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Abstract

Fibroblast growth factor receptor 4 (FGFRA4) is vital in early development and tissue repair. FGFR4 expression levels are very
restricted in adult tissues, except in several solid tumors including colorectal cancer, which showed overexpression of
FGFR4. Here, FGFR4 mutation analysis discarded the presence of activating mutations, other than Arg®®®, in different
colorectal cancer cell lines and tumoral samples. Stable shRNA FGFR4-silencing in SW480 and SWA48 cell lines resulted in a
significant decrease in cell proliferation, adhesion, cell migration and invasion. This decrease in the tumorigenic and invasive
capabilities of colorectal cancer cells was accompanied by a decrease of Snail, Twist and TGF3 gene expression levels and an
increase of E-cadherin, causing a reversion to a more epithelial phenotype, in three different cell lines. In addition, FGFR4-
signaling activated the oncogenic SRC, ERK1/2 and AKT pathways in colon cancer cells and promoted an increase in cell
survival. The relevance of FGFR4 in tumor growth was supported by two different strategies. Kinase inhibitors abrogated
FGFR4-related cell growth and signaling pathways at the same extent than FGFR4-silenced cells. Specific FGFR4-targeting
using antibodies provoked a similar reduction in cell growth. Moreover, FGFR4 knock-down cells displayed a reduced
capacity for in vivo tumor formation and angiogenesis in nude mice. Collectively, our data support a crucial role for FGFR4 in
tumorigenesis, invasion and survival in colorectal cancer. In addition, FGFR4 targeting demonstrated its applicability for
colorectal cancer therapy.
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Introduction addition, we observed a clear overexpression of FGIR4 in
colorectal cancer cell lines (particularly in 2 out of 4 highly
The fibroblast growth factors (FGIs) have been implicated in metastatic colorectal cancer cell lines) with a potential association
multiple biological processes during embryo development, wound of FGFR4-expression to late stages colorectal cancer [8]. FGFR4
healing, haematopoiesis and angiogenesis [1]. They bind to four has been reported to be over-expressed in human breast, prostate,
FGF receptors <FGFR> desig.nat.ed FGFRI'4 [2]. The} FGFRs colon, rhabdomyosarcoma, gastric, pancreatic, hepatocellular and
st.ructure .1ncludes a hg.and.—bmdmg‘domam that contains three pituitary adenocarcinomas [4,9,10,11,12,13,14,15], where it can
different immunoglobulin-like domains (called Ig I, Ig II and Ig contribute to tumor progression by multiple mechanisms [4,9].
III). The ligand domain is followed by a single transmembrane Moreover, FGFR4 expression levels were associated with meta-
domain and an intracellular cytoplasmic tyrosine kinase domain. static discase and poor survival in gastric, lung, breast adenocar-
FGFR4 displays the most restricted pattern of expression to cinoma and rhabdomyosarcoma [16,17,18]. FGFR4 somatic
embryonic development and tissue repair [3,4] when compared to mutations are infrequent in cancer [11,19,20,21]; Arg®*® is the
the other three FGFRs, and its expression levels decline most common single nucleotide polymorphism (SNP) in FGFR4,
postnatally. In adults, FGFR4 is expressed in muscle myofibro- which provokes enhanced stability and prolonged activation of the
receptor. It has been associated with poor prognosis for positive
node breast cancer, high-grade soft-tissue sarcoma, head and neck
and lung squamous cell carcinoma [9,16,18,22,23].
Thes-e alterations hz_we b_een propose_d to occur through overex- Among the 18 FGF ligands, FGF19 binds preferentially FGFR4
pression, gene amplification or mutation [6]. [24], although it binds also FGFR1. Binding occurs in a complex
Previously, our group identified FGFR4 as an autoantibody comprising heparin, FGFR4 and two FGF molecules, which
target in colorectal cancer (CRC) using protein microarrays [7]. In triggers FGFR dimerization, leading to autophosphorylation of

blasts during regeneration following injury, but not in mature
skeletal muscle [5]. FGF receptors dysregulation has been shown
to play an important role in cancer development and progression.
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multiple tyrosine residues in the intracellular tyrosine kinase
domain [3,25]. FGF19-FGFR4 has been proposed to play a role in
the induction of hepatocyte proliferation and carcinogenesis [26].
Antibodies directed against FGIF19 have shown therapeutic
promise in different tumor xenografts [27]. However, blocking
of FGF19 might act on different FGF receptors [28].

We have used different colon cancer samples and cell lines
(SW480, SW620, SW48, KM12C and KM12SM) [29,30,31] to
investigate the presence of SNPs or activating mutations in
FGFR4 and to characterize its biological relevance as oncogene
and therapeutic target in colorectal cancer. KMI12C and
KMI12SM epithelial cells possess similar genetic background,
differing in their metastatic properties [31]. SW480 and SW620
are two isogenic colorectal cancer cell lines. SW480 was isolated
from a primary Duke’s B tumor of colorectal cancer, whereas
SW620 cell line was isolated from a metastatic lymph node of the
same patient [30]. SW48 colorectal cancer cells was derived from
a tumor at Duke’s C stage [30]. These five cell lines differ also in
FGFR4 protein expression levels [8]. In our study, no new SNPs
or activating mutations were found in FGFR4. However, loss-of-
function experiments revealed a major role of FGFR4 in
tumorigenic properties of colorectal cancer cells, since its depletion
abrogated proliferation, adhesion, migration and invasion.
FGFR4-silencing caused an up-regulation of E-cadherin expres-
sion and down-regulation of Snail and other epithelial-mesenchy-
mal transition (EMT) mediators. Finally, we demonstrated that
FGFR4 targeting was able to block tumor growth wn vitro and
in vivo.

Materials and Methods

Ethics Statement

The Ethical Committee of the Consejo Superior de Investiga-
ciones Cientificas (Madrid, Spain) approved the protocols used for
experimental work with mice.

Cell Lines, RNA Extraction, Antibodies and Inhibitors
Colorectal cancer cell lines KM12C and KM12SM [31,32]
were obtained from Dr I. Fidler (MD Anderson). SW480, SW48
and HEK293 cell lines were from ATCC. Cells were grown
according to established protocols [7]. RNA was extracted from
cell lines and 20 paired normal/tumoral tissue from cancer
patients with the RNeasy Mini Kit (Qiagen Inc.) according to the

Table 1. FGFR4 mutational status in colorectal cancer and
control cell lines.
Cell line properties Cell line Mutation
Non metastatic SW480 P136L
Highly-metastatic Sw48 VioL
P136L
Low-metastatic KM12C VvioL
P136L
G388R
Highly-metastatic KM12SM V1oL
P136L
G388R
Pancreatic adenocarcinoma BxPc3 P136L
Human Embrionic Kidney HEK293 -
doi:10.1371/journal.pone.0063695.t001
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manufacturer’s protocol. The extracted RNA was quantified with
a NanoDrop ND-1000 spectrophotometer (NanoDrop Technol-
ogies Inc.).

A total of 15 different antibodies were used, including proteins
related to the FGIFR4 signaling pathway and control proteins.
Source, clonality, and conditions of usage for every case and
technique are specified in Table S1. FGIFR4-specific polyclonal
antibody (sc-124, Santa Cruz Biotechnology) and control GST-
specific polyclonal antibody from GE Healthcare were used for
FGFR4-targeting experiments. FGIFR inhibitors were PD173074
(Sigma) and TKI-258 (Novartis). PD173074 is a pan-FGIFR
inhibitor that induces apoptosis [33]. TKI-258 is a clinically
relevant, multi-kinase inhibitor, including VEGFR and PDGFR
kinases among others [34]. Other inhibitors were: PP2 (Sigma) for
SRC, JNK Inhibitor II and UO126 (Calbiochem) for MEK1/2.
They were used at 3 uM and 15 pM as previously reported [35].

Vectors, shRNAs, siRNAs and Transfections

PRS vectors containing specific shRNAs (TI378641, T1378642,
T1378643 and T1378644) for FGFR4 (NM_022963) and a control
shRNA non-effective against any human sequence (TR30003)
were from Origene. Stably-transfected cells were obtained by
retroviral infection. Briefly, HEK293FT cells were transfected
with pRS vectors and pNGVL-gag-pol and pNGVL-VSVG
packaging vectors using jetPRIME Transfection Reagent (Poly-
plus). After incubating the cells for 1215 h in serum-free media,
the media was replaced with DMEM containing 10% FBS and
penicillin/streptomycin. The day after, media containing lentiviral
particles was centrifuged, diluted 1:2-1:10 in DMEM containing
10% FBS and antibiotics and directly added to SW480 and SW48
colorectal cancer cells. After three days of incubation, infected
SW480 and SW48 colorectal cancer cells were selected using
1 pg/ml puromycin (Sigma) for 2-3 weeks. Then, cells were
cultured with 0.5 pg/ml puromycin.

FGFR4 siRNAs and controls were purchased from Sigma. For
siRNA transfections, 5x10° cells were seeded in culture plates and
maintained in DMEM with 10% fetal calf serum at 37°C in 5%
COy, for 24 h. Cells were transfected with 55 pmol siRNA using
2 wl JetPrime Transfection reagent in 200 pl of JetPrime buffer.
Then, 48 h after transfection, cells were analyzed by western blot
and semi-quantitative PCR [35].

Sequence Analysis, Semi-quantitative and Real-time

Quantitative PCR

cDNA was synthesized using the Superscript III First Strand
Synthesis kit (Invitrogen). The primers used to get the FGFR4
sequence were previously described [36]. Briefly, four pairs of
primers (A, B, C and D) were used to get the whole molecule by
PCR in fragments of approximately 1000 bp using the Advantage
2 polymerase (Clontech). Exonuclease I (USB) and shrimp alkaline
phosphatase (USB) were added to the PCR products. They were
directly sequenced in an ABI7002 sequencer (Applied Biosystems).

cDNA was synthesized as before and directly used for semi-
quantitative PCR analysis of TGF-f1 and GAPDH mRNA levels
in colorectal cancer cell lines. PCR reactions were performed
using the following primers; human TGF-B1, sense 5'-AC-
CGGCCTTTCCTGCTTCTCA-3', antisense 5'-
CGCCCGGGTTATGCTGGTTGT-3'; human GAPDH, sense,
5'-GGCTGAGAACGGGAAGCTTGT-3', antisense 5'-
CGGCCATCACGCCACAGTTTC-3'. Specific primers for
FGFR1-3 used to test the specificity of shRNAs and siRNAs
directed against FGFR4 were: FGFRI, sense 5'-CACAAGC-
CACGGCGGACT-3', antisense 5'-TGATGCTCCAGGTGG-
CAT-3"; FGFR2, sense 5'-CGTTGCCATTCAAGTGACTG-3’,
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Figure 1. FGFR4-silencing in colorectal cancer cells decreases tumorigenic and invasive properties of colorectal cancer cells. Four
shRNAs directed against different exons of FGFR4 and a scrambled shRNA were used to obtain stably transfected colorectal cancer cells after
selection with puromycin. In addition, transient siRNA FGFR4-silencing was carried out in SW620 colorectal cancer cells. A. Western blot analysis of
FGFR4 expression in stably transfected SW480 and SW48 cell lines, and transiently-transfected SW620 cells. Tubulin was used as loading control. B.
Semi-quantitative PCR analysis of FGFR1, FGFR2, FGFR3, and FGFR4 expression using specific primers in three different cell lines. GAPDH was used as
control. C. Proliferation was determined by MTT assays after 24 h of culture. Optical density was significantly decreased by FGFR4 knockdown (¥,
p<<0.01; **, p<0.001). D. Scrambled and silenced cells were grown until confluence and their migratory capabilities were analyzed in a wound-healing
assay every 24 h until confluence. Representative images of the wound-healing assay are shown. Migration speed (um/h) of scrambled and FGFR4-
silenced cells was calculated as the distance covered in 96 h. E. Cell adhesion to Matrigel of FGFR4-silenced or scrambled cells, after starving cells for
5 h in medium alone. F. SW480 and SW48 scrambled cells showed approximately 2-fold higher invasion than shRNA #41 FGFR4 stably-transfected
cells. Data for all the experiments represent the mean = SD of 3 independent experiments. p values of all the experiments are shown.

doi:10.1371/journal.pone.0063695.9001

antisense  5'-  GACAAAATCTTCCGCACCATC-3'; and
FGFR3, sense 5'- CAGTTGGTCTTCGGCAGC-3’, antisense
5-TGCTGCCAAACTTGTTCT-3'.

For qRT-PCR, reactions were performed using previously
described EMT marker primers [37] and SYBR-Green Master
PCR mix (Applied Biosystems), in triplicate. PCR and data
collection were performed on IQ5 (BioRad). All quantitations
were normalized using human GAPDH. For the semi-quantitative
PCR, the D pair of primers was used to determine the amount of
FGFR4 cDNA, using GAPDH amplification with specific primers
as control [36].

Western Blot Analysis

Protein extracts from colorectal cancer cells were prepared and
quantified with the 2D-Quant kit (GE Healthcare) according to
previously published protocols [7]. Then, 25 pg of each protein
extract were run in parallel using 10% SDS-PAGE. For
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immunoblotting, proteins were transferred to nitrocellulose
membranes (Hybond-C extra) using semi-dry equipment (Bio-
Rad). After blocking, membranes were incubated with specific
mono- or polyclonal antibodies against the selected proteins.
Membranes were incubated at optimized dilutions with primary
antibodies followed by incubation with either HRP-anti-mouse
IgG (Pierce) at 1:5000 dilution or HRP-anti-rabbit IgG (Sigma) at
1:5000 dilution. Specific reactive proteins were visualized with
SuperSignal West Pico Maximum Sensitivity Substrate (Pierce).
The abundance of the proteins in western blot assays was
determined by densitometry using Quantity One 1D Analysis
Software v4.6 (Bio-Rad Laboratories).

Cell Adhesion, Invasion, Apoptosis Detection,

Proliferation, and Wound Healing Assays
For cell adhesion assays, 96-well plates were coated with
Matrigel (0.4 ug/mm?) (BD Biosciences) in coating buffer (0.1 M

May 2013 | Volume 8 | Issue 5 | e63695
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Figure 2. Alterations in EMT inducers after FGFR4-silencing. A. cDNA synthesized from total RNA from stably and transiently-silenced and
control cells was subjected to qRT-PCR using specific primers for the EMT inducers SNAI1, TWIST1, ZEB1 and CDH1, using GAPDH for normalization.
Data represent the median = SD of two experiments. B. Same cDNA was subjected to semi-quantitative RT-PCR analysis to amplify TGFf1, using
GAPDH as control. C. SW480 and SW48 scrambled and FGFR4-silenced cells were lysed and subjected to WB analysis using specific antibodies against
the indicated proteins and EMT markers. The abundance of each protein was quantified by densitometry. Tubulin was used as loading control. D.
Immunofluorescence analysis of E-Cadherin in scrambled and silenced SW480 and SW48 cells. DAPI was used for counterstaining of the nucleus in

blue. E-Cadherin staining was in green.
doi:10.1371/journal.pone.0063695.9002

NaHCO;3; pH: 8.8) overnight at 4°C and, then, incubated with
adhesion medium (0.5% bovine serum albumin in serum-free
DMEM) for 2 h at 37°C to block unspecific binding. Cells were
starved without serum for 5 h and labeled with BCECF-AM
(Molecular Probes) during 30 min at 37°C, detached with 2 mM
EDTA in PBS and resuspended in adhesion medium. Then, 10°
cells were added in triplicate to plates and incubated for 30 min.
To remove non-adherent cells, plates were washed twice with
DMEM. Bound cells were lysed using 1% SDS in PBS and the
fluorescence quantified in a Varioskan Flash Multimode Reader
(Thermo Scientific). For Matrigel invasion assays, 8x10° SW480
or SW48 cells were re-suspended in invasion medium (serum-free
DMEM containing 0.5% BSA) and loaded onto 8 um pore-size
filters coated with 35-50 pl of 1:3 dilution of Matrigel (BD
Biosciences) in Transwells (Costar). The lower compartments of
mnvasion chambers were filled with medium containing 10% FBS
(Gibco). After 22 h of incubation at 37°C, non-invading cells were

PLOS ONE | www.plosone.org

removed from the upper surface of the filter, and cells that
migrated through the filter were fixed with 4% paraformaldehyde
(Sigma), stained with crystal violet and the invading cells counted
under a microscope. For wound healing, SW480 and SW48 cells
were seeded in triplicate at a density of 10° cells per well in 24-well
plates. After attachment, a 1 mm-wide wound was produced in the
cell monolayer, the growth medium was replaced and a picture
was taken (day 0) in an Olympus CK40 microscope equipped with
an Olympus DP12 camera atx40 magnification. Pictures of the
same field were taken every 24 h.

For apoptosis detection assays, cells were incubated with 1 mM
HyO, for 16 h without serum. Then, cells were detached and
incubated with FITC labeled-Annexin V (Miltenyi Biotec Inc.)
and propidium iodide according to manufacturer’s instructions,
and analyzed by cytofluorometry (Coulter Epics XL). For cell
proliferation assays, experiments were carried out following
established procedures [38,39]. Briefly, the growth medium was

May 2013 | Volume 8 | Issue 5 | 63695
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Figure 3. FGFR4 promotes proliferation and cell survival. A. Scrambled and FGFR4-silenced SW480 and SW48 cells were starved, and
incubated with FGF19, heparin, or FGF19 plus heparin for 30 min in DMEM. Then, cells were lysed and subjected to WB analysis using specific
antibodies against phosphorylated and total AKT, ERK1/2 and SRC. Tubulin was used as loading control. B. Cells were incubated in DMEM
supplemented with 10% FBS and antibiotics in presence or absence of H,O, for 16 hours, and subjected to apoptosis detection assays. Unt.,
untreated cells. Data showed the results for one representative experiment out of three. C. Invasion across Matrigel of scrambled and silenced cells
treated with inhibitors to MEK1/2 (UO126), JNK, and SRC (PP2) as indicated. Data represent the mean * SD of 3 independent experiments.

doi:10.1371/journal.pone.0063695.9g003

changed 24 h after seeding (day 0) and cells were further
incubated during three days. Then, medium was removed and
cells were stained with 100 pl of the chromogenic dye 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Sigma) at
a final concentration of 1 mg/ml in DMEM. The cells were
further incubated for 1 hr at 37°C and 5% COy. Then, medium
was carefully aspirated and 100 pl of DMSO (Sigma) were added
to each well to disrupt cells. Absorbance was read at 570 nm. All
the experiments were done three times in duplicate. For reduction
of proliferation, cell viability was represented comparing the effect
of anti-FGFR4 or anti-GST (as control) antibodies or specific
inhibitors in comparison to untreated cells (100% of proliferation)
incubated in the same conditions [39].

Confocal Microscopy

Cells were fixed with 1% paraformaldehyde and permeabilised
with PBS-0.5% Triton X-100 prior to the incubation with the
FGIR#4 specific antibody or TRITC-phalloidin for 1 h at 37°C.
FGFR4 or E-cadherin antibodies were detected with AlexaFluor
488-labeled anti-rabbit IgG antibody. Cells were observed with a
confocal microscope (TCS-SP5-AOBS-UV, Leica-Microsystems)
after nucleus counterstaining with DAPI. Images were acquired
with a 63x oil immersion objective using the Leica Confocal
Software. Displayed images were captured at the same sections in
the different samples.

In vivo Tumor Xenografts

Swiss nude mice (Charles River) were used for metastasis and
tumor xenograft studies. The Ethical Committee of the Consejo
Superior de Investigaciones Cientificas (Madrid, Spain) approved
the protocols used for experimental work with mice.

For tumor xenografts, mice were injected subcutaneously into
the right flank using 1x107 SWA48 stably-transfected colorectal
cancer cells in 0.2 mL PBS in Matrigel diluted 1:3. Tumor sizes
were monitored at least twice a week and each animal was
euthanized using a COy chamber in accordance to the Guidelines
for Human Endpoints for Animal Use in Biomedical Research.

Statistical Analysis

All statistical analyses, except where indicated, were done with
Microsoft Excel. Data are presented as median * standard
deviation. For evaluation of the statistical significance compared
between groups all p values were derived from a two-tailed
statistical test with 95% confidence interval. p values <0.05 were
considered statistically significant.

Results

FGFR4 Mutational Status in Colorectal Cancer Cell Lines
and Tissue Samples

We investigated FGFR4 mutations in colorectal cancer cell lines
and cancer samples that could contribute to antibody recognition
by overexpression or activation. Total RNA was isolated and
cDNA synthesized by retrotranscription. ¢cDNA was used as
template to determine the presence of mutations.

PLOS ONE | www.plosone.org

In total, we found 3 SNPs in the FGFR4 ¢cDNA in 4 colorectal
cancer cell lines and 20 cancer samples (Table 1 and Figure S1).
We observed three mutations in the extracellular and transmem-
brane domain of FGFR4 in patient samples. In addition to well-
characterized Arg®® SNP [9,15], we found V10L localized in the
signal peptide and P136L between immunoglobulin domains 1
and 2 (Figure S1). These two SNPs have been previously
reported without correlation to pathological manifestations
[40,41]. In KM12C and KMI12SM colorectal cancer cells, we
observed the presence of the Arg”®® SNP, whereas SW480 and
SW438 did not contain this SNP. In 20 colorectal cancer samples,
60% of patients presented the polymorphism Arg®™, whereas the
prevalence of the other two mutations was 55% for P136L and
15% for VIOL. These data are in agreement with previously
published data, where 50% of tumors present the Arg”® SNP,
53% the polymorphism P136L and 30% of the tumors contain
VIOL [9].

We did not find any activating mutation in FGFR4 or any
nucleotide change out of previously reported for FGFR4. Then,
these data suggest that the increased expression of FGFR4 could
be responsible for autoantibody induction in CRC patients and
higher invasion and metastasis in colon cancer.

FGFR4 Knockdown Reduced Adhesion, Migration and
Invasion of Colorectal Cancer Cells

To study the role of FGFR4 overexpression in tumorigenesis
and metastasis, we studied the effect of FGFR4 expression in
SW48, SW480 and SW620 colorectal cancer cell lines, which did
not contain the Arg®® polymorphism. SW480 and SW48 cells
were stably transfected with four shRNAs targeting FGFR4 plus a
control scrambled shRNA. SW620 cells were transiently silenced
with siRNA. shRNA #41 showed the highest decrease in FGFR4
protein expression (Figure 1A) and mRNA levels (Figure 1B) in
both cell types. sShRNA #44 was also effective in reducing protein
expression, particularly in SW48 cells. Similar reduction levels
were obtained with transient siRNA silencing in SW620 cells. To
study the effect of FGFR4 silencing on other family members, we
carried out RT-PCR. mRNA levels for FGFR1, FGFR2, and
FGFR3 remained unaltered after FGFR4- silencing, confirming
the specificity for FGFR4 (Fig. 1B). Immunofluorescence analysis
showed that FGFR4 expression was significantly reduced in
SW480 and SW48 after transfection with shRNA 41 vectors,
although some residual staining was observed in the nucleus of
SW48 cells (Figure S2).

To assess the tumorigenic properties, we determined cell
growth, adhesion, migration and invasion of FGFR4-silenced
cells. Using MTT assays, FGFR4-silenced SW480 or SW48 cells
showed a reduced proliferation rate when compared to scrambled
cells (Figure 1C). To investigate the effect of FGFR4 on
migration, FGFR4-silenced SW480 and SW48 cell lines were
seeded in 24-well plates and analyzed by wound healing assays.
FGFR4-silenced cells were unable to close the wound even after
96 h (Figure 1D). The retarded migration was more important
for SW48 (3-fold) than SW480 cells (2-fold). These results are
similar to those reported previously using two different CRC cell
lines, HCT116 and HT29, and different assays [15].
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Figure 4. Impact of FGFR4 targeting using kinase inhibitors on colorectal cancer growth. A. In vitro cell proliferation inhibition assays
were carried out using tyrosine kinase specific inhibitors. Experiments were performed in DMEM supplemented with 10% FBS and antibiotics. After
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72 h of incubation with indicated concentrations, cell viability was determined by a MTT assay at 570 nm and represented as reduction of
proliferation (%). Absorbance of the untreated control cells was taken as 100% of cellular growth and the reduction of the cellular growth calculated
according to the following formula: (relative growth of untreated cells - relative growth of treated cells)/relative growth of untreated cells) x100. Each
column is the average of three independent experiments (each concentration tested in triplicate). Error bars indicate the standard deviation of the
assay. B. Targeting of FGFR4 using kinase inhibitors impairs downstream signaling pathways. Parental SW480 and SW48 cells were incubated with
indicated inhibitors at a concentration of 1.25 uM for 5 h, lysed with 0.5% SDS and subjected to western blot analysis using specific antibodies

against phosphorylated and total AKT, ERK1/2 and SRC. Tubulin was used as loading control.

doi:10.1371/journal.pone.0063695.g004

In addition, using Matrigel assays, there was an important
decrease in the adhesion and invasion capacity of FGFR4-silenced
cells in both cell lines. SW480 cells decreased their adhesion
capacity in 2.5-fold, whereas SW48 cells showed almost 4-fold
reduction respect to scrambled cells (Figure 1E). Invasion was
approximately 2-fold reduced by FGFR4 knockdown in both cell
lines (Figure 1F). Collectively, these data support an important
role of FGFR4 in tumorigenesis and invasion of colorectal cancer,
being more relevant for metastatic SW48 cells.

FGFR4 Silencing Reduced the Expression of Inducers of
the Mesenchymal Phenotype

Since cell adhesion, migration and invasive capacity of epithelial
cells are associated to the epithelial-mesenchymal transition
(EMT), we decided to investigate alterations in EMT inducers.
After FGFR#4 silencing, we studied changes in mRINA expression
levels of Snaill (SNA1), TWIST1, ZEBI, and E-Cadherin (CDH1)
by real-time PCR or semi-quantitative PCR (TGFB1). In SW480
and SW620, FGFR4 knockdown caused a significant decrease in
EMT inducers TGFB1, SNA1 and TWIST accompanied by a
large increase in the epithelial marker CDHI1 (Figure 2A, B).
SW48 cells exhibited a higher reduction in SNAL, TGFB1 and
TWISTland a smaller increase in CDHI1. ZEB1 decrease was
more significant in SW480 than in the metastatic cell lines SW620
and SW48. Epithelial and mesenchymal markers were analyzed at
the protein level by western blot. Snail and E-cadherin confirmed
mRNA results. Vimentin, a mesenchymal marker, was reduced
after FGIFR4 silencing in the three cell lines (Figure 2C). Only
minor changes in MT1-MMP expression were detected in SW480

and SW48 cells after FGFR4-silencing. However, we observed a
large increase of MT1-MMP expression in SW620 cells, which
parallels the expression levels of E-cadherin indicative of a
reduction of the mesenchymal phenotype.

The increase in E-cadherin expression, after FGFR4 knock-
down, in adherens junctions and cell-cell contacts was confirmed
by immunofluorescence (Figure 2D). The differences in E-
cadherin expression were more evident in the cell membrane,
suggesting that FGFR4 silencing facilitated the expression of
functional E-cadherin on the cell surface and the reversion to an
epithelial phenotype. Collectively, these data using three different
colorectal cancer cell lines confirm that FGFR4 is an important
effector in EMT. FGFR4 knock-down provokes a reduction in
Snail and an increase in E-cadherin with the consequent effect on
adhesion, migration and invasion.

Signaling Analysis in FGFR4-silenced Cells. Role of FGFR4
in Cell Survival

To determine the effect of FGFR4 activity on downstream
signaling, we analyzed the effect of FGFR4-silencing on signaling
pathways after activation with FGF19% heparin compared with
serum-free medium. After FGFR4 knockdown, activation of
phosphoSRC, phosphoERK1/2 and phosphoAKT were signifi-
cantly lower in SW480 and SW48 (Figure 3A). ERKI in
particular showed an almost complete reduction. Regarding AKT,
this effect suggests an effect mediated by FGFR4 through AKT on
EMT and cell survival. To test the effect of FGFR4 on survival,
cells were subjected to apoptosis induced by hydrogen peroxide.
FGFR4-silenced cells showed a significant decrease of 20-30% in
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Figure 5. FGFR4-silencing reduces tumor growth in vivo. A. Scrambled and FGFR4-silenced SW48 cells were subcutaneously xenografted in
swiss nude mice and the growth of the tumors formed by each cell population was followed. The statistical significance for each time point was
determined by unpaired t-test. The comparison of the tumor volumes of the two mouse cohorts was statistically significant. B. Mice were visually and
manually inspected to determine the number of tumors implanted. Implanted tumors were as bar graph. C. At day 100, both groups of animals were
euthanized, and tumors were dissected and photographed. Dissected tumors representative for the both groups are depicted.
doi:10.1371/journal.pone.0063695.9005
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survival in comparison to scrambled cells after hydrogen peroxide
treatment (Figure 3B). Without treatment, scrambled and
FGFR4-silenced SW480 and SW48 colorectal cancer cells showed
similar levels of apoptosis. This FGFR4 effect on cell apoptosis in
response to oxidative stress may play a role in advanced colorectal
cancer, facilitating the survival of metastatic colorectal cancer cells.

To study a synergistic effect to enhance FGFR4 inhibition on
signaling pathways in cell invasion, we used specific inhibitors on
targeted and scrambled cells. UO126 (a MEKI1/2 inhibitor
upstream of ERKI1/2) and PP2 (SRC inhibitor) reduced the
invasion capacity of SW480 and SW48 cells. This reduction was
much more pronounced in scrambled than in silenced cells
(Figure 3C). The JNK inhibitor caused only a minor effect on the
invasion capacity of scrambled and silenced SW480 and SW48
cells. Collectively, these results indicate that FGFR4-knockdown
caused a significant reduction of SRC and MEK1/2-ERK1/2-
mediated invasion in SW480 and SW48 cells, similar to that
caused by specific inhibitors on scrambled cells.

FGFR4 as Therapeutic Target in Colorectal Cancer

We followed two different strategies to prove the therapeutic
value of FGFR4 in colorectal cancer. First, we tested two kinase
inhibitors PD173074 and TKI-258. Then, we used FGFR4-
silenced cells to study the dependence on FGFR4 for tumor
growth in mouse xenografts. Metastatic cell lines (SW48 and
KM12SM), which express more FGFR4, were more sensitive to
chemical inhibitors than poorly or non-metastatic cell lines
(KM12C, SW480) (Figure 4A). Multi-kinase inhibitor TKI was
more effective than pan-FGFR inhibitor PD to reduce colorectal
cancer proliferation in a dose dependent manner (p value <0.001),
particularly in metastatic cell lines. At 80 nM concentration,
inhibition was higher in metastatic colorectal cancer cell lines
(20% in SW48 and 60% in KM12SM) than in non-metastatic cells
or control cells. In KM12 cells, TKI inhibition was effective up to
1 nM concentration. Reference cell line HEK293, which expresses
low levels of FGFR4, was inhibited at a lower extent. Inhibition of
cellular growth was associated with inhibition of same downstream
regulators affected by FGFR4-signaling pathways (Figure 4B).
The most significant effects were obtained with TKI-258. We
observed a vast reduction (>90%) in SRC activation, a significant
decrease (50-80%) in phosphoERK1/2 and a weak reduction in
phosphoAKT in both cell lines (Figure 4B). The decrease in the
activation of FGFR4-signaling pathways was similar to that
observed after FGFR4-silencing, confirming the implication of
FGFR4. To confirm FGFR4 specificity, we used commercial anti-
FGFR4 antibodies on SW480 and SW48 colorectal cancer cells.
We observed a significant inhibition of the proliferation, dose-
dependent, in comparison to control cells (p value <0.01) (Figure
$3). SW480 and SW48 colorectal cancer cell lines showed growth
inhibition after antibody treatment, up to 75% and 60% at
400 nM and 40% and 55% at 100 nM, respectively. Effect of anti-
FGFR4 antibody on control BxPc3 cells, not expressing FGFR4,
was marginal at 400 nM (18%) and negligible at 100 nM.

Finally, we injected scrambled and silenced SW480 and SW48
cells subcutaneously in nude mice to analyze the effect of FGFR4
silencing on tumor growth. Tumor development was significantly
slower in mice injected with FGFR4-silenced SW48 cells
(Figure 5A). By manual and visual inspection, we found that
scrambled SW48 cells were able to form tumors in =90% of
mnjected mice, whereas FGFR4-silenced SW48 cells formed tumors
in =60% of mice (Figure 5B). SW480 cells did not produce
tumors larger than 100 mm® (data not shown). After tumor
resection, there was a clear difference in the vascularization and
the final tumor volume of the SW48-induced tumors (Figure 5C).
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Scrambled cells produced large spherical tumors, whereas
FGFR4-silenced cells resulted in very small tumors. Moreover,
their whitish aspect suggested a deficiency in angiogenesis when
using silenced cells, as previously reported for FGFR1 and FGFR2
activity in glioma cells [42]. Collectively, targeting of FGFR4 with
different strategies showed a great potential of this receptor as
therapeutic target in colorectal cancer and a potential effect on
angiogenesis.

Discussion

FGFR targeting is becoming increasingly important for
therapeutic purposes in cancer [43,44,45]. Among FGF receptors,
FGFR1-3 have been considerably studied [46], whereas FGFR4
has been relatively less characterized at molecular level and for
therapeutic purposes. Previously, we demonstrated that autoanti-
bodies directed against FGFR4, in combination with other tumor-
associated antigens (TAAs), can be used as early diagnostic
markers of colorectal cancer [7,8,47]. Most of these TAAs were
kinases with significant mutational rate (i.e PIM1, SRC, MST1 or
ACVR2B among others). Although recurrent oncogenic somatic
mutations have been found in FGFR2 and FGFR3 [46], only the
SNP Arg®®, present in >50% of the Caucasian ethnic group, was
described in FGFR4. This polymorphism has been associated to
poor prognosis and cancer aggressiveness in different cancers
[4,9,15]. Therefore, our first goal was to investigate the presence of
additional mutations in FGIR4. Sequence analysis showed the
presence of the Arg®® polymorphism in KM12C and KM12SM
colorectal cancer cells, but not in SW480, SW620 or SW48 cells.
Two additional SNPs were found in colorectal cancer cell lines
and patient samples, but no activating mutations were detected.
No correlation was found with progression or aggressiveness. In
contrast, FGFR4 in rhabdomyosarcoma showed activating muta-
tions in 7.5% of patients [17]. Our results suggest that FGFR4
overexpression appears to be a major determinant to influence
tumorigenesis and progression in colorectal cancer. Previous
reports that analyzed the relevance of Arg®®® polymorphic alleles
of FGFR# also required overexpression of FGFR4 [15].

In addition, we define a new role for FGFR4 as regulator of the
epithelial-mesenchymal transition and invasion in colorectal
cancer that makes it an attractive target for therapeutic
mtervention. Our conclusions are based on the following
observations 1) FGFR4 silencing caused a significant decrease in
proliferation, adhesion, migration and invasion in two different cell
lines, ii) pro-metastatic effects correlated with an important effect
on EMT mediators like Snail, Twist or E-cadherin. FGFR4
silencing by shRNAs and siRNAs caused a recovery of epithelial
markers like E-cadherin, iii) FGFR4 effects were mediated through
SRC, ERK and AKT pathways, with a significant effect on cell
survival, 1v) silencing of FGFR4 almost abolished tumor growth in
mice xenografts, and v) small molecule inhibitors and FGFR4
targeting by specific antibodies diminished cell proliferation
in vitro. These results support the use of FGFR4 as therapeutic
target for colorectal cancer. As a side conclusion, we proved that
target proteins of cancer autoantibodies can be useful to identify
new therapeutic targets for cancer intervention.

The EMT process is fundamental for embryonic development
and involves profound phenotypic changes that include loss of cell-
cell adhesion, loss of cell polarity, and the acquisition of migratory
and invasive properties [48]. Association with EMT had been
described for FGFR1, -2 and -3 [49,50,51,52], but there were no
previous data for FGFR4 implication. Particularly little was known
about the relationship between FGFR activity and the transcrip-
tion factors SNAIL, TWIST and ZEBI1 that regulate EMT. We
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demonstrated that FGFR4 suppression reduces significantly the
levels of TWIST in colon cancer cells, more than those of SNAIL.
ZEB1 was the less affected by FGFR4 silencing. ZEBI1 targets
miR200 and basement proteins and seems to be more implicated
in final steps of metastasis. In summary, suppression of FGIFR4
expression in colorectal cancer cells produced a reversion of the
mesenchymal to a more epithelial phenotype and the reduction of
tumorigenic properties of colorectal cancer cells. FGFR4 regulates
both the expression and the stability of TGFB, SNAIL and
TWIST genes as well as the MAPK (proliferation) and AKT
(survival) pathways [25].

The relevance of FGFR4 as therapeutic target in CRC was
demonstrated with multikinase inhibitors and specific antibodies,
as previously done for other FGFRs [33,44,53]. In our hands, the
promiscuous kinase inhibitor TKI-258 was much more efficient
than the more selective FGFR inhibitor PD173074. It was also
remarkable that KM12 cells, which contained FGFR4 Arg*®®
mutation, were extremely sensitive to TKI-258. Remarkably,
drugging FGFR4 by specific inhibitors produced a reduction of
key molecules of the FGFR#4 signaling pathway (SRC and ERK1/
2) at the same extent than FGFR4-silenced cells. This similarity of
action points out that FGFR4 should be a critical target in these
cells. The use of specific antibodies for FGFR4 inhibition also
showed a neutralizing effect on colon cancer cells that confirmed
the specificity of the inhibition. Indeed, in a recent report, it has
been described that targeting FGFR4 with an specific monoclonal
antibody inhibited hepatocellular carcinoma growth in a mouse
xenograft model [54]. Together, these results indicate that
targeting of FGFR4 might become a potent therapeutic tool in
colon cancer.

In summary, we have demonstrated a potent oncogenic activity
of FGFR4 in colon cancer cells. Its effect on cell migration and
invasion were related to a clear regulation of EM'T mediators like
SNAIL, Twist or E-cadherin. The results obtained with different
approaches for FGFR4 blocking indicate the efficacy of FGFR4-
targeting as therapeutic alternative for colorectal cancer. It might
be applied also to other cancers with high FGFR4 expression
levels. We believe our findings could have direct translation into
clinic by using FGFR4-based therapies.

Supporting Information

Figure S1 FGFR4 mutational status of the CRC cell lines used
in the study. A. Location of the FGFR4 mutations observed in the
colorectal cancer cell lines used in this study. Protein domain
boundaries were defined by the results of a search of the NCBI

References

1. Cronauer MV, Schulz WA, Seifert HH, Ackermann R, Burchardt M (2003)
Fibroblast growth factors and their receptors in urological cancers: basic
research and clinical implications. Eur Urol 43: 309-319.

2. Powers CJ, McLeskey SW, Wellstein A (2000) Fibroblast growth factors, their
receptors and signaling. Endocr Relat Cancer 7: 165-197.

3. Eswarakumar VP, Lax I, Schlessinger J (2005) Cellular signaling by fibroblast
growth factor receptors. Cytokine Growth Factor Rev 16: 139-149.

4. Wang J, Stockton DW, Ittmann M (2004) The fibroblast growth factor receptor-
4 Arg388 allele is associated with prostate cancer initiation and progression. Clin
Cancer Res 10: 6169-6178.

5. Zhao P, Caretti G, Mitchell S, McKechan WL, Boskey AL, et al. (2006) Fgfr4 is
required for effective muscle regeneration in vivo. Delineation of a MyoD-
Tead2-Fgfr4 transcriptional pathway. J Biol Chem 281: 429-438.

6. Brooks AN, Kilgour E, Smith PD (2012) Molecular pathways: fibroblast growth
factor signaling: a new therapeutic opportunity in cancer. Clin Cancer Res 18:
1855-1862.

7. Babel I, Barderas R, Diaz-Uriarte R, Martinez-Torrecuadrada JL, Sanchez-
Carbayo M, et al. (2009) Identification of tumor-associated autoantigens for the
diagnosis of colorectal cancer in serum using high density protein microarrays.
Mol Cell Proteomics 8: 2382-2395.

PLOS ONE | www.plosone.org

10

FGFR4 Role in Colorectal Cancer

Conserved Domain database (NCBI CD-Search). Red, signal
peptide; blue, transmembrane domain. IG, immunoglobulin-like
domain; S, disulfide bond. B. Mutational status of SW480 cells. C.
Mutational status of SW48 cells. D. Mutational status of KM12C
cells. E. Mutational status of KM12SM cells.

(PPTX)

Figure 82 Analysis of the expression of FGFR4 by confocal
microscopy with stably-transfected SW480 and SW48 cells. DAPI
was used to detect the nucleus of the cells in blue. Representative
micrographs show FGFR4 in green and F-actin (TRITC-
phalloidin) in red.

(PPTX)

Figure 83 FGIR4 targeting using anti-FGFR4 antibodies on
colorectal cancer growth. In vitro cell proliferation inhibition assay
using FGIR4 specific antibody or an antibody against GST as
control. Experiments were performed in DMEM supplemented
with 10% FBS and antibiotics. After 72 h of incubation with
indicated concentrations, cell viability was determined by a MTT
assay at 570 nm and represented as reduction of proliferation (%).
Absorbance of the untreated control cells was taken as 100% of
cellular growth and the reduction of the cellular growth calculated
according to the following formula: (relative growth of untreated
cells - relative growth of treated cells)/relative growth of untreated
cells) x100. Each column is the average of three independent
experiments (each concentration tested in triplicate). Error bars
indicate the standard deviation of the assay.

(PPTX)

Table S1.
(XLS)

Acknowledgments

We thank Dr Francisco X. Real (CNIO) for helpful collaboration and
Novartis for the kind gift of inhibitor TKI-258. A. Pelaez-Garcia is a
recipient of a FPI fellowship of the Spanish Ministry of Science and
Innovation. R. Barderas was a recipient of a JAE-DOC/FSE Contract
(CSIC) and is currently a fellow of the Ramén y Cajal programme. S.
Torres was a recipient of a ProteoRed contract.

Author Contributions

Conceived and designed the experiments: RB JIC. Performed the
experiments: APG RB ST PHV. Analyzed the data: APG RB ST JIC.
Contributed reagents/materials/analysis tools: JT FB AGH. Wrote the
paper: APG RB JIC.

8. Barderas R, Babel I, Diaz-Uriarte R, Moreno V, Suarez A, et al. (2012) An
optimized predictor panel for colorectal cancer diagnosis based on the
combination of tumor-associated antigens obtained from protein and phage
microarrays. J Proteomics 75: 4647-4655.

9. Bange J, Prechtl D, Cheburkin Y, Specht K, Harbeck N, et al. (2002) Cancer
progression and tumor cell motility are associated with the FGFR4 Arg(388)
allele. Cancer Res 62: 840-847.

. Jaakkola S, Salmikangas P, Nylund S, Partanen J, Armstrong E, et al. (1993)
Amplification of fgfr4 gene in human breast and gynecological cancers.
Int J Cancer 54: 378-382.

. Ezzat S, Zheng L, Zhu XF, Wu GE, Asa SL (2002) Targeted expression of a
human pituitary tumor-derived isoform of FGF receptor-4 recapitulates pituitary
tumorigenesis. J Clin Invest 109: 69-78.

. Ho HK, Pok S, Streit S, Ruhe JE, Hart S, et al. (2009) Fibroblast growth factor
receptor 4 regulates proliferation, anti-apoptosis and alpha-fetoprotein secretion
during hepatocellular carcinoma progression and represents a potential target
for therapeutic intervention. J Hepatol 50: 118-127.

. Sahadevan K, Darby S, Leung HY, Mathers ME, Robson CN, et al. (2007)
Selective over-expression of fibroblast growth factor receptors 1 and 4 in clinical
prostate cancer. J Pathol 213: 82-90.

May 2013 | Volume 8 | Issue 5 | 63695



22.

23.

24.

26.

27.

28.

29.

30.

31.

33.

34.

. Zhu X, Zheng L, Asa SL, Ezzat S (2010) Loss of heterozygosity and DNA

methylation affect germline fibroblast growth factor receptor 4 polymorphism to
direct allelic selection in breast cancer. Am J Pathol 177: 2860-2869.

. Heinzle C, Gsur A, Hunjadi M, Erdem Z, Gauglhofer C, et al. (2012)

Differential effects of polymorphic alleles of FGF receptor 4 on colon cancer
growth and metastasis. Cancer Res 72: 5767-5777.

Spinola M, Leoni VP, Tanuma J, Pettinicchio A, Frattini M, et al. (2005)
FGFR4 Gly388Arg polymorphism and prognosis of breast and colorectal
cancer. Oncol Rep 14: 415-419.

. Taylor JGt, Cheuk AT, Tsang PS, Chung JY, Song YK, et al. (2009)

Identification of FGFR4-activating mutations in human rhabdomyosarcomas
that promote metastasis in xenotransplanted models. J Clin Invest 119: 3395

3407.

Spinola M, Leoni V, Pignaticllo C, Conti B, Ravagnani F, et al. (2005)
Functional FGFR4 Gly388Arg polymorphism predicts prognosis in lung
adenocarcinoma patients. J Clin Oncol 23: 7307-7311.

. Ding L, Getz G, Wheeler DA, Mardis ER, McLellan MD, et al. (2008) Somatic

mutations affect key pathways in lung adenocarcinoma. Nature 455: 1069-1075.

. Greenman C, Stephens P, Smith R, Dalgliesh GL, Hunter C, et al. (2007)

Patterns of somatic mutation in human cancer genomes. Nature 446: 153-158.
Stephens P, Edkins S, Davies H, Greenman C, Cox C, et al. (2005) A screen of
the complete protein kinase gene family identifies diverse patterns of somatic
mutations in human breast cancer. Nat Genet 37: 590-592.

Wang J, Yu W, Cai Y, Ren C, Ittmann MM (2008) Altered fibroblast growth
factor receptor 4 stability promotes prostate cancer progression. Neoplasia 10:
847-856.

Streit S, Bange J, Fichtner A, Thrler S, Issing W, et al. (2004) Involvement of the
FGFR4 Arg388 allele in head and neck squamous cell carcinoma. Int J Cancer
111: 213-217.

Xie MH, Holcomb I, Deuel B, Dowd P, Huang A, et al. (1999) FGF-19, a novel
fibroblast growth factor with unique specificity for FGFR4. Cytokine 11: 729~
735.

. Acevedo VD, Ittmann M, Spencer DM (2009) Paths of FGFR-driven

tumorigenesis. Cell Cycle 8: 580-588.

Nicholes K, Guillet S, Tomlinson E, Hillan K, Wright B, et al. (2002) A mouse
model of hepatocellular carcinoma: ectopic expression of fibroblast growth
factor 19 in skeletal muscle of transgenic mice. Am J Pathol 160: 2295-2307.
Desnoyers LR, Pai R, Ferrando RE, Hotzel K, Le T, et al. (2008) Targeting
FGF19 inhibits tumor growth in colon cancer xenograft and FGF19 transgenic
hepatocellular carcinoma models. Oncogene 27: 85-97.

Yang C, Jin C, Li X, Wang F, McKeehan WL, et al. (2012) Differential
specificity of endocrine FGF19 and FGF21 to FGFR1 and FGFR4 in complex
with KLB. PLoS One 7: ¢33870.

Gagos S, Hopwood VL, Iliopoulos D, Kostakis A, Karayannakos P, et al. (1995)
Chromosomal markers associated with metastasis in two colon cancer cell lines
established from the same patient. Anticancer Res 15: 369-378.

Leibovitz A, Stinson JC, McCombs WB 3rd, McCoy CE, Mazur KC, et al.
(1976) Classification of human colorectal adenocarcinoma cell lines. Cancer Res
36: 4562-4569.

Morikawa K, Walker SM, Jessup JM, Fidler IJ (1988) In vivo selection of highly
metastatic cells from surgical specimens of different primary human colon
carcinomas implanted into nude mice. Cancer Res 48: 1943-1948.

. Morikawa K, Walker SM, Nakajima M, Pathak S, Jessup JM, et al. (1988)

Influence of organ environment on the growth, selection, and metastasis of
human colon carcinoma cells in nude mice. Cancer Res 48: 6863-6871.
Trudel S, Ely S, Farooqi Y, Affer M, Robbiani DF, et al. (2004) Inhibition of
fibroblast growth factor receptor 3 induces differentiation and apoptosis in
(4;14) myeloma. Blood 103: 3521-3528.

Lee SH, Lopes de Menezes D, Vora J, Harris A, Ye H, et al. (2005) In vivo
target modulation and biological activity of CHIR-258, a multitargeted growth
factor receptor kinase inhibitor, in colon cancer models. Clin Cancer Res 11:
3633-3641.

PLOS ONE | www.plosone.org

1

36.

37.

38.

39.

40.

41.

43.

44,

46.

47.

48.

50.

51.

53.

54.

FGFR4 Role in Colorectal Cancer

. Barderas R, Bartolome RA, Fernandez-Acenero MJ, Torres S, Casal JI (2012)

High Expression of IL-13 Receptor alpha2 in Colorectal Cancer Is Associated
with Invasion, Liver Metastasis, and Poor Prognosis. Cancer Res 72: 2780-2790.
Ruhe JE, Streit S, Hart S, Wong CH, Specht K, et al. (2007) Genetic alterations
in the tyrosine kinase transcriptome of human cancer cell lines. Cancer Res 67:
11368-11376.

Scheel C, Eaton EN, Li SH, Chaffer CL, Reinhardt F, et al. (2011) Paracrine
and autocrine signals induce and maintain mesenchymal and stem cell states in
the breast. Cell 145: 926-940.

Timmerman P, Barderas R, Desmet J, Altschuh D, Shochat S, et al. (2009) A
combinatorial approach for the design of complementarity-determining region-
derived peptidomimetics with in vitro anti-tumoral activity. J Biol Chem 284:
34126-34134.

Barderas R, Shochat S, Timmerman P, Hollestelle MJ, Martinez-Torrecua-
drada JL, et al. (2008) Designing antibodies for the inhibition of gastrin activity
in tumoral cell lines. Int J Cancer 122: 2351-2359.

FitzGerald LM, Karlins E, Karyadi DM, Kwon EM, Koopmeiners JS, et al.
(2009) Association of FGFR4 genetic polymorphisms with prostate cancer risk
and prognosis. Prostate Cancer Prostatic Dis 12: 192-197.

Nan H, Qureshi AA, Hunter DJ, Han J (2009) Genetic variants in FGFR2 and
FGFR4 genes and skin cancer risk in the Nurses” Health Study. BMC Cancer 9:
172.

. Auguste P, Gursel DB, Lemiere S, Reimers D, Cuevas P, et al. (2001) Inhibition

of fibroblast growth factor/fibroblast growth factor receptor activity in glioma
cells impedes tumor growth by both angiogenesis-dependent and -independent
mechanisms. Cancer Res 61: 1717-1726.

Martinez-Torrecuadrada J, Cifuentes G, Lopez-Serra P, Saenz P, Martinez A, et
al. (2005) Targeting the extracellular domain of fibroblast growth factor receptor
3 with human single-chain Fv antibodies inhibits bladder carcinoma cell line
proliferation. Clin Cancer Res 11: 6280-6290.

Martinez-Torrecuadrada JL, Cheung LH, Lopez-Serra P, Barderas R,
Canamero M, et al. (2008) Antitumor activity of fibroblast growth factor
receptor 3-specific immunotoxins in a xenograft mouse model of bladder
carcinoma is mediated by apoptosis. Mol Cancer Ther 7: 862-873.

. Trudel S, Stewart AK, Rom E, Wei E, Li ZH, et al. (2006) The inhibitory anti-

FGFR3 antibody, PRO-001, is cytotoxic to t(4;14) multiple myeloma cells. Blood
107: 4039-4046.

Greulich H, Pollock PM (2011) Targeting mutant fibroblast growth factor
receptors in cancer. Trends Mol Med 17: 283-292.

Babel I, Barderas R, Diaz-Uriarte R, Moreno V, Suarez A, et al. (2011)
Identification of MST1/STK4 and SULF1 proteins as autoantibody targets for
the diagnosis of colorectal cancer by using phage microarrays. Mol Cell
Proteomics.

Thiery JP, Acloque H, Huang RY, Nieto MA (2009) Epithelial-mesenchymal
transitions in development and disease. Cell 139: 871-890.

. Acevedo VD, Gangula RD, Freeman KW, Li R, Zhang Y, et al. (2007)

Inducible FGFR-1 activation leads to irreversible prostate adenocarcinoma and
an epithelial-to-mesenchymal transition. Cancer Cell 12: 559-571.

Tomlinson DC, Baxter EW, Loadman PM, Hull MA, Knowles MA (2012)
FGFR1-Induced Epithelial to Mesenchymal Transition through MAPK/
PLCgamma/COX-2-Mediated Mechanisms. PLoS One 7: ¢38972.

Chaffer CL, Brennan JP, Slavin JL, Blick T, Thompson EW, et al. (2006)
Mesenchymal-to-epithelial transition facilitates bladder cancer metastasis: role of
fibroblast growth factor receptor-2. Cancer Res 66: 11271-11278.

. de Frutos CA, Vega S, Manzanares M, Flores JM, Huertas H, et al. (2007)

Snaill is a transcriptional effector of FGFR3 signaling during chondrogenesis
and achondroplasias. Dev Cell 13: 872-883.

Trudel S, Li ZH, Wei E, Wiesmann M, Chang H, et al. (2005) CHIR-258, a
novel, multitargeted tyrosine kinase inhibitor for the potential treatment of
(4;14) multiple myeloma. Blood 105: 2941-2948.

French DM, Lin BC, Wang M, Adams C, Shek T, et al. (2012) Targeting
FGFR4 inhibits hepatocellular carcinoma in preclinical mouse models. PLoS
One 7: ¢36713.

May 2013 | Volume 8 | Issue 5 | 63695



