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ARTICLE INFO ABSTRACT

Keywords: Fibroblast growth factors 9 (FGF9) modulates cell proliferation, differentiation and motility for development and
FGF9 repair in normal cells. Abnormal activation of FGF9 signaling is associated with tumor progression in many
FGFBI . cancers. Also, FGF9 may be an unfavorable prognostic indicator for non-small cell lung cancer patients. However,
Lewls lfmg carcinoma . the effects and mechanisms of FGF9 in lung cancer remain elusive. In this study, we investigated the FGF9-
Epithelial-to-mesenchymal transition/EMT . . .. oo . . L L
M2 macrophage infiltration induced effects and signal activation profiles in mouse Lewis lung carcinoma (LLC) in vitro and in vivo. Our re-
Liver metastasis sults demonstrated that FGF9 significantly induced cell proliferation and epithelial-to-mesenchymal transition
(EMT) phenomena (migration and invasion) in LLC cells. Mechanism-wise, FGF9 interacted with FGFR1 and
activated FAK, AKT, and ERK/MAPK signal pathways, induced the expression of EMT key proteins (N-cadherin,
vimentin, snail, MMP2, MMP3 and MMP13), and reduced the expression of E-cadherin. Moreover, in the allo-
graft mouse model, intratumor injection of FGF9 to LLC-tumor bearing C57BL/6 mice enhanced LLC tumor
growth which were the results of increased Ki67 expression and decreased cleaved caspase-3 expression
compared to control groups. Furthermore, we have a novel finding that FGF9 promoted liver metastasis of
subcutaneous inoculated LLC tumor with angiogenesis, EMT and M2-macrophage infiltration in the tumor
microenvironment. In conclusion, FGF9 activated FAK, AKT, and ERK signaling through FGFR1 with induction of
EMT to stimulate LLC tumorigenesis and hepatic metastasis. This novel FGF9/LLC allograft animal model may
therefore be useful to study the mechanism of liver metastasis which is the worst prognostic factor for lung
cancer patients with distant organ metastasis.

Introduction time of diagnosis. [2]. Distant metastasis is very common in lung cancer,

accounting for 36.1% and 40.1% of NSCLC and SCLC patients, respec-

Lung cancer has been the second most commonly diagnosed malig-
nancy next to breast cancer and the leading cause of cancer death in both
genders worldwide [1]. The 5-year survival rate for lung cancer of all
stages combined is 19%, and for lung cancer patients with metastasis is
only 5% [1]. Lung cancer is generally classified as two major histological
subtypes: non-small cell lung cancer (NSCLC) and small cell lung cancer
(SCLC) which comprise about approximately 90% and 10% of all lung
malignancies, respectively. Approximately 30-40% of NSCLC patients
and 66% of SCLC patients present with stage IV metastasis disease at the

tively. The most common site of single organ metastasis is bone (22.3%),
followed by the lung (17.2%), brain (15.2%), and liver (10%) [2,3].
However, the patients with lung or bone metastases have the best sur-
vival rates, whereas, the patients with liver metastases have the poorest
survival rate [2-4].

To overcome this deadly disease, a lot of efforts have been made in the
recent decades to explore the molecular mechanisms in lung cancer
occurrence and progression. Several crucial regulatory genes have been
identified by comprehensive genome analysis tools, including the TP53
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and RB1 in SCLC [5], epidermal growth factor receptor (EGFR), anaplastic
lymphoma kinase (ALK), Kirsten rat sarcoma viral oncogene homolog
(KRAS), v-raf murine sarcoma viral oncogene homolog B (BRAF), human
epidermal growth factor receptor 2 (HER2), mesenchymal epithelial
transition (MET), rearranged during transfection (RET), phosphatase and
tensin homolog (PTEN), and fibroblast growth factor receptor (FGFR) in
NSCLC [5-7]. Recently, fibroblast growth factors (FGFs) and their re-
ceptors, FGFRs, attract researchers’ great attention due to the repeated
reports of FGFR somatic activating mutations and gene amplifications in
lung cancer [5]. FGFs are known to interact with and activate FGFRs,
which subsequently trigger downstream proteins activation, such as
phosphatidylinositol-3-kinase/protein kinase B (PI3K/AKT) and the
extracellular signal-regulated kinase (ERK)/mitogen-activated protein
kinase (MAPK) pathways, promoting lung tumor cell proliferation and
inhibiting lung tumor cell apoptosis [8,9]. FGFR1 is the most commonly
amplified gene (2.25%) and frequently elevated in lung, breast, and colon
cancers [10,11]. Mutation in FGFR1 has been observed in lung, colon and
breast cancers, and fused with TACC3 gene (FGFRI-TACC3) in glioblas-
tomas, gliomas and bladder cancers [11-13]. FGFR2 amplification is less
frequent (0.34%) and overexpressed in breast cancer, gastric cancer, and
intrahepatic cholangiocarcinomas [10,11]. FGFR2 and FGFR3 mutations
are more prevalent (1.36% and 1.83%, respectively). And, FGFR2 fusions
are the highest frequency of FGFR fusions. As compared with the other
FGFR, several reported partners involved in FGFR2 fusion genes, whose
biological activity has not been fully characterized, have been identified
mainly in cholangiocarcinoma, colorectal cancer and lung cancer,
including FGFR2-AHCYL, FGFR2-BICC1, FGFR2-PPHLN1, and FGFR2-
TACC3 fusions [14,15]. FGFR3 is affected by mutations in metastatic
urothelial carcinomas; FGFR3-TACC3 fusion is present in glioblastomas,
gliomas and bladder cancer [12,13,16]. FGFR4 gene amplification and
mutation are rare (0.16%) [17,18]. The specific FGFs and FGFRs,
including FGF2, FGF9, FGF10, FGFR1, and FGFR2, have been reported
that their expressions in NSCLC cell lines in vitro and in patient-derived
lung cancer tissues in vivo are elevated along with increased malignant
and a worse prognosis [8,9,19-21]. Furthermore, FGFR1 has been re-
ported to interact with EGFR, especially mutated-EGFR, in lung cancer
and subsequence activate oncogenic signaling [22,23]. A combination of
EGFR and FGFR inbibition is a potential clinical strategy for preventing
and overcoming tumorigenicity and drug resistance in EGFR-mutated
NSCLC [22,23].

FGF9 is essential for lung development and lung tissue recovery from
hypoxia-induced injury [24,25]. During the early pseudoglandular
stage, FGF9 is produced in the mesothelium and pulmonary epithelium.
Mesothelial FGF9 promotes mesenchyme proliferation/growth via
activating mesenchymal FGF signaling, WNT2A expression and
WNT/B-catenin signaling, whereas epithelial FGF9 regulates lung
epithelial specification and branching [26,27]. Fgf9-/- mice have
severely impaired lung development, and thus the reduced mesenchyme
and decreased branching of airways result in a smaller lung size and
early postnatal death [28,29]. Abnormal FGF9 expression and aberrant
activation of FGF9/FGFR signaling axis are frequently found associated
with different kinds of diseases, developmental disorders and cancers,
such as lung cancer [20,24], gastric cancer [30], testicular cancer [31,
32], ovarian cancer [33], and colon cancer [34]. In addition, FGF9 could
enhance cell proliferation and invasive ability of prostate cancer cells
[35], testicular cancer cells [31] and ovarian cancer cells [33]. Over-
expression of FGF9 can be attenuated by miRNA-140-5p and miR-26a to
reduce the tumor growth and metastasis in hepatocellular carcinoma
and gastric cancer, respectively [36]. Clinically, Wang and his col-
leagues observed that FGF9 was highly expressed in lung cancer pa-
tients, and disturbing the function of FGF9 could reduce the
development of lung cancer [20,24]. Furthermore, elevated FGF9
expression is associated with poor prognosis in NSCLC patients [20].

Cancer metastasis involves a complicated sequential series of events.
The epithelial-to-mesenchymal transition (EMT) and mesenchymal-to-
epithelial transition (MET) have been clearly defined as critical events
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for metastasis of primary and secondary carcinomas [37,38]. EMT in-
creases cell migration, invasion, and extravasation, and further facili-
tates metastasis in multiple cancer types [37,38]. FGF9 has been
reported to promote bone metastasis in the transgenic adenocarcinoma
of the mouse prostate (TRAMP) animal model. Overexpression of FGF9
leads to invasive prostatic adenocarcinoma (PCa), which accelerates
PCa progression [39]. The tumor microenvironment (TME) in the stro-
mal compartment of FGF9-overexpressed tumor tissues from TRAMP
mice would change, such as hyperproliferation and hypercellularity
[39]. Clinically, high FGF9 expression in colorectal cancer specimens of
patients was correlated with poor overall survival. There is a correlation
between FGF9 and EMT markers, including reduction of E-cadherin and
upregulation of vimentin [40]. Also, the expression or mutation of FGF9
correlates with p-catenin in colorectal, ovarian, and endometrial carci-
nomas [41-43]. In addition, matrix metalloproteinases (MMPs) has been
reported to associate with tumor cell proliferation, immune response,
angiogenesis, invasion and metastasis [37,44]. It has been reported that
rhFGF9 and rhFGF20 could promote cell proliferation and migration in
Huh7 hepatoma cells by activating the ERK and nuclear factor NF-xB
pathways and increasing the expression of MMP26 [45]. However, the
effect of FGF9 expression on initiation and progression of lung cancer
and its underlying mechanisms are still unknown.

To study whether overexpression of FGF9 contributes to initiation
and progression of lung cancer, mouse Lewis lung carcinoma (LLC) cells,
a tumor that spontaneously developed as an epidermoid carcinoma in
the lung of a C57BL mouse [46], were exploited. Here, we show that
FGF9, through FGFR1, could enhance LLC proliferation, EMT, cell
migration and invasion by activating MAPK pathways, and further
promote liver metastasis.

Materials and methods
Cell line and treatments

The mouse Lewis lung carcinoma (LLC) cell line was purchased from
Bioresource Collection and Research Center (BCRC No. 60475) of the
Food Industry Research and Development Institute (Hsinchu, Taiwan),
which was originally obtained from American Type Culture Collection
(ATCC) (Rockville, CT, USA). LLC cells were cultured in Dulbecco’s
modified Eagle’s medium containing 0.5 mM sodium pyruvate, 2.5 mM
L-glutamine, and 1.2 g/L sodium bicarbonate, supplemented with 10%
fetal bovine serum at 37°C in a humidified atmosphere containing 5%
CO3. 100 pg/mL streptomycin and 100 I.U./mL penicillin were added, if
necessary. All information of chemicals and materials used in this study
are listed in Table S1.

Cell proliferation assay

LLC cells were seeded in 96-well plates at a density of 6,000 cells per
well with 100 pl culture medium. After 18 h of serum free starvation, the
cells were treated with 0 (BSA vehicle control), 1, 5, 25, 50 and 100 ng/
ml recombinant human FGF9 in the medium containing 1% FBS for 12,
24, 48 and 72 h, respectively. FGF9 stock solution: 20 pg/ml FGF9 in
PBS with 0.1% BSA). MTT (0.5 mg/ml) was added at different time
points and incubated at 37°C for 4 h. Then, the MTT medium was dis-
carded and 50 pl DMSO was added per well to dissolve the crystals by
shaking the plate for 20 min in the dark. The OD values in each treat-
ment were determined using an ELISA reader at 570 nm (Molecular
Devices, San Jose, CA, USA) [31,47].

Migration assay

A. Wound healing migration assay

LLC cells were seeded into ibidi 2-well culture inserts in 12-well
dishes and allowed to reach a confluent monolayer. After 24 h, the
culture inserts were removed. The wound width was monitored over
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time by microscopy and photographed.

B. The transwell migration and invasion assay

The 6.5 mm Corning transwell chambers with 8.0 pm pore size
polycarbonate membrane filter were used. After cells were serum-
starved for 18 h, 5 x 10° cells per well were suspended in 100 pl
serum-free RPMI and seeded into the upper chamber of a 24 well plate.
Then, 600 pl medium containing 10% FBS was added to the well. After
48 h incubation, the migrated cells were fixed by 4% paraformaldehyde
for 20 min and then stained by a 0.5% crystal violet solution in 70%
methanol for 20 min. Stained cells were photographed by an inverted
light microscope. The quantification of microscopic images was
analyzed using ImageJ software.

Western blotting

Treated LLC cells were washed by ice-cold PBS and lysed by ice-cold
lysis buffer (Table S1). After centrifugation at 12,000 x g for 12 min at
4°C, supernatants were collected and stored at -20°C. Twenty-five pg
total protein was separated by 10% SDS-PAGE and transferred onto
polyvinylidence difluoride (PVDF) membranes. The PVDF membranes
with transferred protein were blocked with 5% non-fat milk for 1 h, and
then incubated with the primary antibody in TBS buffer (Table S1) for
16-18 h at 4°C. After washing with TBS buffer containing 0.1% Tween
20, the signal was detected with horseradish peroxidase-conjugated
secondary antibody and visualized with chemiluminescence HRP sub-
strate. The target proteins were quantitated by a computer-assisted
image analysis system (UVP biolmage system software, UVP Inc., CA,
USA). Protein level was quantitated by using ImageJ software (NIH,
Bethesda, MD, USA) and the amount of GAPDH in each lane was
detected as a loading control. All information of antibodies used in this
study are listed in Table S2.

Lentiviral shRNA silencing of FGFR1-R4

The pCMV-AR8.91, pMD.G and all pLKO-based shRNA clones for
FGFR1-4 and non-silencing shRNA (scrambled sequence) were obtained
from the National RNAi Core Facility at Academia Sinica (Taipei,
Taiwan). All shRNA plasmids used in this study are described in
Table S3. Lentivirus preparations were performed according to the
supplier’s protocols. LLC cells were infected with lentivirus in the
presence of 8 pg/ml polybrene. For stable cell lines, cells were selected
by 5.5 pg/ml puromycin 48 h after infection and maintained in growth
medium containing 5.5 pg/ml puromycin.

In vivo animal study

Six-week-old male C57BL/6 mice were purchased from National
Cheng Kung University (NCKU) Animal Center (Tainan, Taiwan). Mice
received a subcutaneous (s.c.) injection of 5 x 10° LLC cells in the right
hip. Five days after tumor inoculation, tumor-bearing mice were
randomly assigned to three groups: FGF9, BSA (vehicle control) and
control (no treatment). The 100 ul of 25 ng/ml FGF9 or 0.00125 % BSA
were locally injected into the LLC cell-forming tumor mass daily for 16
days. FGF9 injecting solution was freshly prepared by diluting FGF9
stock solution (20 pg/ml FGF9 in PBS with 0.1% BSA). Tumor size and
body weight were measured daily. The tumor volume was calculated by
the formula: 0.52 x length x width x width [48]. LLC tumor tissues
were fixed by a 4% paraformaldehyde solution after the mice were
sacrificed. All experiments were performed in accordance with relevant
guidelines and regulations, which were approved by the Institutional
Animal Care and Use Committee (IACUC) of NCKU (IACUC approval no.:
105102).

Immunohistochemistry assay

Formalin-fixed paraffin-embedded tumor tissue sections were
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dewaxed in xylene, dehydrated in ethanol, and washed in PBS. Endog-
enous peroxidase activity was blocked by incubation with 0.3% H04
followed by washing with PBS. Sodium citrate buffer was used to
retrieve the antigen for 50 min at 120°C autoclave. The sections were
blocked with 2% nonfat milk for 1 h and were incubated overnight at
4°C with primary antibodies. Signal was visualized using HRP-
conjugated secondary antibody and the chromogenic substrate 3,3'-
diaminobenzidine. The sections were then counterstained with hema-
toxylin, dehydrated with a graded ethanol series, cleared in xylene, and
mounted with coverslip using mounting solution. Negative controls
were performed in each IHC assay by replacing the primary antibodies
with a corresponding non-specific IgG.

Statistical analysis

Statistical analysis was performed by using GraphPad Prism 6 soft-
ware (La Jolla, CA, USA). The p<0.05 was considered to be statistically
significant in this study. The specific statistical tests used are indicated
in each figure legend.

Results
FGF9 promoted the proliferation, migration and invasion of LLC cells

In order to evaluate the effect of FGF9 on the cell proliferation of
Lewis lung carcinoma cells (LLC cells), the MTT assay was performed.
After FGF9 treatment at concentrations ranging from 0-100 ng/ml for
12, 24, 48 or 72 h, LLC cell proliferation significantly increased in time
and dose-dependent manners. FGF9 at 50 and 100 ng/ml significantly
induced LLC cell proliferation after 24-, 48- and 72 h exposure,
respectively, whereas low doses of FGF9 at 10 and 25 ng/ml could also
significantly induce cell proliferation after 48- and 72 h exposure
(Fig. 1A). In addition, the expression of Ki-67, a standard marker of cell
proliferation that is commonly used to evaluate the growth fraction of a
cell population [49], significantly increased at 12 and 24 h after FGF9
treatment (Fig. 1B).

To further assess the effects of FGF9 on LLC cell migration and in-
vasion, examining which is the key determinant in the malignant pro-
gression and metastasis of cancer, in vitro wound healing and transwell
assays were performed in LLC cells with or without FGF9 treatment. As
shown in Fig. 1C, wound healing assays revealed that 25, 50 and 100 ng/
ml FGF9-treated LLC cells exhibited rapid wound closure. Furthermore,
a significant promotion of cell motility and invasion was observed in LLC
cells at 24 h after 50 ng/ml FGF9 treatments compared with the control
cells (Fig. 1D and 1E). These results demonstrate that treatment with
FGF9 caused significant increase of cell proliferative, migratory and
invasive capability in LLC cells.

FGF9 activated FAK, AKT, and MAPK/ERK signaling pathways in LLC
cells

Focal adhesion kinase (FAK), a cytoplasmic protein tyrosine kinase,
has long been known as a regulator of cell adhesion, migration, prolif-
eration and survival, and also serves an important role in the EMT
process [50]. FAK has been reported to activate the PI3K/AKT signaling
cascade, which subsequently lead to the upregulation of EMT marker
proteins, including N-cadherin, vimentin and Snail [51,52]. Addition-
ally, several studies have shown that PI3K/Akt and MAPK pathways are
the downstream molecules of FGFRs which is activated by FGF9 [53,54].
The PI3K/Akt signaling pathway is one of the well-characterized
pathway with regard to the signal transduction and biological pro-
cesses, such as cell proliferation, anti-apoptosis and cell survival [55]. In
addition, the MAPK signaling pathway is known to play a crucial role in
the development of lung cancer and its downstream molecules (ERK,
JNK, and p38) are associated with tumor growth, migration, and inva-
sion. To further characterize the mechanism underlying the promotion
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Fig. 1. FGF9 induced LLC cell proliferation,
migration and invasion. (A) MTT assay for the
rhx cell proliferation of 0, 10, 25, 50 or 100 ng/ml
FGF9-treated LLC cells for 12, 24, 48 and 72 h,

* respectively. (B) Western blot analysis and

quantification of Ki-67 expression in LLC cells
treated with 0 (Control) or 50 ng/ml FGF9 for
0.25, 12, 24, 48 and 72 h, respectively. (C)
Wound healing cell migration assay for LLC
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of LLC cell proliferation, migration and invasion by FGF9, we examined
the expression of FAK, ERK, AKT, JNK, and p38 using the western
blotting analysis. As shown in Fig. 2, while FGF9 had no effect on the
phosphorylation of JNK and p38, FGF9 induced the phosphorylation of
FAK, AKT, and ERK1/2 compared with the vehicle control, which sug-
gest that FGF9 positively regulated FAK, AKT, and ERK/MAPK signaling
pathways related to cell proliferation.

FGF9 promoted epithelial-mesenchymal transition in LLC cells

Epithelial-mesenchymal transition (EMT) is a highly dynamic pro-
cess through which epithelial cancer cells convert into more aggressive
phenotypes with increased cell migration and invasion ability [56].
Also, EMT has been reported to be associated with tumor metastasis and
is characterized by loss of epithelial markers (E-cadherin, zonula
occludens-1 and f-catenin) and gain of mesenchymal markers (N-cad-
herin, vimentin and MMPs) resulting in the acquisition of the migratory
and invasive properties [56]. Thus, we examined the expression levels of
EMT markers and MMPs to explore their correlation with FGF9. The

closure was quantified as a migration index
(right panel) by measuring the area of migrated
cells across the baseline (red line in left panel).
(D) Migration assay and (E) Matrigel invasion
assay with quantified analyses of 0 (Control) or
50 ng/ml FGF9-treated LLC cells using the ibidi
and a Transwell system were illustrated,
respectively. All values are presented as the
mean+SEM; (A) n=6, (B) n=4, (C-E) n=3. The
data were analyzed by (A) two-way ANOVA
with Sidak’s multiple comparisons post-tests,
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results showed that the level of E-cadherin greatly decreased in
FGF9-treated LLC cells. B-catenin and ZO-1 were also decreased after
FGF9 treatment for 48 and 72 h, respectively. In contrast, the levels of
N-cadherin, vimentin, and snail were markedly increased in
FGF9-treated group (Fig. 3). In addition, the expression of MMP2,
MMP3, MMP9 and MMP13 were significantly induced by FGF9 (Fig. 3),
whereas the expression of MMP1 and MMP7 were not affected by FGF9
in LLC cells (Fig. S1). Collectively, these results indicate that FGF9
promoted LLC migration and invasion by inducing EMT and MMPs
expressions.

Lentiviral shRNA silencing of FGFR1 inhibited FGF9-induced ERK1/2
phosphorylation, LLC cell proliferation, EMT markers, migration and
invasion

It is well-known that FGFs bind to different FGFRs, FGFR1-FGFR4, to
activate multiple intracellular signaling cascades [57]. To identify the
responsible receptor(s) for FGF9 signaling in LLC cells, a lentiviral
vector-based shRNA system was performed to silence FGFR1-4. The
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Western blotting analysis and quantification shows a significant
knockdown (kd) of FGFR1, FGFR2, FGFR3 and FGFR4 protein levels by
the shFGFR1A, shFGFR1B, shFGFR2A, shFGFR2B, shFGFR3B and
shFGFR4B sequence in comparison to its corresponding scramble con-
trol (Fig. 4A). Each shRNA was effective in suppressing its target protein
expression without affecting the expression of other FGFRs (Figs. 4A,
S2).

Knockdown of FGFRI1 led to the inhibition of FGF9-induced ERK
phosphorylation in LLC cells (Fig. 4B). In contrast, the ERK phosphor-
ylation still markedly elevated in FGFR2-, FGFR3- and FGFR4-kd LLC
cells after FGF9 treatment (Fig. S3A). Furthermore, the cell proliferation
is blocked by FGFR1 knockdown after FGF9 treatment (Fig. 4C),
whereas FGFR2, R3 and R4 knockdowns had no significant difference in
cell proliferation after FGF9 treatment compared with the Control
treatment (Fig. S3B). These results indicate that FGF9 activated ERK1/2
signaling pathway through FGFR1 to induce LLC cell proliferation.

In addition, the EMT related markers, cell migration and invasion
abilities were further evaluated in FGFR1-kd LLC cells. As shown in
Fig. 4D and 4E, FGFR1 knockdown rescued the E-cadherin inhibition
and blocked the expression of N-cadherin, MMP2, MMP3, and MMP13,
but not MMP9, after FGF9 treatment. Moreover, FGFR1 knockdown

N w

(Fold change)

il 3 Control
B8 FGF9

0
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W FGF9

24 48 72 hr(s)

inhibited the migration and invasion of LLC cells after FGF9 exposure
(Fig. 4F and 4G). These results indicate that changes in the biological
functions, including migration and invasion, of LLC cells induced by
FGF9-FGFR1 may be via MMPs (MMP2, MMP3, and MMP13) over-
expression, extracellular matrix (ECM) degradation, and EMT.

FGF9 stimulated tumor growth in allograft model with LLC cell induction

Since FGF9 could promote LLC cell proliferation and EMT in vitro, the
effect of FGF9 on lung cancer in vivo was further investigated by using
male C57BL/6 mice as the allograft model. LLC cells were subcutane-
ously injected at the flank of the mice. Five days after LLC cell inocu-
lation, mice were given daily injections of 50 ng/ml FGF9 or BSA
(vehicle, 0.001%) for 10 days. Results showed that the tumor volumes of
FGF9 group were significantly higher than that of BSA (vehicle) and
Control (no treatment) groups (Fig. 5A and 5B), and the tumor weights
significantly increased with FGF9 treatment (Control group, 1.22+0.11
g; BSA group, 1.184+0.10 g; and FGF9 group, 2.194+0.28 g) (Fig. 5C).

To further investigate the tumor-growth promoting effects of FGF9 in
vivo, immunohistochemistry (IHC) examinations of Ki-67 and cleaved
caspase-3 were performed. Data showed that FGF9 exposure resulted in
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significantly increased Ki-67 expression and decreased cleaved caspase-
3 expression in the LLC tumor tissue (Fig. 5D). These results suggest that
FGF9 promoted tumor growth, in vivo, by increasing cell proliferation
and decreasing cell death; the apoptosis.

FGF9 promoted EMT marker expressions and liver metastasis of LLC
tumor, in vivo

Compared to BSA and Control group mice, liver metastasis

significantly increased in FGF9-treated mice (Fig. 5E and 5F). However,
there were no significant differences in lung metastasis between FGF9,
BSA and Control groups (Fig. 5E and 5F). In addition, the IHC expres-
sions of CD31 and N-cadherin in LLC tumor were significantly increased
in FGF9-treaated group as compared to BSA and Control groups
(Fig. 5G), whereas the E-cadherin was significantly repressed in LLC
tumor with FGF9 exposure. These in vivo observations further support
that FGF9 induced the expression of N-cadherin and inhibited the
expression of E-cadherin, in vitro (Fig. 3). Thus, FGF9 significantly
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Fig. 4. Lentiviral shRNA silencing of FGFR1
inhibited FGF9-induced ERK1/2 phosphory-
lation, cell proliferation, EMT markers,
migration and invasion in LLC cells. (A)
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promoted tumor growth both in in vitro cellular system and in vivo ani-
mal model related to tumorigenesis. All these findings strongly suggest
that FGF9 might regulate EMT and promote metastasis in lung cancer.

Interplay between cancer epithelial cells and the surrounding im-
mune cells do shape the TME to promote cancer progression [58-60].
Tumor associated macrophages (TAMs) have been reported to involve in
the regulation of EMT process [61]. TAMs originate from circulating
monocytes which are recruited to the tumor site shaped the TAM
phenotype by tumor derived factors, such as vascular endothelial
growth factor A (VEGF-A), colony-stimulating factor-1 (CSF-1) and CC
chemokine ligand 2 (CCL2), in the tumor microenvironment. These and
other factors in the tumor microenvironment promote TAMs toward
tumor-supportive M2-polarized macrophages, although M1-polarized

macrophages with anti-tumor activity were also reported in some
types of cancer [62,63]. M1 macrophages exert tumoricidal activity by
secreting pro-inflammatory cytokines, nitro oxide and reactive oxygen
species (ROS), presenting antigens and activating cytotoxic T lympho-
cytes. In contrast, M2 macrophages are responsible for supporting
angiogenesis and suppressing immunoresponse in TME, and thus pro-
mote tumor progression and distant organ metastasis [59,60]. There are
two major arginine metabolic pathways in macrophages. Arginine is a
precursor and can be metabolized either by inducible nitric oxide syn-
thase (iNOS; NOS2), which is highly expressed in M1 macrophages, to
nitric oxide and citrulline or hydrolyzed by the enzyme arginase 1
(Argl), which is abundantly expressed in M2 macrophages, to ornithine
and urea. Therefore, iNOS and Argl are commonly used as one of
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Here, in the subcutaneous inoculated LLC tumor, the M2 macro-

phage infiltration was increased in FGF9 treatment group, whereas the
M1 macrophages was decreased after FGF9 treatment (Fig. 5G). These
results imply that FGF9 may contribute to macrophage recruitment and

M2 polarization to further promote liver metastasis.
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Fig. 5. FGF9 stimulated tumor growth,
angiogenesis, EMT, M2 macrophage infil-
tration and tumor metastasis of lung carci-
noma in vivo. LLC cells subcutaneously
injected C57BL/6 mice were treated with 25
ng/ml FGF9 or 0.00125% BSA (vehicle control)
once daily for 16 days. Mice in Control (Con)
group were subcutaneously inoculated with LLC
cells and received no treatment. (A) Tumor
growth curves were plotted against time. (B)
Photograph and (C) weights of excised subcu-
taneous LLC tumors from the Control, BSA and
FGF9 group mice at the time mice were sacri-
ficed. (D) Immunohistochemical assays of Ki-67
and cleaved Caspase-3 (c-Casp3) expressions in
the LLC subcutaneous injected tumors from
various groups (original magnification, Ki67: x
200; c-Casp3: x100). (E) Photograph and (F)
weight of excised liver and lung tissues of the
FGF9, BSA or Control (Con) mice. (G) Immu-
nohistochemical assays of CD31, E-cadherin,
and N-cadherin, and M1 (iNOS) and M2 (Argl)
expressions in the LLC subcutaneous tumors
from FGF9, BSA or Control mice (original
magnification, CD31: x100, E-Cadherin, N-
Cadherin, M1 and M2: x200). Values are rep-
resented as the mean + SEM; n=6. The data
were analyzed by two-way ANOVA with Sidak’s
multiple comparisons post-tests in (A) or one-
way ANOVA with Tukey’s multiple compari-
sons post-tests in (C), (D), (F) and (G); up<0.05,
#p<0.01 and *p<0.001 vs. the Control group;
*p<0.05, **p<0.01 and ***p<0.001 vs. the BSA
group.

In this study, we explored the role of FGF9 in tumor progression and
metastasis in lung cancer. We determined that FGF9 activated the FAK,
AKT, ERK/MAPK pathways; promoted lung cancer cell proliferation,
migration and invasion; and changed the expressions of EMT markers

and MMPs in lung cancer cells. We also found that FGF9 promoted the
tumor growth and metastasis of subcutaneous injected tumor in vivo.
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The major novelty of this study is that FGF9 promoted the liver metas-
tasis of lung cancer cells through FGFR1 via ERK/MAPK signaling
pathways and inflammation (Fig. 6).

Mechanism wise, we demonstrated that FGF9 could induce cell
proliferation, EMT, migration, and invasion in lung cancer cells by
regulating the ERK/MAPK pathway, ECM proteins and MMPs. A number
of studies have reported that MAPK cascades (ERK1/2, JNK1/2, and
p38) are involved in cell growth, migration and MMPs activity in various
cancers, including lung, colorectal, ovarian and prostate cancers [66,
67]. It has been shown that the MMPs are regulated by MAPK pathways
and implicated in regulating ECM degradation and remodeling, which is
associated with EMT to promote cell migration and invasion in cancers
[68]. Those observations are parallel with ours that FGF9 promoted the
proliferation, migration and invasion in LLC cells (Fig. 1). We also
demonstrated that FGF9 could interact with FGFR1 and trigger activa-
tion of the downstream signaling pathways, including the inhibition of
E-cadherin and the upregulations of N-cadherin, MMP2, MMP3 and
MMP13, and subsequently increased cell migration and invasion in vitro
(Figs. 2, and —4).

In our animal study, IHC staining results showed that the TME of
subcutaneous LLC tumor tissue was changed, including hypercellularity
and hyperproliferation (Fig. 5). Changes in TME, such as EMT, anti-
anoikis, angiogenesis, lymphangiogenesis and immunesupesssion, are
complicated processes that take place in the TME during cancer pro-
gression [59,69]. TAMs, the major component of the TME, can be
polarized into tumor-inhibiting M1 macrophages or tumor-promoting
M2 macrophages [59]. Clinically, TAMs are frequently detected in the
lung cancer specimens [70]. Accumulating evidences from in vivo animal
models and in vitro studies suggest that M2 macrophages could promote
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tumor growth, suppress antitumor immunity, and induce angiogenesis,
lymphangiogenesis and metastasis [62,71]. In this study, we found that
FGF9 promoted the recruitment of M2 macrophage rather than M1
macrophage in LLC tumor tissues (Fig. 5G). In addition, CD31 expression
was higher in FGF9 group in which might be related to M2 recruitment
(Fig. 5G), since it has been reported that the recruitment of M2 could be
induced by FGF9 to promote angiogenesis involved in tumorigenesis
[71]. Furthermore, upregulation of MMPs by TAMs was linked to the
promotion of EMT, angiogenesis and metastasis [69]. Indeed, studies
have shown that MMPs are TME proteins facilitating tumor cell migra-
tion through the extracellular matrix [69,72].

In the present study, subcutaneous inoculation of LLC cells in C57BL/
6 mice was used to investigate the subcutaneous growth and distant
organ metastasis of the lung cancer cells. Cancer allograft and xenograft
models, classified as subcutaneous (SC) and orthotopic transplanted
(OT) tumor models, are widely used to study tumorigenesis, tumor
progression and/or to assess response to therapy. SC models are
commonly used to investigate tumorigenesis or anticancer activity
because of their high reproducibility and ease of monitoring tumor
growth and therapeutic response. In recent years, many effort has been
made to develop more clinically relevant models by the use of orthotopic
transplantation of tumor in rodents. OT models are considered to
reproduce the tumor microenvironment, which is thought to be more
clinically relevant than SC models, and emulate important biological
features of cancer progression, angiogenesis, metastasis, therapeutic
sensitivity and drug resistance. The differences between SC and OT
models might be associated with different tumor microenvironments
[73,74]. However, the detailed mechanisms are still unclear.

Mouse Lewis lung carcinoma is highly metastatic in
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Fig. 6. Schematic graph illustrates how FGF9 induces LLC tumorigenesis related to tumor microenvironment changes and liver metastasis. FGF9 induced
LLC cell proliferation, migration, invasion, in vitro, and promoted tumor growth, angiogenesis, M2 macrophage infiltration, EMT, and liver metastasis, in vivo, by
increasing the expressions of p-FAK, p-AKT, p-ERK1/2, N-cadherin, vimentin and MMPs, and decreasing E-cadherin expression. This novel FGF9/LLC allograft animal
model may therefore be useful to study the mechanism of liver metastasis which is the worst prognostic factor for lung cancer patients with distant organ metastasis.



M.-M. Chang et al.

immunocompetent syngeneic murine background of C57BL/6 mouse,
which is a good animal model of tumor metastasis for studying the ef-
ficacy of chemotherapeutic agents, the targeted therapies, and the
mechanisms of tumor growth and/or metastasis because of the true
immune and toxicity responses. In addition, this model is used for
investigating the interaction of the tumor and the immune system which
cannot be ignored in vivo. LLC is known to metastasize to the lung by
subcutaneous and intravenous injection in mice [75,76]. It has been
only reported that activation of BMP2 signaling promotes bone metas-
tasize of tail vein-injected LLCs in C57BL/6 mice [76]. Here, our novel
finding is that FGF9 could enhance liver metastasis with the subcu-
taneous LLC tumor (Fig. 5). Clinically, liver metastasis is a well-known
worse prognostic indicator in lung cancer patients [4,77]. However,
unlike bone or brain metastasis, few studies focused on liver metastasis
of lung cancer. It remains unclear why poor clinical outcomes are
associated with liver metastasis. Further efforts should be made to reveal
the mechanism and find out effective treatment for liver metastasis of
lung cancer [2,3]. Here, our novel finding provided a good animal model
for studying the mechanisms of liver metastasis of lung cancer in
immunocompetent syngeneic background.

Taken together, FGF9 could bind FGFR1 to promote LLC cell pro-
liferation, migration and invasion with the increasing expressions of
EMT proteins (N-cadherin, vimentin, MMP2, MMP3 and MMP13) and
the decreasing expression of E-cadherin possibly through the activation
of MAPK pathway. Moreover, FGF9 could promote the subcutaneous
LLC tumor growth with the recruitment of M2 macrophages, angio-
genesis and EMT in the TME, and the liver metastasis in vivo. In
conclusion, FGF9 triggers ERK signal through FGFR1 with the aberrant
TME and induction of EMT to stimulate LLC hepatic tumorigenesis and
metastasis.

Table S1. Chemicals and materials used in this study.
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