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Abstract. Fibroblast growth factor receptor 4 (FGFR4) has 
been confirmed to be associated with the progression and 
prognosis of ovarian cancer, while the underlying mechanism 
has not been well elucidated and the clinical significance 
of its ligand, fibroblast growth factor 19 (FGF19), has not 
been explored. To study the clinical significance of FGF19 
in advanced‑stage serous ovarian cancer, we detected the 
expression of FGF19 and FGFR4 by immunohistochemistry 
(IHC), evaluated the correlation between FGF19 and clini-
copathological factors by Chi-square (χ2) test, and analyzed 
the association between FGF19, FGFR4 and the overall 
survival rate using the Kaplan‑Meier method. As a result, 
we demonstrated that high expression of FGF19 and FGFR4 
both predicted unfavorable prognosis (P=0.033 and 0.018, 
respectively), whereas FGF19-FGFR4 double high expres-
sion was a more sensitive prognostic factor of advanced-stage 
serous ovarian cancer (P<0.001). With experiments in vitro, 
we demonstrated that both recombinant FGF19 and secreted 
FGF19 promoted ovarian cancer proliferation and invasion by 
activating FGFR4 and the subsequent AKT-MAPK signaling 
pathway, suggesting that FGF19-FGFR4 signaling may auto-
activate in a paracrine or autocrine manner. In conclusion, 
FGF19-FGFR4 double high expression was a more sensitive 
prognostic factor than FGF19 or FGFR4 alone in advanced-
stage serous ovarian cancer. The FGF19-FGFR4 signaling 
pathway can promote ovarian cancer proliferation and 
invasion by the AKT-MAPK signaling pathway, indicating 
that FGF19 could be a potential therapeutic drug target of 
advanced-stage serous ovarian cancer.

Introduction

Ovarian cancer is one of the most lethal malignancies among 
all gynecological tumors and results in the second highest 
number of cancer-related deaths among women worldwide (1). 
Ovarian cancer is a group of heterogeneous tumors, which 
comprise several histological subtypes: serous, mucinous, 
endometrioid, clear cell and undifferentiated carcinomas. 
High-grade serous carcinoma accounts for ~80% of epithelial 
ovarian carcinomas and has the highest recurrence rate. Due to 
advances in surgical management and adjuvant chemotherapy, 
the survival rate of ovarian cancer patients has been markedly 
increased, but ovarian cancer still remains the most lethal 
cancer in gynecology with a 5-year overall survival of only 
25-35% and causes more than 15,000 deaths/year (2-4), which 
is the focus of ovarian cancer study for decades (5). The high 
mortality of ovarian cancer is partly due to clinical silence and 
high recurrence. Most patients are diagnosed at an advanced 
stage and the majority of patients, up to 75%, eventually suffer 
recurrence, although they receive debulking surgery and stan-
dard chemotherapy (6). In conclusion, effective, predictive or 
prognostic biomarkers are urgently needed for early diagnosis 
and survival time prolongation.

In the human, fibroblast growth factors (FGFs) are 
heparin‑binding proteins consisting of a family of 18 members, 
which are essential for signal transduction through interacting 
with cell surface-associated heparan sulfate proteogly-
cans (7,8). FGFs are involved in many cellular processes such 
as proliferation, differentiation and angiogenesis, and their 
ectopic overexpression has been discovered in many types of 
cancers. FGFs function as signaling inducers by interacting 
with FGFRs. Fibroblast growth factor receptors (FGFRs) 
comprise five members, including four tyrosine kinase recep-
tors (FGFR1, FGFR2, FGFR3 and FGFR4) and a non-tyrosine 
kinase receptor (FGFR5, also known as FGFRL1) (9). FGFR4 
is demonstrated to bind with FGF1, FGF2, FGF4, FGF6, FGF8, 
FGF9, FGF16, FGF17, FGF18, FGF19, FGF21 and FGF23, but 
FGF19 and FGF21 have the highest affinity and specificity to 
FGFR4. Among the FGFR family, FGFR4 is distinguished in 
ovarian cancer because previous studies have determined that 
it is a prognostic biomarker and potential therapeutic target 
for ovarian cancer (10). However, the underlying mechanism 
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of how FGFR4 leads to an unfavorable prognosis and how 
FGFR4 is stimulated and triggers the downstream signaling 
network has not been well elucidated.

In the present study, we hypothesized that FGFR4 func-
tions in ovarian cancers as part of a signaling network in the 
cancer microenvironment and thus we detected the expres-
sion of FGFR4-specific ligand, FGF19, in advanced-stage 
serous ovarian cancer with immunohistochemistry  (IHC). 
Furthermore, we evaluated the prognostic value of FGF19 
with univariate and multivariate analyses. Using experi-
ments in vitro, we demonstrated that FGF19 can be secreted 
and promotes ovarian cancer progression such as prolif-
eration and invasion by activating FGFR4, indicating that 
the FGF19‑FGFR4 paracrine pathway can be considered as a 
potential drug target in ovarian cancer therapy.

Materials and methods

Patients and follow-up. A total of 134 patients were diag-
nosed with advanced-stage serous ovarian cancer by routine 
pathology from 2002 to 2012 at Linyi Hospital and Yishui 
Central Hospital, which was the primary cohort. Advanced 
stage was identified as stage  IIIB-IV in the International 
Federation of Gynecology and Obstetrics stage system 
according to a previous study  (10). The validation cohort 
consisting of 74 samples was selected from the primary cohort 
with criteria as available tissue samples and follow-up of more 
than 3 months. Samples (tissues and blood samples) were 
obtained from the Pathology Department with prior consent of 
the patients or their families and by approval of the Institutional 
Clinical Ethics Review Board. The diagnoses of the validation 
cohort were confirmed by two senior pathologists.

Additionally, 15 pairs of fresh frozen tumor tissues and 
the corresponding adjacent non-tumor tissues were collected 
immediately after surgery with prior consent of the patients 
and preserved in liquid nitrogen. Real-time polymerase chain 
reaction (PCR) with primers of FGF19 and FGFR4 was used 
to detect the mRNA levels in the tumor and non-tumor tissues.

Cell culture and agents. Ovarian cancer cell lines SK-OV-3, 
HO8910, HO8910PM and OVCAR3, hepatocellular carcinoma 
cell line HepG2, breast cancer cell line MCF-7 and colorectal 
cell line SW480 were purchased from the Chinese Academy of 
Sciences Cell Bank (Shanghai, China). The cell line SK-OV-3 
was cultured in McCoy's 5A medium (Sigma-Aldrich) and 
HO8910, HO8910PM and OVCAR3 cells were cultured 
in RPMI‑1640 medium. HepG2, MCF-7 and SW480 were 
cultured in Dulbecco's modified Eagle's medium (DMEM), 
all of which were supplemented with 10% fetal bovine 
serum (FBS), 100 U/ml penicillin and 100 µg/ml streptomycin, 
and cultured under 5% CO2 in a humidified incubator at 37˚C. 
Recombinant human FGF19 (rFGF19) protein was purchased 
from Sino Biological, Inc. (Beijing China). Antibodies used 
in our experiments were as follows: mouse monoclonal 
anti-FGF19 antibody was from R&D Systems (Minneapolis, 
MN, USA), anti-FGFR4 (Phospho-Tyr642) antibody was 
from Signalway Antibody LLC. (College Park, MD, USA), 
anti‑β‑actin antibody was from Santa Cruz Biotechnology, 
Inc. (Santa Cruz, CA, USA). The remaining antibodies were 
all from Cell Signaling Technology, Inc. (Danvers, MA, USA).

IHC and evaluation. IHC was carried out by the streptavidin 
peroxidase complex method. Followed by deparaffinization 
with xylene and graded alcohol, endogenous peroxidase was 
inactivated by incubation in 3% hydrogen peroxide for 10 min. 
After nonspecific blocking with 5% bovine serum albumin, 
the slides were incubated in the primary antibody at a dilution 
of 1:100 at 4˚C overnight. After the primary antibody, samples 
were incubated with the corresponding secondary antibody 
at 37˚C for 1-2 h and then in 3,3'-diaminobenzidine (DAB) 
solution until satisfactory staining was shown. Every slide was 
evaluated by two senior pathologists unaware of the clinical 
information. Cases without concurrence were re-evaluated by 
a third pathologist.

The score of the IHC staining was based on multiplica-
tion of the staining intensity and the positive cell percentage. 
The staining intensity was scored as negative (0), weak (1), 
moderate (2) and strong (3), and scores of the stained area were 
defined as follows: 0, <10%; 1, 10-30%; 2, >30-50%; and 3, 
>50% positive cells. The cut-off was arbitrarily defined as a 
score ≥4 was considered as high FGF19 or FGFR4 expression; 
a score <4 was considered as low FGF19 or FGFR4 expression.

Western blotting. Expression of FGF19 and FGFR4 was 
detected by western blotting. Briefly, the cells were lysed 
in modified RIPA buffer (Tris 50  mM, NaCl 150  mM, 
Triton X- 100 1%, SDS 0.1%, deoxycholate 0.5%, sodium 
orthovanadate 2  mM, sodium pyrophosphate 1  mM, NaF 
50 mM, EDTA 5 mM, PMSF 1 mM and 1X protease inhibitor 
cocktail) on ice for 10 min for complete lysis, and then centri-
fuged at 10,000 x g for 30 min. Protein concentration of the 
supernatant was measured by Bradford assay kit (Sangon 
Biotech Co., Ltd., Shanghai, China). An amount of 40 µg of 
the extracted protein from each sample was used for electro-
phoresis in 10% sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE), and then transferred to an NC 
membrane (Pall Corporation). The membrane was incubated 
in 5% defatted milk for 1 h, in diluted primary antibody 
overnight and in horseradish peroxidase-labeled secondary 
antibody for 2 h in order. Proteins were finally visualized 
using enhanced chemiluminescence western blotting detec-
tion reagents (Thermo Fisher Scientific, Waltham, MA, USA).

Quantitative real-time polymerase chain reaction (qRT-PCR). 
RT-PCR was used to detect the mRNA levels of FGF19 and 
FGFR4. Primers were designed and purchased from 
Sigma‑Aldrich as follows: FGF19 forward, 5'-GCACAGTTTG 
CTGGAGATCA-3'  and reverse, 5'-ATCTCCTCCTCGAAA 
GCACA-3'; FGFR4 forward, 5'-AGCACCCTACTGGACAC 
ACC-3' and reverse, 5'-ACGCTCTCCATCACGAGACT-3'. 
Briefly, total RNA of ovarian cancer cells was first extracted 
from the cell lines with the RNeasy kit  (Qiagen) and the 
concentration of total RNA was tested. Then qRT-PCR was 
achieved and relative gene expression was measured by the 
StepOnePlus Real-Time PCR system (Applied Biosystems) 
using the SYBR‑Green method according to the manual. 
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was 
applied as an internal control.

Small interfering RNA and transfection. Knockdown of 
FGF19 or FGFR4 was accomplished by small interfering 
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RNA  (siRNA) purchased from Invitrogen (Carlsbad, CA, 
USA). The siRNA sequences of FGF19 and FGFR4 were 
obtained from Santa Cruz Biotechnology, Inc. Transfection 
of siRNA was realized with Lipofectamine 2000 (Invitrogen) 
according to the user guide. Results of the knockdown were 
validated by qRT-PCR and western blotting.

Cell proliferation assays. Cell proliferation was assessed by 
the MTT kit (Sangon Biotech Co., Ltd.). Briefly, an equal 
number of cells was planted into a 96-well plate and then 
starved for 6 h before stimulation. After stimulation with 
recombinant FGF19 or conditioned medium for the expected 
time, the proliferation was terminated by addition of 10 mg/ml 
MTT and then incubated at 37˚C for 4-6 h. After removing 
the superior carefully, the crystals at the bottom were resolved 
by 100 µl DMSO and the absorbance was read at 490 nm. 
The optical density (OD) at 490 nm was set as the baseline, 
and the proliferation index of the other groups was calculated 
by the OD490 ratio to the baseline. Every group had at least 
eight parallel wells, and analyzed data were from at least three 
independent experiments.

Matrigel invasion assays. Matrigel invasion assays were 
performed to evaluate the effect of FGF19 on cell invasion 
using 8-µm pore size BD BioCoat Matrigel invasion chambers 
(Becton‑Dickinson, Franklin Lakes, NJ, USA). After being 
planted into the upper chambers and starved for 6 h, the cells 
were incubated in 10 ng/ml recombinant FGF19 protein of 
conditioned medium for 24 h and then fixed and stained with 
Diff-Quik stain. Non-invading cells in the upper chambers 
were wiped off while the cells in the lower chamber were 
counted using at least 8 random fields. The invaded number of 
cells without stimulation was counted and set as the baseline 
and the invasion index of the other groups was calculated as 
the ratio to the baseline. Analyzed data were from at least 
three independent experiments.

Enzyme-linked immunosorbent assay (ELISA) and conditioned 
medium. Serum FGF19 levels were measured with sandwich 
ELISA by the FGF19 Quantikine ELISA kit (R&D Systems), 
following the manufacturer's instructions and previous 
studies (11,12). FGF19 concentration in the cell medium was 
tested after treatment with 50 µM chenodeoxycholic acid 

Figure 1. FGF19 and FGFR4 expression in serous ovarian cancer. (A) Low FGF19, (B) high FGF19, (C)  low FGFR4 and (D) high FGFR4 expres-
sions (scale bar, 50 µm). (E) Different mRNA levels of FGF19 and FGFR4 in tumor tissues and adjacent non-tumor tissues.
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(CDCA) for 48 h, and was then detected by an ELISA kit 
according to previous studies (13,14). All samples from the cell 
culture media or serum were detected in duplicate.

To obtain efficient conditioned medium (CM), OVCAR3 
cells were cultured in normal medium with 10% FBS for the 
expected time. Then CM was collected and filtered with a low 
protein-binding filter (0.22 µm) (Millipore, Billerica, MA, 
USA). Amicon Ultra 15 ml filters were used to concentrate 
the CM at 4,000 g when necessary. The same procedures were 
performed using SK-OV-3 cells as a control group. The CM 
was used immediately, stored at 4˚C for a week or frozen at 
-80˚C.

Statistical analysis. All data were analyzed by SPSS 17.0 
software (SPSS, Inc., Chicago, IL, USA). Correlations between 
FGF19 and clinicopathological features were analyzed by 
χ2 test, and correlations between FGF19, FGFR4 and overall 
survival rates were calculated by the Kaplan-Meier method, 
and the difference between the high-expression and low-
expression group was analyzed by log-rank test. In experiments 
in vitro, differences between the control group and tested 
group were analyzed by the Student's unpaired t-test. P<0.05 
was considered to indicate a statistically significant result.

Results

Expression of FGF19 and FGFR4 in ovarian cancer. 
Expression of FGF19, the known specific ligand of FGFR4, 
was first detected in ovarian cancer samples with IHC. FGF19 
expression was mainly observed in the cytoplasm, where it may 

be secreted out and function as a growth factor (Fig. 1A and B). 
FGFR4 expression was observed in both the membrane and 
cytoplasm (Fig. 1C and D). According to the criteria described 
in Materials and methods, expression of FGF19 and FGFR4 
was divided into a high expression and low expression group. 
The percentage of samples with high-FGF19 and high-FGFR4 
was 41.89 and 39.19%, respectively (Table I). Moreover, to 
evaluate the significance of FGF19 and FGFR4 co-expression, 
we further defined FGF19-FGFR4 double high expression 
as cases having high expression for both FGF19 and FGFR4 
expression, with the rest of the cases defined as the control 
group. The percentage of cases with FGF19-FGFR4 double 
high expression was 21.62% in our cohort.

Moreover, FGF19 and FGFR4 mRNA expression levels in 
tumor tissues and adjacent non-tumor tissues were detected 
and compared  (Fig. 1E). The mRNA levels of FGF19 and 
FGFR4 in tumor tissues were demonstrated to be much higher 
than levels in the non-tumor tissues.

Clinical significance of FGF19. The correlation between 
FGF19 and clinicopathologic factors and the 5-year 
overall survival rates were analyzed to evaluate the clinical 
significance of FGF19 in ovarian cancer. Based on the 
χ2 test, we demonstrated that high expression of FGF19 was 
significantly associated with positive lymph node metastasis 
(P=0.033), indicating that FGF19 may play an important role 
in tumor invasion and metastasis. High FGF19 expression 
tended to be correlated with high FGFR4 expression, but the 
tendency was not statistically significant (P=0.063) (Table II).

Kaplan-Meier method was performed to further evaluate 
the prognostic value of detected clinicopathological param-
eters (Table III). High FGFR4 expression was demonstrated 
to be significantly associated with a poorer overall survival 
rate (P=0.018), which was consistent with a previous 

Table II. Correlation between FGF19 and clinicopathological 
features.

	 FGF19
	 -------------------------------
Characteristics	 Low	 High	 P-valuea

Age (years)
  <50	 10	 7	 0.946
  ≥50	 33	 24
Lymph node metastasis
  No	 26	 11	 0.033
  Yes	 17	 20
Histological grade
  I	 8	 3	 0.122
  II	 10	 14
  III	 25	 14
FGFR4
  Low	 30	 15	 0.063
  High	 13	 16

aChi-square test.

Table I. Characteristics of the patients with advanced-stage 
serous ovarian cancer.

Characteristics	N o. of patients	 %

Age (years)
  <50	 17	 22.97
  ≥50	 57	 77.03
Lymph node metastasis
  No	 37	 50.00
  Yes	 37	 50.00
Histological grade
  I	 11	 14.86
  II	 24	 32.43
  III	 39	 52.70
FGF19
  Low	 43	 58.11
  High	 31	 41.89
FGFR4
  Low	 45	 60.81
  High	 29	 39.19
FGF19+FGFR4
  Low	 58	 78.38
  High	 16	 21.62
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study (Fig. 2A) (10). In addition, we first proved that high FGF19 
expression was closely correlated with unfavorable prognosis 
(P=0.033), suggesting that FGF19 could be considered as 
a prognostic biomarker and potential drug target (Fig. 2B). 
Notably, double high expression of FGF19 and FGFR4 was a 
better biomarker and predicted prognosis more reliably than 
FGF19 or FGFR4 alone (P<0.001) (Fig. 2C). FGF19‑FGFR4 
double high expression can predict poorer prognosis more 
accurately and sensitively than FGF19 or FGFR4 alone, 
indicating the promising and potential clinical significance of 
considering FGF19-FGFR4 double positivity as a biomarker. 
Moreover, the association between FGF19-FGFR4 and poor 
prognosis indicated that the FGF19-FGFR4 signaling pathway 
may promote cancer progression by a self-sufficient autocrine 
or paracrine pathway.

FGF19 and FGFR4 in ovarian cancer cells, medium and 
blood. Using experiments in vitro, we performed a series of 
functional assays to explore the mechanism explaining why 
high FGF19 and FGFR4 expression imply a much poorer 
prognosis. Expression levels of FGF19 and FGFR4 in ovarian 
cancers were first detected by western blotting. As shown in 
Fig. 3A, FGF19 and FGFR4 were widely expressed in ovarian 
cancer cell lines. SK-OV-3 had the lowest FGFR4 expression 
and HO8910 had the lowest FGF19 expression. OVCAR3 had 
relatively high FGF19 and FGFR4 expression, suggesting 
OVCAR3 as a suitable model for a knockdown assay. To evaluate 
the role of FGF19 and FGFR4 in ovarian cancer progression, 
we regulated FGF19 and FGFR4 expression in OVCAR3 cells 

by siRNA transfection and validated the successful knockdown 
of FGF19 (Fig. 3B and C) and FGFR4 (Fig. 3D and E) by 
qRT-PCR and western blotting. As a secreted growth factor, 
FGF19 was suspected to be secreted out from ovarian cancer 
cells. Thus medium of the SK-OV-3 and OVCAR3 cells, which 
had the lowest and highest FGF19 expression respectively, 
was used to detect the FGF19 concentration. After treatment 
with 50 µM CDCA for 72 h, FGF19 in both the SK-OV-3 
and OVCAR3 medium was detectable (Fig. 3F). The FGF19 
concentration in the OVCAR3 medium was markedly higher 
than that in the SK-OV-3 medium, which was consistent with 
the intracellular FGF19 content. After FGF19 was knocked 
down by siRNA, the concentration of FGF19 in the medium 
was significantly decreased compared to the control group, 
suggesting that its concentration in medium was directly 
related to the intracellular content. Based on the finding that the 
FGF19 is associated with prognosis and is secreted out from 
ovarian cancer, we hypothesized that FGF19 concentration 
in blood may predict earlier ovarian cancer progression and 

Table III. Correlation between clinicopathological features 
and the overall survival rate.

Characteristics	 5-year survival rate (%)	 P-valuea

Age (years)
  <50	 39	 0.967
  ≥50	 31.7
Lymph node metastasis
  No	 54.3	 0.002
  Yes	 7.8
Histological grade
  I	 38.1	 0.401
  II	 37
  III	 31.4
FGF19
  Low	 41.6	 0.033
  High	 20.6
FGFR4
  Low	 41.8	 0.018
  High	 0
FGF19+FGFR4
  Low	 37.9	 <0.001
  High	 13.4

aLog-rank test. 

Figure 2. Correlation between the overall survival rate and FGFR4/FGF19. 
High (A) FGFR4 and (B) FGF19 expression can predict unfavorable prognosis 
of serous ovarian cancer. (C) FGFR4 and FGF19 double high expression is a 
more sensitive prognostic factor than FGFR4 and FGF19 alone.
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poorer prognosis. Thus, we detected the FGF19 concentration 
in 12 healthy individuals and 12 pre-operational patients with 
advanced-stage ovarian cancer by ELISA method. However, 
the FGF19 concentration between the healthy individuals 
and the ovarian cancer patients had no significant difference 
(P=0.492) (Fig. 3G).

Additionally, we detected the expression and function of 
FGF19 and FGFR4 in control cell lines MCF7, SW480 and 
HepG2 to determine the exclusive effect of FGF19 on FGFR4. 
HepG2 had the highest FGFR4 expression and SW480 exhib-
ited the most abundant FGF19 expression (Fig. 4A). Under 
10 ng/ml recombinant FGF19 stimulation for 48 h, these three 
cell lines exhibited different proliferative rates (HepG2 had 
the highest and MCF7 had the lowest rate) (Fig. 4B). Moreover, 
this variation to FGF19 stimulation faded away after FGFR4 
was knocked down in these cell lines (Fig. 4C), indicating 

that FGF19 accelerated the proliferation dependent on FGFR4 
existence.

FGF19 promotes ovarian cancer progression in a paracrine 
manner. To explore the role of FGF19 in ovarian cancer 
progression, we further examined the effect of exogenous 
FGF19 on the AKT-MAPK signaling pathway in OVCAR3 
cells. Proteins in the AKT-MAPK signaling pathway 
were detected after 10  ng/ml rFGF19 stimulation for 
0-30 min  (Fig. 5A). The phosphorylation level of FGFR4, 
AKT, Erk and p38 increased notably along with the FGF19 
stimulation, indicating that FGF19 promoted FGFR4 
phosphorylation and activated the AKT-MAPK signaling 
pathway. Although considered as a specific ligand of FGFR4, 
FGF19 was also proven to interact with FGFR1, FGFR2 and 
FGFR3 in the presence of β-klotho (15-17). To evaluate whether 

Figure 4. (A) The expression of FGFR4 and FGF19 in hepatocellular carcinoma cell line HepG2, colorectal cancer cell line SW480 and breast cancer cell line 
MCF7. (B) HepG2, SW480 and MCF7 cells exhibited different proliferative rates under 10 ng/ml recombinant FGF19 for 48 h. (C) The differential response 
to 10 ng/ml recombinant FGF19 stimulation of HepG2, SW480 and MCF7 cells decreased when FGFR4 was knocked down.

Figure 3. FGF19 and FGFR4 expression in ovarian cancer cells. (A) The expression of FGF19 and FGFR4 was detected in ovarian cancer cell lines SK-OV-3, 
HO8910, HO8910PM and OVCAR3 by immunoblotting. (B and C) FGF19 knockdown was validated by (B) qRT-PCR and (C) immunoblotting in the OVCAR3 
cell line. (D and E) FGFR4 knockdown was validated by (D) qRT-PCR and (E) immunoblotting in the OVCAR3 cell line. (F) FGF19 concentration in the 
medium of OVCAR3 was significantly higher than the concentration of FGF19 in SK-OV-3 cells. (G) FGF19 concentration in serum was detected by ELISA 
method in healthy people and patients suffering from ovarian cancer. Statistical data were from three independent experiments and shown as mean ± SEM.
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FGFR4 was essential in the FGF19 activation process, FGFR4 
was knocked down in OVCAR3 cells and the AKT-MAPK 
signaling pathway with recombinant FGF19 stimulation was 
subsequently detected (Fig. 5B). After FGFR4 knockdown, the 
phosphorylation levels of AKT, Erk and p38 were significantly 
reduced due to the decrease in FGFR4 phosphorylation, which 
demonstrated that FGFR4 was essentially required in the 
FGF19‑induced AKT-MAPK activation.

To explore FGF19-FGFR4 signaling in tumor progres-
sion, 10 ng/ml FGF19 was used to stimulate OVCAR3 cells 
for 0-72 h after FGFR4 knockdown, and MTT assay was 
performed to evaluate cell proliferation (Fig. 5C). Cells with 
FGF19 stimulation had an obviously higher proliferation 
rate than the control group, and FGFR4 knockdown reversed 
this FGF19-induced acceleration of proliferation, indicating 
that FGF19 promoted ovarian cancer cell proliferation by 
activating FGFR4. To estimate FGF19 influence on inva-
sion, OVCAR3 cells were cultured in 10  ng/ml rFGF19 
for 24  h, at which time the proliferation did not differ, 
and then the Matrigel assay was carried out to detect cell 
invasion  (Fig.  5D). In our experiment, FGF19 markedly 
promoted cell invasion and FGFR4 knockdown impaired this 
tendency, which confirmed that FGFR4 was also required 
in the FGF19‑induced invasion. Based on our findings that 
FGF19 was secreted by ovarian cancer cells, we suspected 
that the FGF19-FGFR4 signaling pathway may be stimulated 
ectopically by an autocrine or paracrine pathway. Thus, we 
used the conditioned medium of OVCAR3, the cell line 
with high FGF19 expression, to stimulate SK-OV-3 cells to 
confirm our hypothesis. In our experiments, the conditioned 

medium of OVCAR3 cells notably accelerated the prolifera-
tion of SK-OV-3 cells at 72 h and the invasion of SK-OV-3 
at 24  h  (Fig.  5E  and  F), demonstrating that the FGF19 
concentration in the ovarian cancer microenvironment was 
high enough to activate FGFR4 and downstream signaling 
pathways.

Discussion

In our experiments, we detected the expression of FGF19, 
the FGFR4 specific ligand, in advanced-stage ovarian cancer 
tissues, and systemically evaluated the correlation between 
FGF19 and clinicopathological factors and the overall survival 
for the first time according to our knowledge. Moreover, we 
performed a series of experiments in vitro to estimate the role 
of the FGF19-FGFR4 signaling pathway in ovarian cancer 
progression. Consequently, we found that FGF19 expression was 
significantly associated with lymphatic metastasis (P=0.033). 
FGF19 and FGFR4 expression could predict poorer prognosis 
(P=0.033 and 0.018, respectively), and FGF19-FGFR4 double 
high expression was a more accurate and sensitive prognostic 
factor in ovarian cancer (P<0.001). With experiments in vitro, 
we found that FGF19 existed in ovarian cancer cells and was 
secreted out. In addition, FGF19 stimulated the AKT-MAPK 
signaling pathway via activating FGFR4, by which FGF19 
accelerated proliferation and invasion. Moreover, we proved 
that the FGF19 concentration in cell culture medium was high 
enough to promote cell proliferation and invasion, indicating 
that the FGF19‑FGFR4 signaling pathway may be activated 
ectopically by an autocrine or paracrine pathway.

Figure 5. FGF19 promotes ovarian cancer progression by stimulating FGFR4. (A) rFGF19 stimulates FGFR4 and the downstream AKT-Erk/p38 signaling 
pathway by increasing the phosphorylation in OVCAR3 cells. (B) FGFR4 was required in the FGF19-induced phosphorylation of the AKT-Erk/p38 pathway 
in OVCAR3 cells. rFGF19 is the group with rFGF19 stimulation after transfection with scrambled siRNA. (C) Recombinant FGF19 promoted proliferation 
of OVCAR3 cells, while FGFR4 knockdown impaired FGF19-induced proliferation in OVCAR3 cells. rFGF19 is the group with rFGF19 stimulation after 
transfection with scrambled siRNA. (D) FGFR4 was required in recombinant FGF19-induced invasion of OVCAR3 cells. rFGF19 is the group with rFGF19 
stimulation after transfection with scrambled siRNA. (E and F) Conditioned medium from OVCAR3 cells promotes the (E) proliferation and (F) invasion of 
SK-OV-3 cells.
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FGFR4 overexpression has been previously proven to be 
associated with progression and prognosis in many types of 
cancers, including gastric cancer, hepatocellular carcinoma, 
cholangiocarcinoma, colorectal and oropharynx cancer (18-22). 
As the known specific ligand to FGFR4, FGF19 was also 
demonstrated to be involved in progression of cancers such as 
hepatocellular carcinoma, prostate cancer (12,18,22,23) and 
colon cancer. The amplification of the FGFR4 gene was discov-
ered in gynecological cancers by Jaakkola et al in 1993 (24). A 
previous study pointed out that FGFR4 could predict prognosis 
and may be a potential therapeutic target in high‑advanced 
ovarian cancer  (10). However, the FGFR4 ligand was not 
detected and the underlying molecular mechanism was not 
well elucidated, which prompted us to explore the correlation 
between FGF19, FGFR4, progression and prognosis in ovarian 
cancer. Moreover, FGFR4 is widely expressed in many types 
of tumors and we demonstrated that not only ovarian cancer 
cell lines but also other cell lines exhibited a different response 
to FGF19-induced proliferation, which required the participa-
tion of FGFR4. Thus, FGF19-induced proliferation may be a 
general phenomenon regarding all cell lines with abundant 
FGFR4, indicating that the FGF19‑FGFR4 signaling pathway 
may be a potential molecular target for ovarian cancer as well 
as other tumors with FGFR4 overexpression.

Among the human FGF factors, FGF19 is distinguished by 
its function as a hormone, regulating bile acid synthesis, with 
effects on glucose and lipid metabolism (25,26). Interestingly, 
ovarian cancer risk is believed to be positively correlated 
with glucose and lipid metabolism disorders such as obesity 
and diabetes (27,28). Recent evidence indicates that obesity, 
diabetes and ovarian cancer are more intricately related (29,30). 
Previous studies reported that diet and diabetes are associated 
with mortality and the prognosis of ovarian cancer (28,31). 
Based on our new findings, we boldly hypothesize that FGF19 
ectopic expression and function may be one explanation 
why obesity and diabetes are related to high-risk or even a 
poorer prognosis of ovarian cancer. In our study, the FGF19 
concentration of blood samples was detected but no significant 
difference between the patients and healthy individuals was 
observed. We believe that more cases should be enrolled and 
the cohort should be further divided into subgroups according 
to suspicious parameters such as diabetes and BMI to detect 
the role of FGF19 in the correlation between ovarian cancer 
and lipid metabolism.

The FGFR family has five members and can interact 
with several FGFs with different affinity, which may trigger 
different downstream signaling pathways and regulate different 
cellular biological processes  (32,33). Moreover, the FGFR 
family is also proven to undergo crosstalk with other receptors 
such as the epidermal growth factor receptor family, which 
may increase the complexity of the FGFR signaling network 
exponentially (34). Even in ovarian cancer, the FGF19-FGFR4 
signaling pathway is associated with obvious conundrums 
to solve, such as the difference in FGF19 secretion between 
biological and pathological patterns, and how FGF19 interacts 
with FGFR4 and which downstream pathways are dominantly 
triggered. These questions require further fundamental experi-
ments, especially using animal models. Moreover, inhibitors 
mimicking the FGF19 structure are potential molecular drugs 
targeting FGFR4 in ovarian cancer based on our finding that 

FGF19 is also a prognostic marker. We hope our findings 
stimulate more research on the function of FGF19 in ovarian 
cancer, which may further help identify effective therapeutic 
drugs and increase the survival of patients with ovarian cancer.

In conclusion, we demonstrated that both FGF19 and 
FGFR4 overexpression predict an unfavorable prognosis in 
ovarian cancer, while FGF19-FGFR4 double high expression 
is a better and more sensitive prognostic biomarker. Moreover, 
either recombinant FGF19 or FGF19 secreted by ovarian 
cancer cells promotes proliferation and invasion by FGFR4 
activation and the subsequent AKT-MAPK signaling pathway. 
This indicates that FGF19-FGFR4 signaling may be auto‑acti-
vated in a paracrine or autocrine manner and that FGF19 could 
be a potential drug target for ovarian cancer.
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