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FGFRL1 deficiency reduces motility and tumorigenic potential
of cells derived from oesophageal squamous cell carcinomas
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Abstract. Oesophageal squamous cell carcinoma (ESCC)
is an aggressive cancer that resulted in ~400,000 mortalities
worldwide in 2012. It was reported previously that fibroblast
growth factor receptor-like 1 (FGFRLI) is highly expressed in
ESCC patients with lymph node metastasis and poor prognosis
accordingly. FGFRL1 is an FGFR that lacks tyrosine kinase
activity, whereas the activity is critical for other FGFRs to
activate intracellular signalling. The mechanism by which
FGFRLI promotes the aggressiveness of ESCCs is unknown. In
the present study, two independent FGFRL1-deficient cell lines
were generated from human ESCC KYSES20 cells, in order to
investigate the relationship of FGFRL1 with the aggressiveness
of ESCCs. FGFRLI-deficiency did not affect proliferation of
KYSES520 cells in vitro. However, a xenograft mouse model
demonstrated that FGFRL1-deficiency decelerated tumour
growth in vivo. The haematoxylin-eosin staining identified that
FGFRLI-deficient cells formed well-differentiated squamous
cell carcinomas, whereas wild-type cells formed moderately
differentiated squamous cell carcinomas. Microarray analysis
of mRNA expression revealed that FGFRL1-depletion resulted
in decreased expression of proteins associated with motility
and invasion of tumour cells, matrix metalloproteinase-1 and
fibroblast growth factor binding protein 1. The wound-healing
assay indicated that depleting FGFRLI reduced cell motility.
Furthermore, the invasiveness of FGFRLI1-deficient cells
was lesser than that of wild-type KYSE520 cells. In the
FGFRLI1-deficient KYSE520 cells, actin filaments around the
nucleus were observed sparsely, whereas the filaments along
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the plasma membranes were observed as frequently as those
in the parent KYSES520 cells. These results demonstrate that
FGFRLI may be involved in regulation of protein expression,
actin filament assembly and tumorigenic potential of ESCC
cells.

Introduction

Oesophageal cancer is the sixth leading cause of cancer-associ-
ated mortality behind lung, liver, gastric, colorectal, and breast
cancer, worldwide in 2012 (1). In total, ~400,000 mortalities
were attributed to the disease worldwide in 2012 (2). The cancer
includes two main sub-types; oesophageal squamous-cell
carcinoma (ESCC) and oesophageal adenocarcinoma. While
oesophageal adenocarcinoma is widespread in Europe and
the USA (2), ESCC is diagnosed more often in Asia, Africa
and South America (3). In Japan in 2009, 90.5% of oesopha-
geal cancers were squamous-cell carcinomas (4). Cisplatin
is used in combination with fluorouracil as first-line therapy,
followed by docetaxel or paclitaxel as second-line therapy to
treat oesophageal cancer in Japan (5). No treatment strategy
has been defined for patients with oesophageal cancer who are
refractory or intolerant to the standard therapies.

Fibroblast growth factor receptor-like 1 (FGFRLI)
belongs to the FGFR protein family (6). It has an extracel-
lular FGF-binding site, which is highly homologous with the
other members of the family (7). In contrast to other FGFRs,
the intracellular domain of FGFRLI lacks the tyrosine kinase
domain; rather, it comprises the tandem tyrosine-based motif
and the histidine-rich region (8). Mice lacking FGFRLI1
expression exhibit malformation of the metanephros (9,10) and
the diaphragm (11,12), and therefore succumb at birth. Thus,
FGFRLI serves an essential function in normal development
of the kidney and the diaphragm. However, the mechanism by
which FGFRLI contributes to the development of those tissues
remains unresolved.

The authors of the present study reported previously that
transient inhibition of FGFRLI expression induces cell cycle
arrest and apoptosis of ESCC cells (13). Expression of FGFRLI1
tends to associate with lymph node metastasis; therefore, high
expression of FGFRLI in ESCCs suggests poor prognosis of
patients (14). FGFRLI in ESCC cells is frequently co-expressed
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with either FGFR1 or FGFR4, and an in situ proximity liga-
tion assay indicated that FGFRLI1 forms a hetero-dimer with
FGFRI1 or FGFR4 (15). These results suggest that FGFRLI1
serves a function in the aggressive behaviour of ESCCs.

Consistent with these results in ESCCs, downregulation
of FGFRLI expression decreases proliferation of head and
neck squamous carcinoma cells (SCC10A) (16). Furthermore,
ovarian tumours exhibit aberrant expression of FGFRLI1 (17),
and FGFRLI1 mutation is observed frequently in colorectal
tumours (18). Taken together with the results of the authors'
previous study, the data in these studies suggest that FGFRLI1
serves an important function in cancer generation and/or
expansion.

In the present study, cell lines deficient for FGFRLI expres-
sion were established from KYSE520 ESCC cells, in order to
investigate the function of FGFRLI in ESCC cells. FGFRLI1
deficiency decreased cell motility and tumour growth in a
mouse xenograft model.

Materials and methods

Materials. Anti-actin (cat. no. ab8226), anti-fibroblast growth
factor binding protein 1 (FGFBPI) (cat. no. ab215353) and
anti-matrix metalloproteinase (MMP)-1 (ab38929) antibodies
were purchased from Abcam (Cambridge, UK). Anti-FGFRL1
(A AB1403271) was purchased from Merck KGaA (Darmstadt,
Germany). Alexa Fluor 488-labelled phalloidin (8878) was
purchased from Cell Signalling Technology, Inc. (Danvers,
MA, USA).

Cell culture and genetic depletion of the FGFRLI gene using
clustered regularly interspaced short palindromic repeats
(CRISPR)-cas9. The KYSE520 ESCC cell line was previ-
ously established from human ESCC by the authors (19).
KYSES520 cells were maintained on collagen I-coated plates
in Ham's F12/RPMI-1640 medium (Thermo Fisher Scientific,
Inc., Waltham, MA, USA) containing 5% fetal bovine serum
(FBS; Thermo Fisher Scientific, Inc.). For genetic depletion of
the FGFRLI1 gene, KYSES520 cells were cotransfected with
tractRNA, a plasmid encoding Cas9 (GE Healthcare, Chicago,
IL, USA) and crRNA (Fasmac, Inc., Kanagawa, Japan) for the
FGFRLI gene (5-CAGGGGGCUCGGCGUCAUCUGUUU
UAGAGCUAUGCUGUUUUG-3'") using Lipofectamine 3000
(Thermo Fisher Scientific, Inc., Waltham, MA, USA). At 24 h
after the transfection, the cells were harvested with trypsin
and seeded in 10 cm diameter cell culture dishes at a density
of 2x10* cells/dish. Following overnight culture, the medium
was changed to Ham's F12/RPMI-1640 containing 5% FBS
and 2 ug/ml puromycin and the cells were cultured for 3 days.
The cells were then cultured in Ham's F12/RPMI-1640
containing 5% FBS without puromycin until colonies were
visible. Each colony was isolated and cultured separately. In
order to identify FGFRLI1-/- cells, genomic DNA was prepared
and used as a template for PCR (forward primer: 5'-CTCCCA
GTTCCACGTGTTAGTGACG-3' and reverse primer; 5'-CGC
CAGAACTCACCTC-3"). The thermocycling procedure for
PCR included 2 min at 98°C, followed by 23 cycles of 30 sec
at 97°C, 30 sec at 58°C and 1 min at 72°C. Ex taq (Takara
Bio, Inc., Otsu, Japan) was used for amplification. The PCR
products were directly sequenced.

TAKEI et al: EFFECTS OF FGFRLI-DEFICENCY ON ESCC CELLS

KYSE520 cell xenografts. All mice were handled and cared for
in accordance with the Guide of Care and Use of Laboratory
Animals, and all experiments were approved by the Ethics
Committee of Experimental Animals of Kyoto University
(Kyoto, Japan). All surgical procedures and postoperative
care regimes were reviewed and approved by the Animal
Care and Use Committee of Kyoto University. Wild-type and
FGFRLI-deficient KYSES520 cells were harvested with trypsin
and resuspended in Matrigel (Corning Incorporated, Corning,
NY, USA) at a concentration of 1.5x107 cells/ml. Next, 0.2 ml
(3x10° cells) of the cell suspension was subcutaneously injected
into immunodeficient athymic Balb/c Slc-nu/nu mice (male,
7 weeks old; n=9; Japan SLC, Inc., Nishi-ku, Japan). The mice
were maintained on a 12-h light-dark schedule and given
ad libitum access to food and water. After O, 2 and 4 weeks
major and minor axes of tumours were measured and tumour
mass was calculated using the formula (major axis) x (minor
axis)*/2. As humane endpoints, two conditions were set. If the
major axis of the tumour exceeded 20 mm, the experiment
ended. If animals lost their weight >15% compared with their
age-matched control animals, they were also removed from
experiments. However, neither of these instances occurred in
the present study. At the conclusion of the experiment, only
single tumours were observed, and the maximum tumour
volume observed in the present study was 1,734.1 mm?®.

Western blot analysis. Cells were harvested with trypsin and
homogenised in a buffer containing 50 mM Tris-HCl (pH 7.8),
150 mM NaCl, I mM EDTA, 0.5 mM EGTA, 2 mM DTT,
0.5% TritonX-100, 2X PhosSTOP phosphatase inhibitor mix
(Roche Applied Science, Penzberg, Germany) and 1x Complete
Protease Inhibitor Cocktail (Roche Applied Science). Following
centrifugation at 15,000 x g for 15 min at 4°C, the supernatant
was used as the cell extract. Protein concentrations of the cell
extracts were assessed using the Bradford method. Proteins
(40 ug) were separated by SDS-PAGE and then blotted onto
a polyvinylidene difluoride membrane. The membrane was
incubated with blocking buffer containing 5% skimmed milk
and 0.05% Triton X-100 in PBS for 1 h at room temperature,
followed by the aforementioned primary antibodies in blocking
buffer overnight at 4°C and a POD-labelled secondary antibody
matched to the first antibody (1:2,000 dilution; cat. no. 7074 for
anti-rabbit IgG and 7076 for anti-mouse IgG; Cell Signalling,
Inc.) for 1 h at room temperature. Bound antibodies were visu-
alised using the ECL-Plus reagent (GE Healthcare). Dilutions of
primary antibodies for this study were as follows; anti-FGFRL1
(1:1,000), anti-actin (1:2,000), anti-FGFR1 (1:100), anti-FGFR3
(1:200), anti-MMP-1 (1:500) and anti-FGFBP1 (1:500).

Phalloidin staining. Cells were cultured at 37°C with
10% CO, on a plastic coverslip coated with collagen I
(Sumitomo-Bakelite Co., Ltd., Tokyo, Japan). For FGF2 treat-
ment, cells were incubated in Ham's F12/RPMI-1640 medium
without serum for 5 h at 37°C, after which the medium was
changed for Ham's F12/RPMI-1640 with or without 20 nM
FGF2 and 50 pug/ml heparin (Thermo Fisher Scientific, Inc.).
Following FGF2 treatment, cells were fixed with 4% parafor-
maldehyde and 0.5% Triton X-100 in PBS for 30 min at 4°C,
and incubated with 0.15 M phalloidin-Alexa fluor 488 in PBS
for 3 h at 4°C. Images were taken using an Olympus Fluo View
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Figure 1. FGFRLI1-deficient cells. (A) The sequence of the target site in the FGFRLI gene. Following transfection of plasmid encoding Cas9 and RNAs,
colonies were isolated and the sequences of the FGFRLI1 gene were examined. No mutation was detected in the clone 1. A single nucleotide (thymidine)
insertion was detected at the first ATG within the FGFRLI gene in the clone 15. Deletion of 11 nucleotides, including the first ATG within the FGFRLI1 gene,
was observed in the clone 21. (B) Western blot analysis of KYSES520 cells. Whole cell extracts prepared from each cell line were analysed using SDS-PAGE.
(C) Expression of FGFRs in wild-type and FGFRLI-deficient KYSES520 cells. Whole cell extracts prepared from each cell lines were analysed by SDS-PAGE.
(D) Proliferation of cells. At the indicated times, cells were harvested with trypsin and counted. Data represent the mean of three experiments. Error bars
represent the standard error of the mean. FGFRLI, fibroblast growth factor receptor-like 1; FGFR, fibroblast growth factor receptor; Nt, nucleotide residue.

1000 confocal microscopy system (Olympus Corporation,
Tokyo, Japan) with x40 magnification.

Cell migration assay. An i-bidi culture insert (ibidi, Inc.) was
set in a 35 mm cell culture dish. To assess cell migration,
cells (5x10%) were seeded into a well of an i-bidi culture insert
with Ham's F12/RPMI-1640 containing 5% FBS. Following
overnight culture at 37°C, the insert was removed and the
cells were washed with F12/RPMI-1640 medium once, and
then cells were cultured at 37°C in F12/RPMI-1640 medium
without serum for 7 h. Cells were observed with an Olympus
IX-70 microscopy at x10 magnification.

Cell invasion assay. The CytoSelect 24-well cell invasion
assay kit (Cell BioLabs, Inc., San Diego, CA, USA) was
used to assess the invasion ability of cells. Cells (1.2x10%)
were seeded on the culture insert (included in the kit) with
Ham's F12/RPMI-1640 containing 5% FBS and incubated
for 24 h. Quantification of the invading cells was performed
according to the manufacturers protocol. Briefly, after removal
of non-invasive cells, invasive cells adhered to the bottom
membrane of the insert were quantified using a colorimetric
plate reader according to the manufacturers protocol.

Microarray. Total RNA was extracted from 6x10° cells of
wild-type and FGFRLI-deficient KYSES520 cells, respectively,

with Isogen (Nippon gene, Inc.,Japan). RNA was amplified with
Amino Allyl MessageAMP II kit (Thermo Fisher Scientific,
Inc.) and coupled with Cy5 dye with Cy5 Mono-Reactive Dye
Pack (GE healthcare), and then hybridized to a human Oligo
chip (25 k; Toray Industries, Inc., Tokyo, Japan) according to
the manufacturers protocol.

Statistical analysis. Data are presented as mean + standard
error of the mean. Statistical analysis was performed using a
one-way analysis of variance with Microsoft Excel for Mac
2011 (version 14.7.7; Microsoft Corporation, Redmond, WA,
USA). As a post hoc test, Dunnett's test was used. P<0.05 was
considered to indicate a statistically significant difference.
The Tukey-Kramer method was used to compare tumour mass
with the wild type mice. P<0.01 was considered to indicate a
statistically significant difference.

Results

Mutagenesis of FGFRLI gene. Two cell lines deficient for
FGFRLI expression, clones 15 and 21, were established from
an ESCC cell line (KYSES520) using the CRISPR-Cas9 method
(Fig. 1A). In the clone 15 line, a single thymidine was inserted
into the first ATG site of the FGFRLI1 gene. A total of 11 nucle-
otides (AGGCCGAGATG, which includes the first ATG site
of FGFRLI1) were deleted from the clone 21. Clone 1 was also
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Figure 2. Effects of FGFRLI-deficiency on tumour growth in a xenograft model. (A and B) Following subcutaneous injection of KYSE520 cells, mice were
observed at the indicated time points. Wild-type and FGFRL1-deficient KYSES520 cells were each injected into three mice, and tumour mass was estimated.
The graph indicates the average values, and the error bars represent the standard error of the mean. "P<0.01 (Tukey-Kramer method) vs. the wild type. Scale
bar, 10 mm. (C) Haematoxylin and eosin staining of tumours formed by wild-type or FGFRLI-deficient KYSE520 cells. Tissues were observed using a x20

objective lens. FGFRLI, fibroblast growth factor receptor-like 1.

established from KYSES520 cells treated by the CRISPR-Cas9
method; however, the method failed to produce a mutation at
the FGFRLI gene. No expression of FGFRLI was detectable
in clones 15 and 21, however, its expression was detected in
samples derived from parental KYSE520 and clone 1 (Fig. 1B).
KYSES20 cells expressed FGFR1 and FGFR3 (Fig. 1C).
Neither expression of FGFR2 nor FGFR4 was detectable with
western blotting under the conditions used in the present study.
Genetic depletion of FGFRLI had no obvious effects on the
expression of other FGF receptors (Fig. 1C). Cell proliferation
curves of those cells were comparable (Fig. 1D).

Effects of FGFRLI gene depletion on tumour growth in a
xenograft model. To examine the effects of FGFRLI depletion
in vivo, mice were injected subcutaneously with wild-type and
FGFRLI-deficient KYSES520 cells. As presented in Fig. 2A
and B, tumours derived from FGFRLI1-deficient cell lines
(clones 15 and 21) exhibited reduced growth in vivo. The
haematoxylin-eosin staining indicated that FGFRLI-deficient
cells formed well-differentiated squamous cell carcinomas in
a mouse xenograft model (Fig. 2C), whereas wild-type cells
formed moderately differentiated squamous cell carcinomas,
as originally described (19). These results indicated that
FGFRLI may contribute to tumorigenesis in vivo.

Effects of FGFRLI-depletion on mRNA expression profiles.
In order to determine the underlying molecular mecha-
nism of the deceleration of tumour growth resulting from
FGFRLI-deficiency, mRNA levels were compared between
wild-type and FGFRLI-deficient cells using microarrays
(Fig.3A). Microarray demonstrated that the expression MMP-1,

C-X-C chemokine receptor type 7, keratin 14, FGFBP1 and
keratin 6A was markedly downregulated in FGFRLI1-deficient
cells (Fig. 3B). In the five genes, reduced protein expression of
MMP-1 and FGFBPI1 were confirmed using western blotting
(Fig. 3C).

MMP-1 digests collagen in a metal ion-dependent manner
and is associated with cell invasion (20). Fig. 3D presents the
invasion of cells through a collagen I membrane. The invasive-
ness of FGFRLI-deficient cells was decreased compared with
that of wild-type KYSES520 cells.

FGFBPI is a secreted FGF-binding protein that is able
to promote cell motility (21). As presented in Fig. 3E and F,
wild-type KYSES520 cells sealed a 400 ym wide wound
within 7 h, however, FGFRLI1-deficient cells did not. Thus,
FGFRLI-deficiency may have decreased the cell motility of
KYSES20 cells compared with controls.

The structure of actin filaments was examined, since the
filaments are required for cell motility (22). Visualization of
actin filaments via phalloidin staining identified that actin
filaments around the nucleus were sparse in FGFRLI-deficient
cells compared with controls, whereas the filaments along the
plasma membrane were observed as frequently as those of
wild type cells (Fig. 3G). These results suggest that FGFRLI1
may contribute to the regulation of actin filament assembly.

Discussion

While FGFRLI expression tends to be high in ESCC patients
with a poor prognosis (14), its function in the generation/expan-
sion of ESCCs remains unresolved. In the present study, genetic
depletion of FGFRLI in ESCC KYSES520 cells indicated that
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Figure 3. Microarray analysis of FGFRLI1-deficient cells. (A) Identification of transcripts differentially expressed in wild-type and FGFRLI-deficient cells.
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KYSES520’, respectively. Each dot represents an individual gene. Transcripts markedly downregulated in KYSES520-deficient cells are denoted by their gene
symbol. (B) Genes exhibiting notably decreased expression in FGFRLI-deficient cells. (C) Western blot analysis of cell extracts prepared from the indicated
cells. (D) Cell invasion through a porous type-I collagen membrane. After 24 h, invaded cells were stained with a blue dye and permeabilised in 200 ul of
buffer. The experiment was repeated three times. Data represent the mean values. Error bars indicate the standard error of the mean. "P<0.05 (Dunnett's test)
vs. the wild-type. (E) Cell migration assay. (F) The invaded area presented in (E) was assessed. The experiment was repeated three times. The data in the graph
are expressed as mean values. Error bars indicate the standard error of the mean. "P<0.05 (Dunnett's test) vs. the wild-type. (G) Phalloidin staining of cell lines.
Scale bar, 10 gm. FGFRLI, fibroblast growth factor receptor-like 1; OD, optical density; MMP, matrix metalloproteinase; CXCR7, C-X-C chemokine receptor
type 7, KRT14, keratin 14; FGFBPI, fibroblast growth factor binding protein 1; KRT6A, keratin 6A.

FGFRLI1 may contribute to tumour growth in vivo. Tumour
growth in a mouse xenograft model involves multiple processes,
including cell proliferation, migration, adhesion and angiogen-
esis. Genetic depletion of the FGFRLI1 gene failed to inhibit
cell proliferation, although transient inhibition of FGFRLI1
expression by siRNA induced cell cycle arrest (13,16). This may
suggest that FGFRLI-deficiency is able to affect cell prolifera-
tion transiently, but not permanently. This, in turn, suggests that
genetic depletion of FGFRLI is able to decrease cell motility
and invasiveness, rather than cell proliferation.

In the present study, it was identified that FGFRLI-deficency
decreased the expression level of proteins regulating cell motility
and invasiveness, FGFBP1 and MMP-1. In vivo, FGFBP1 acts
as a carrier protein that releases FGFs from the extracellular
matrix, thereby increasing the proliferation, migration and
angiogenesis induced by FGFs (21,23). Consistently, the present
study indicated that FGFRLI-deficiency reduced tumorigenic
potential in a xenograft mouse model and decreased cell

motility in vitro. Moreover, MMP-1 serves a critical function in
local invasion of oesophageal carcinomas and is an independent
prognostic factor (24). It was demonstrated in a previous study
that high expression of FGFRLI is associated with lymph node
metastasis of ESCCs (14). In concurrence with those data, the
present study demonstrated that FGFRL1-deficiency decreased
the invasion of KYSE520 ESCC cells. Furthermore, it was
demonstrated in the present study that actin filaments around
the nucleus were sparse in FGFRLI-deficient cells. FGFRLI
may be able to promote tumour invasion via the regulation
of protein expression and actin filament assembly, since the
assembly is essential for motility and invasion of cells (22). The
results of the present study suggest a reason for the association
of FGFRLI1 expression with lymph node metastasis of ESCCs.
The underlying molecular mechanism by which FGFRLI
regulates the assembly of actin filaments remains unresolved.
The expression levels of MMP-1 and FGFBP1 were
not decreased in normal tissues of FGFRLI-knockout
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mice (10,12). The present results suggest that gene editing is
useful for studying the function of a protein not only in normal
development, but also in tumour generation/development.

To conclude, FGFRL1-knockout cell lines were established
from ESCC KYSES520 cells. FGFRLI1-deficiency decreased
cell motility, invasion and tumorigenic potential of KYSE520
cells. FGFRLI1 deficiency in KYSES520 cells also decreased
the expression of proteins promoting cell motility and inva-
sion, MMP-1 and FGFBPI1. The present study may provide an
explanation for the clinical observation that high expression
of FGFRLI in ESCCs is often associated with lymph node
metastasis and poor prognosis of patients.
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