1 arrest. Furthermore, treatment with BGJ398
and rapamycin significantly promoted the apoptosis of SKOV-3 (Figure 5B) and CAOV-3 (Figure
5D) cells. These influences could be caused by
cell cycle arrest, and combination of both inhibitors may enhance the effects on cell cycle
arrest and apoptosis in OC.
Effects of combined treatment of BGJ398 and
rapamycin on the growth of tumor in vivo
To investigate whether the aforementioned signaling pathways could be inhibited in vivo, a

1622

mouse tumor xenograft model was established.
No regression of the tumor was observed when
the mice were treated with each compound
alone, albeit a dose-dependent inhibition of
tumor growth was detected (Figure 6A and 6B).
Furthermore, BGJ398 inhibited tumor growth
by 21 and 76% respectively, when used at 10
and 30 mg/kg (Figure 6A and 6B). In comparison, rapamycin exhibited inhibition by 50 and
74% at the doses of 0.4 and 1 mg/kg (Figure
6A and 6B). A combination of low-dose BGJ398
(10 mg/kg) and rapamycin (0.4 mg/kg) resulted in significant reduction of tumor size (Figure
6A). In addition, combined treatment using
high-dose BGJ398 and rapamycin induced
more substantial inhibition on tumor growth
(Figure 6B).
Following the harvest of tumors, the phosphorylation status of key regulators in the two signaling pathways (S6, Akt, PI3K and ERK1/2)
were evaluated by western blotting. The results
revealed that rapamycin diminished the phosphorylation of S6, whereas the phosphorylation
of S6, Akt, PI3K and ERK1/2 were all inhibited
by BGJ398 (Figure 6C). Furthermore, combina-
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Figure 6. The effects of combined treatment on the growth of tumor in vivo. Mice with SKOV3 endometrial xenografts (200 mm3) were randomized into treatment with vehicle, BGJ398 (10 or 30 mg/kg), Rapamycin (0.4 or 1.0
mg/kg), or a combination of both inhibitors. A. Tumor growth in low-dose BGJ398 group (with or without Rapamycin).
B. The growth of tumor in high-dose BGJ398 group (with or without Rapamycin). C. The expression levels of p-S6,
p-Akt, p-PI3K and p-ERK1/2 in mice treated with 30 mg/kg BGJ398 (with or without 1.0 mg/kg rapamycin). D. The
network of FGFR signaling pathway. Inhibition of FGFR results in the phosphorylation of FRS2-α and activation of
downstream molecules such as ERK1/2 and PI3K, and the PI3K/AKT pathway activates the mTOR/S6 signalling,
which is negatively regulated by rapamycin.

tion of rapamycin and BGJ398 inhibited the
phosphorylation of S6, Akt, PI3K and ERK1/2.
The proposed intracellular effects of the associated molecules were presented in Figure 6D.
Discussion
OC is one of the most common types of gynecological malignancies with poor prognosis, and
the median survival time is ~18 months [3, 12].
Compared with current treatments, potential
targeted therapies could be more effective. The
mTOR pathway is involved in OC tumorigenesis
[9, 13]. In previous phase I study, patients
treated with mTOR inhibitor exhibited longer
survival time [14]. However, in recent phase II
studies, moderate effects was achieved by inhibition of the mTOR pathway [15, 16]. Furthermore, in other types of cancer, previous
study revealed that combined inhibition of
mTOR and FGFR signalings could be a promising anticancer approach [10]. Therefore, whether inhibition of both aforementioned pathways
is more effective in the treatment of OC was
investigated.
To confirm that FGFR signaling pathway is associated with OC pathogenesis, we the expres1623

sion levels of FGFRs were evaluated in OC cells
and tissues, but not in normal stromal cells.
Furthermore, combined inhibition against mTOR and FGFR pathways exhibited prominent
anticancer effects in OC cells. In additions, the
influences of combination of BGJ398 and rapamycin were further confirmed in a murine
tumor xenograft model.
Angiogenesis is crucial for the initiation and
development of OC, and anti-angiogenic therapy was effective in OC [17, 18]. In the present
study, decreased levels of angiogenesis-associated regulators, such as VEGF, PDGF and
TGF-β was detected in OC cells, following the
combined treatment. Interestingly, the expression of VEGF-A was also reduced in OC cells
treated with BGJ398 and rapamycin. VEGF-A is
a regulator of tumor angiogenesis, and its expression is associated with cancer progression
and overall survival [19]. In addition, the results
suggested that combined treatment with
BGJ398 and rapamycin led to diminished expression of PDGF-B, which is consistent with
previously published studies [20]. PDGF-B regulates the survival and apoptosis of OC cells [21,
22]. Therefore, the synergistic effects of inhibitAm J Transl Res 2019;11(3):1616-1625
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ing both FGFR and mTOR pathways could disrupt tumor angiogenesis.
Tumor migration, as a major contributor to the
pathogenesis and progression of OC, is increasingly perceived [23]. In consistent with previous
reseach [20, 24], the results of the present
study indicated that combined FGFR/mTOR
inhibition exhibited enhanced effects on the
migration of OC cells. Interestingly, inhibition of
FGFR also exerts some influences on OC cells.
Compared with previous study [20], this could
be a result of tested cancer cell lines originated
from various types of tumors. Furthermore, OC
cell cycle was significantly shifted from S to G0/
G1 phase and cells apoptosis was promoted in
SKOV-3 and CAOV-3 cells following the treatment with BGJ398 and rapamycin. The results
revealed that combination of both inhibitors
induced cell cycle arrest and apoptosis in OC
cells.

Conclusion
In summary, the results suggested that simultaneous inhibition of FGFR and mTOR activity
could contribute to anti-proliferative effects
and tumor regression. Furthermore, the findings revealed that combined treatment of
BGJ398 and rapamycin may be a promising
therapeutic strategy in the treatment of patients with OC.
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