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Abstract. Fibroblast growth factor 8 (FGF8), a member of the 
fibroblast growth factor (FGF) family, is upregulated in several 
human cancers, including HCC (HCC). Previous studies have 
demonstrated that FGF8 increased cell growth and invasion of 
tumor cells. In the present study we investigated whether FGF8 
is involved in the cell proliferation and resistance to several 
drugs in human HCC cells. We stably overexpressed FGF8 by 
lentiviral transfection. In addition, we also added recombinant 
FGF8 instead of stably overexpressing FGF8 in human HCC 
cells. Stable overexpression of FGF8 or exogenous recombinant 
FGF8 resulted in significantly enhanced cell proliferation in 
human HCC cells. With the use of CellTiter-Glo assay for the 
determination of cell viability, we found that FGF8 increased 
the resistance to epidermal growth factor receptor (EGFR) 
inhibitors in human HCC cells. Additionally, the expression 
of EGFR was also upregulated by stably overexpressing FGF8 
or exogenous recombinant FGF8. Yes-associated protein 1 
(YAP1) was reported to upregulate the expression of EGFR. 
Moreover, we also found that FGF8 increased the expression of 
YAP1 and knockdown of YAP1 eliminated the upregulation of 
EGFR and the resistance to EGFR inhibition induced by FGF8. 
Our study provides evidence that FGF8 plays an important role 
in the resistance to EGFR inhibition of human HCC cells.

Introduction

Fibroblast growth factors (FGFs) are a large family of growth 
factors that signal through FGF receptors (FGFRs) to regulate 

fundamental developmental pathways, controlling events such 
as cell proliferation, differentiation, cell survival, angiogen-
esis, and wound healing (1-3). Aberrant FGF signaling can 
promote tumor development by increasing tumor cell prolif-
eration, invasion, survival and angiogenesis (3). Fibroblast 
growth factor 8 (FGF8) was first identified in the Shionogi 
mouse mammary carcinoma cell line SC-3 and its expres-
sion was induced by androgen (4,5). FGF8 is rarely detected 
in normal adult tissues, but upregulated in several human 
cancers, including HCC (HCC) (6). It was reported that 
autocrine overexpression of FGF8 in phosphatase and tensin 
homolog (PTEN) deficiency of prostate epithelium could lead 
to prostate adenocarcinoma (7). Overexpression of FGF8 in 
prostate cancer is associated with decreased patient survival 
and persists in androgen-independent diseases (8).

The Hippo signaling pathway was initially defined as a 
regulator of proliferation, organ size, and cell differentia-
tion (9,10). Yes-associated protein 1 (YAP1) is a transcriptional 
coactivator in the Hippo signaling pathway (11,12). Increased 
YAP1 expression or activity can promote the growth of tumor 
cells (13). It was reported that β-catenin-driven cancers require 
a YAP1 transcriptional complex for survival and tumori-
genesis (14). Enforced YAP1 expression can enable tumor 
maintenance upon KrasG12D extinction in a human pancreatic 
ductal adenocarcinoma model (15). Moreover, YAP1 amplifi-
cation has been described as an essential oncogene in various 
types of human cancers, including human HCC (16).

Epidermal growth factor receptor (EGFR) signaling plays 
an important role in various cancers, including HCC (17). 
Overexpression of EGFR was also found in HCC, and hence 
EGFR represents a valuable therapeutic target for the treat-
ment of HCC (18,19). EGFR antagonists were effective in 
human HCC cells (18). Gefitinib and erlotinib, two clinically 
approved EGFR chemical inhibitors, are used for the treat-
ment of advanced HCC (20-25). However, some studies have 
demonstrated the resistance to EGFR inhibitors in human 
HCC cells (26-29).

The aim of the present study was to determine the effect 
of FGF8 in human HCC cells. Our data revealed that FGF8 
promoted cell growth and the resistance to EGFR inhibition 
via upregulation of EGFR in human HCC cells.
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Materials and methods

Cell lines and culture. HepG2 and HCC-LM3 cell lines were 
purchased from the American Type Culture Collection (ATCC; 
Dallas, TX, uSA). These cells were maintained in Dulbecco's 
modified Eagle's medium (DMEM) supplemented with 10% 
fetal bovine serum (FbS), penicillin (100 u/ml) and streptomycin 
(100 µg/ml) in a humidified atmosphere of 5% CO2 at 37˚C.

Reagents. 5-Fluorouracil (5-Fu), doxorubicin, paclitaxel, 
oxaliplatin, erlotinib, gefitinib and RAD001 (Everolimus) were 
purchased from Selleck Chemicals LLC (Houston, TX, uSA). 
Human recombinant FGF8 was purchased from PeproTech 
(Rocky Hill, Nj, uSA).

Cell viability assay. Cells were seeded into white walled clear-
bottom 96-well plates and grown for 24 h before treatment with 
various concentrations of drugs. Cell viability was assessed 
after 24-h treatment by measuring the cellular ATP levels 
using Luminescent CellTiter-Glo assay (Promega, Madison, 
WI, uSA). All drug treatments were performed at least in 
triplicate and the data was normalized to the vehicle-treated 
control and presented as the mean ± SEM.

Lentivirus transduction. The lentivirus of the YAP1 shRNAs 
(PLKO.1 vector, target sequences: sh1-CAGGTGATACTATC 
AACCAAA; sh2-CAGGTGATACTATCAACCAAA) and 
FGF8 overexpressing (pCDH vector) or their vector control 
lentivirus were obtained from Genesent (Shanghai, China). 
Viral infection was performed in 6-well plates using 
2x106 HepG2 or HCC-LM3 cells in a total volume of 2 ml of 
lentiviral supernatant containing 8 µg/ml of Polybrene 
(Sigma-Aldrich, St. Louis, MO, uSA). Two days after infec-
tion, 1 µg/ml of puromycin (Sigma-Aldrich) was added to the 
media and selected for one week. The expression levels of the 
target genes were determined by western blot analysis.

Real-time PCR. Gene expression levels were determined with 
real-time RT-PCR. Total RNA was isolated using TRIzol 
(Invitrogen, Carlsbad, CA, uSA) and procedures were carried 
out as recommended by the manufacturer. Then, extracted 
RNA was subjected to reverse transcription using the 
PrimeScript II First Strand cDNA Synthesis kit (Takara, 
Dalian, China) according to the manufacturer's instructions. 
The primers for human VEGFR were: forward, 5'-AGGCACG 
AGTAACAAGCTCAC-3' and reverse, 5'-ATGAGGACATAA 
CCAGCCACC-3'. Real-time PCR was performed with a 
7500 Fast Real-Time PCR system (Applied biosystems, Foster 
City, CA, uSA) using SYbR-Green Gene expression analysis 
(Tiangen, Shanghai, China). EGFR expression was normalized 
to GAPDH. Ct values of the target genes were subtracted by 
that of the internal control GAPDH. The relative expression 
levels of EGFR were assessed by the 2-ΔΔCt method.

Colony formation assays. HepG2 or HCC-LM3 human HCC 
cell lines were seeded into 6-well plates with 500 cells/well 
in triplicate and cultured for 24 h. Then the cells were treated 
with exogenous recombinant FGF8 or erlotinib and cultured 
for 14 days. The colonies were fixed with 10% formaldehyde, 
stained with crystal violet (0.4 g/l; Sigma, St. Louis, MO, 

uSA). The number of colonies was counted using grid. Three 
independent experiments were performed and the data are 
presented as the mean ± SD.

Tumor sphere formation assay. Single shNC or sh1-YAP1 of 
HepG2 cells were plated at a density of 1,000 cells/ml onto 
a 6-well ultralow attachment plate (500 cells/well; Corning, 
Lowell, MA, uSA). Cells were grown in serum-free DMEM/F12 
medium supplemented with 4 µg/ml of insulin (Sigma-Aldrich), 
b27, 20 ng/ml of EGF, and 20 ng/ml of basic FGF (Invitrogen, 
Carlsbad, CA, uSA). The cells were then incubated at 37˚C in a 
humidified atmosphere containing 5% CO2 for 14 days.

Western blot analysis. Cells were trypsinized and washed 
3 times with phosphate-buffered saline (PbS) before being 
lysed on ice for 30 min with RIPA lysis buffer containing and 
complete protease/phosphatase inhibitor cocktail (Roche Life 
Science, Mannheim, Germany). The lysate was centrifuged at 
13,000 rpm for 20 min at 4˚C and the supernatant was collected. 
Protein concentration was determined by bradford protein 
assay. The proteins were separated by SDS-PAGE gel electro-
phoresis and then transferred onto polyvinylidene difluoride 
(PVDF) membranes (Millipore Inc., billerica, MA, uSA). The 
membranes were blocked with 5% skimmed milk in TbST for 
1 h and then were incubated with primary antibodies overnight 
at 4˚C. Primary antibodies: rabbit polyclonal to FGF8 (1:1,000, 
ab81384), rabbit monoclonal (EP38Y) to EGFR (1:1,000, 
ab52894), rabbit monoclonal (EP1674Y) to YAP1 (1:1,000, 
ab52771), mouse monoclonal to β-actin (1:3,000, ab8226) 
were all obtained from Abcam (Cambridge, MA, uSA). After 
being washed with TbST 3 times, the membranes were probed 
with HRP-conjugated secondary antibodies in TbST for 1 h at 
room temperature, and then washed with PbST three times. 
The results were analyzed using a chemiluminescence method 
(ECL; Millipore Inc.).

Statistical analysis. Data are presented as the means ± SD and 
analyzed using Student's t-test. P-values of <0.05 were consid-
ered to indicate a statistically significant result.

Results

FGF8 enhances the proliferation of human HCC cells. To deter-
mine the potential significance of FGF8 in the proliferation of 
human HCC cells, exogenous recombinant human FGF8 was 
added to HepG2 and HCC-LM3 human HCC cell lines. Colony 
formation assays were used to examine the proliferation of 
human HCC cells affected by exogenous human recombinant 
FGF8. As shown in Fig. 1A, colony formation assays revealed 
that exogenous recombinant FGF8 increased the proliferation 
of HepG2 and HCC-LM3 cells in vitro. To extend this analysis, 
we also generated stable HepG2 or HCC-LM3 cell lines that 
stably expressed human FGF8 (Fig. 1b). We found that stable 
overexpression of FGF8 also increased the proliferation of 
HepG2 or HCC-LM3 cells in vitro (Fig. 1b).

FGF8 promotes the resistance to EGFR inhibitors of human 
HCC cells. To further determine the function of FGF8 in human 
HCC cells, HepG2 and HCC-LM3 HCC cells were treated 
with various anticancer chemotherapeutic drugs, such as 5-Fu, 
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doxorubicin, paclitaxel, oxaliplatin, gefitinib (EGFR inhibitor) 
and RAD001 (Everolimus; mTOR inhibitor). CellTiter-Glo 
assays were used for the determination of cell viability. We 
found that exogenous recombinant FGF8 promoted the resis-
tance to EGFR inhibitor gefitinib in HepG2 or HCC-LM3 
HCC cells, but not to several other drugs (Fig. 2A). To confirm 
the effect of FGF8 on the resistance to EGFR inhibitors in 
human HCC cells, we performed colony formation assays to 
determine the effect of FGF8 in HepG2 or HCC-LM3 cells 
with another EGFR inhibitor erlotinib. As shown in Fig. 2b, 
erlotinib could not inhibit the proliferation of HepG2 cells 
with the treatment of exogenous recombinant FGF8.

FGF8 increases the expression of EGFR in human HCC 
cells. Gefitinib is a selective EGFR inhibitor and EGFR is 

found to be overexpressed in human HCC cells. Thus, we 
detected the expression levels of the EGFR protein with the 
treatment of exogenous recombinant FGF8 in HepG2 and 
HCC-LM3 HCC cells. The results revealed that the expression 
levels of the EGFR protein were increased by the stimulation 
of exogenous recombinant FGF8 in HepG2 and HCC-LM3 
cells (Fig. 3A). In addition, HepG2 and HCC-LM3 cells stably 
overexpressing FGF8 also exhibited significantly increased 
expression levels of the EGFR protein compared with the 
vector control (Fig. 3b). Moreover, we determined the expres-
sion levels of EGFR mRNA by real-time PCR. Real-time PCR 
revealed significantly increased expression levels of EGFR 
mRNA in exogenous recombinant FGF8-treated HepG2 or 
HCC-LM3 cells (Fig. 3C; left panel). Consistently, the effect 
of stable overexpression of FGF8 was similar to the effect 
of exogenous recombinant FGF8 in HepG2 and HCC-LM3 
cells (Fig. 3C; right panel).

FGF8 enhances the expression of EGFR via upregulation 
of YAP1. YAP1 is a transcriptional coactivator in the Hippo 
signaling pathway. Increased YAP1 expression can promote 
the growth of tumor cells. Moreover, YAP1 was demonstrated 
to mediate EGFR overexpression and confer chemoresis-
tance in esophageal cancer cells (30). Thus, we detected the 
expression of YAP1 in HepG2 and HCC-LM3 cells with 
the treatment of exogenous recombinant FGF8. As shown in 
Fig. 4A, exogenous recombinant FGF8 upregulated the expres-
sion of the YAP1 protein. HepG2 and HCC-LM3 cells stably 
overexpressing FGF8 also exhibited upregulated expression of 
the YAP1 protein compared with the vector control (Fig. 4b). 
To further confirm the relationship between YAP1 and EGFR, 
endogenous expression of YAP1 was stably knocked down by 
lentivirus shRNAs in HepG2 or HCC-LM3 cells (Fig. 4C). 
We found that the expression of EGFR was inhibited in 
YAP1-knockdown cells (Fig. 4C). To determine whether 
FGF8-induced upregulation of EGFR was dependent upon 
its regulation to YAP1, HepG2 cells with stable knockdown 
of YAP1 were treated with exogenous recombinant FGF8. As 
shown in Fig. 4D, FGF8 could not regulate the expression of 
EGFR in HepG2 cells with stable knockdown of YAP1.

YAP1 is essential for FGF8 induced gefitinib resistance and 
CSC properties. upon determination that FGF8-induced 
upregulation of EGFR was dependent upon its regulation to 
YAP1, we then determined whether FGF8-induced gefitinib 
resistance in human HCC cells was dependent upon YAP1. 
CellTiter-Glo assays were used for the determination of 
cell viability after treatment with gefitinib. We found that 
exogenous recombinant FGF8 significantly increased the 
cell viability of gefitinib-treated vector control HepG2 and 
HCC-LM3 cells, but not YAP1-knockdown cells (Fig. 5A). 
Cancer stem cells (CSCs) are considered as the origin of cancer 
cells and one of the causes of multidrug resistance (31-34). 
The effects of EGFR on the maintenance of CSC proper-
ties has been demonstrated by other studies (35). Here, we 
investigated the effect of FGF8 on the CSC properties of HCC 
cells by tumor sphere formation assay. As shown in Fig. 5b, 
exogenous recombinant FGF8 significantly increased the 
tumor sphere formation of vector control HepG2 cells, but not 
YAP1-knockdown cells.

Figure 1. Effect of FGF8 on the proliferation of human HCC cells. 
(A) Exogenous recombinant FGF8 increased the proliferation of HepG2 and 
HCC-LM3 cells in vitro by colony formation assays. *P<0.01. (b) The expres-
sion of FGF8 was determined by western blot analysis (β-actin served as a 
loading control) in HepG2 or HCC-LM3 cells stably expressing FGF8. The 
proliferative activity was assessed by colony formation assay. *P<0.01. FGF8, 
fibroblast growth factor 8; HCC, hepatocellular carcinoma.
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Figure 2. FGF8 promotes the resistance to EGFR inhibitors in human HCC cells. (A) CellTiter-Glo assays were used for the determination of the cell viability 
with the treatment of vehicle or exogenous recombinant human FGF8 (250 ng/ml) plus 5-fluorouracil (5-Fu, 25 µg/ml), doxorubicin (20 µg/ml), paclitaxel 
(20 µg/ml), oxaliplatin (20 µg/ml), gefitinib (10 µg/ml) or RAD001 (Everolimus; 100 µg/ml). *P<0.02. (b) Vector control or FGF8 stably expressing HepG2 or 
HCC-LM3 cells were treated with erlotinib (10 µg/ml) or the vehicle and the proliferative activity was assessed by colony formation assay. *P<0.005. FGF8, 
fibroblast growth factor 8; HCC, hepatocellular carcinoma; EGFR, epidermal growth factor receptor.

Figure 3. Effect of FGF8 on the expression of EGFR. (A) The expression of EGFR was determined by western blot analysis in vehicle or exogenous recom-
binant FGF8 treated (250 ng/ml) HepG2 or HCC-LM3 cells. β-actin served as a loading control. (b) The expression of FGF8 and EGFR was determined by 
western blot analysis in vector control, as well as in HepG2 and HCC-LM3 cells stably expressing FGF8. β-actin served as a loading control. (C) EGFR mRNA 
levels were determined by real-time PCR in exogenous recombinant FGF8-treated (250 ng/ml; left panel) and HepG2/HCC-LM3 cells stably expressing FGF8 
(right panel). *P<0.01. FGF8, fibroblast growth factor 8; HCC, hepatocellular carcinoma; EGFR, epidermal growth factor receptor.
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Discussion

HCC is one of the most commonly observed malignancies in 
the world, especially in developing countries (36,37). Systemic 
treatments with chemotherapy (single agents or combination) 
have been used to treat advanced HCC, but these show no clear 
impact on overall survival (38,39). Notably, HCCs are recog-
nized as inherently chemotherapy-resistant (40). Additionally,  
CSCs are considered as the origin of cancer cells and one of 
the causes of multidrug resistance (39). Thus, some factors that 
determine CSC properties may play important roles in drug 
resistance to cancer chemotherapy.

FGF8 is a member of a large family of growth factors 
that signal through FGF tyrosine kinase receptors to regulate 
embryonic development, cell proliferation, cell differen-
tiation and cell migration (5,6,8). FGF8 is rarely detected in 
normal adult tissues, but is found overexpressed in several 
human tumors, including HCC. In the present study we first 
determined whether FGF8 could affect the proliferation of 

human HCC cells. We found that stably overexpressing or 
exogenous recombinant FGF8 increased the proliferation of 
human HCC cells. 5-Fu, doxorubicin, paclitaxel, oxaliplatin, 
gefitinib and RAD001 have been used in the treatment of 
cancer as anticancer chemotherapeutic drugs. We determined 
that exogenous recombinant FGF8 promoted the resistance to 
EGFR inhibitor gefitinib in HCC cells, but not to several other 
drugs. Additionally, the expression of EGFR was also found 
increased by exogenous recombinant or stably overexpressing 
FGF8.

YAP1 is a transcriptional coactivator in the Hippo 
signaling pathway (15). Increased YAP1 expression or 
activity can promote the growth of tumor cells, including 
human HCC (14,16). In a previous study, FGF8 was found to 
promote colorectal cancer growth and metastasis by activating 
YAP1 signaling by increasing the transcription of YAP1 (6). 
Accordingly, expression of YAP1 was found to be increased 
in HCC cells by the stable overexpression or the exogenous 
addition of recombinant FGF8.

These findings imply that FGF8 enhances the resistance to 
EGFR inhibitors and the expression of EGFR via upregulation 
of YAP1. In the present study, stable knockdown of YAP1 by 
lentivirus shRNA inhibited FGF8-induced upregulation of 
EGFR and increased resistance to EGFR inhibitor gefinitib in 
HCC cells. In addition, we also found that FGF8 promoted 
the tumor sphere formation of HepG2 cells. Conversely, FGF8 
could not increase the tumor sphere formation in YAP1-
knockdown cells.

In conclusion, we demonstrated that FGF8 promoted the 
proliferation of human HCC cells via upregulation of the 
YAP1/EGFR axis, thereby contributing to the resistance to 
EGFR inhibitors and CSC properties. Our results suggest an 
important role of FGF8 in the resistance to EGFR inhibition 
in human HCC cells.

Figure 4. FGF8 enhances the expression of EGFR via upregulation of 
YAP1. (A) Expression of YAP1 levels were determined by western blot 
analysis in exogenous recombinant FGF8 (250 ng/ml) or the vehicle treated 
HepG2/HCC-LM3 cells. β-actin served as a loading control. (b) Expression 
of YAP1 levels were determined by western blot analysis in FGF8 stably 
expressing or the vector control HepG2/HCC-LM3 cells. β-actin served as a 
loading control. (C) Expression of YAP1 and EGFR levels were determined 
by western blot analysis in vector control (shNC) or different lentivirus-medi-
ated YAP1-shRNA (sh1 and sh2) of HepG2/HCC-LM3 cells. β-actin served 
as a loading control. (D) Different lentivirus-mediated YAP1-shRNA (sh1 
and sh2) of HepG2 cells were treated with recombinant FGF8 (250 ng/ml) 
or the vehicle. Expression of EGFR levels were determined by western 
blot anaysis. β-actin served as a loading control. FGF8, fibroblast growth 
factor 8; HCC, hepatocellular carcinoma; EGFR, epidermal growth factor 
receptor; YAP1, Yes-associated protein 1.

Figure 5. Essential function of YAP1 on FGF8-induced gefitinib resistance 
and CSC properties. (A) Vector control (shNC) or lentivirus-mediated 
shRNA to YAP1 (sh1) of HepG2/HCC-LM3 cells were treated with recom-
binant FGF8 (250 ng/ml) or the vehicle. CellTiter-Glo assays were used for 
the determination of cell viability. *P<0.02 (b) shNC or sh1-YAP1 of HepG2 
cells were cultured under a non-adhesive culture system to form typical tumor 
spheres. Scale bar, 100 µm. YAP1, Yes-associated protein 1; FGF8, fibroblast 
growth factor 8; CSC, cancer stem cell; HCC, hepatocellular carcinoma.
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