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biomarker and potential therapeutic agent for
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Abstract: Fibroblast growth factor receptor 2 (FGFR2) amplification has been reported in 5-10% of gastric cancer
(GC) and is associated with poor prognosis. In this study, we characterized the anti-tumor effect of PRO-007, a newly
developed recombinant monoclonal antibody that targets FGFR2, in GC cell lines KATO Il (with FGFR2 amplification)
and NCI-N87 (without FGFR2 amplification). Validation was performed in parallel using two patient-derived tumor
cells (PDCs) from patients with GC. Cell viability assays were performed using FGFR2-transfected NCI-N87 cells and
FGFR2-knockdown KATO Il cells that were generated using short hairpin RNA (shRNA). PRO-007 reduced KATO IlI
cell viability (P = 0.0034) but not that of NCI-N87 cells (P = 0.3710). PRO-007 also significantly reduced KATO Il cell
invasiveness (P < 0.0001) but not NCI-N87 cell invasiveness (P = 0.8136). Inmunoblot analysis showed that PRO-
007 treatment decreased the levels of phosphorylated AKT and ERK. The FGFR2-inhibitory activity of PRO-007 was
confirmed in genetically modified GC cell lines. Cell viability of FGFR2-overexpressing NCI-N87 cells was significantly
decreased by PRO-007, while KATO Il cells were significantly resistant to the treatment when FGFR2 was knocked
down by FGFR2 shRNA transfection. Furthermore, PRO-007 had a synergistic effect with ramucirumab on the inva-
siveness of cancer cells with FGFR2 amplification. Consistent results were obtained using PDCs from patients with
GC. Overall, these preclinical data support the further clinical development of PRO-007 as a potential therapeutic
agent for patients with FGFR2-amplified GC.
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Introduction

Gastric cancer (GC) is the fifth most common
cancer worldwide and the third leading cause
of cancer-related death [1]. Most patients with
GC present with advanced disease and overall
prognosis remains very poor [2] with few molec-
ular-targeted approaches having been succe-
ssfully incorporated into routine care. To date,
only first line trastuzumab combined with che-
motherapy for human epidermal growth factor
receptor 2 (HER2)-positive tumors [3] and sec-
ond line ramucirumab targeting vascular endo-
thelial growth factor receptor 2 (VEGFR2) [4, 5]
have been used for treatment of GC. Over the
past decade, molecular and genomic profiling

has highlighted the heterogeneity of GC and
uncovered potential molecular pathways [6-9].
However, appropriate patient selection for new
therapies with predictive biomarkers remains
challenging.

The fibroblast growth factor receptor (FGFR)
family, consisting of four subtypes of trans-
membrane tyrosine kinase receptors (FGFR1-
FGRA4), are deregulated by amplification, point
mutations, or translocations and are promis-
ing therapeutic targets [10]. Previous preclinical
studies have reported that FGFR2 amplification
is associated with the proliferation and survi-
val of GC cells and the inhibition of FGFR2 has
an anti-tumor effect in FGFR2-amplified GC cell


http://www.ajtr.org

FGFR2 as a selective biomarker

lines [11-14], which supports it as a potential
therapeutic target in GC. A few clinical phase I/
I trials of various FGFR inhibitors have focused
on the FGFR2-amplified subset of GC [15-17];
however, conflicting results have been obtained,
including a phase Il clinical trial that failed to
show a clinical benefit [15]. These findings hi-
ghlight the need for more potent FGFR2 inhi-
bitors.

PRO-007 is a newly developed recombinant
monoclonal antibody that targets FGFR2. In the
current study, we investigated the preclinical
activity of PRO-007 in both FGFR2-amplified
GC cells and patient-derived tumor cells (PD-
Cs). We also validated the role of FGFR2 ampli-
fication as a predictive biomarker for PRO-007
efficacy.

Materials and methods
Ethical considerations

Patients were enrolled as part of the SMC
Oncology Biomarker Study (NCT#01831609,
clinicaltrials.gov), which was described previ-
ously [18]. Effusions were collected for thera-
peutic purposes after obtaining written in-
formed consent. The Samsung Medical Center
Institutional Review Board approved the proto-
col and all procedures were carried out accor-
ding to the guidelines of the Declaration of
Helsinki.

Fluorescence in situ hybridization (FISH) of
FGFR2

FISH was performed using a ZytoLight SPEC
FGFR2/CEN 10 Dual Color Probe (Z-2122-200;
ZytoVision, Bremerhaven, Germany). DNA pro-
be sets were incubated with 1-um-thick tumor
sections overnight at 37°C. Hybridization sig-
nals were evaluated for 20 nuclei per sample
under a fluorescence microscope. Only nuclei
with distinct nuclear borders were evaluated
with all overlapping nuclei being excluded.
FGFR2 was considered amplified when the
FGFR2:CEP17 FISH-signal ratio was > 2.0.

Cell lines and patient-derived tumor cell cul-
ture

PRO-007 was evaluated in vitro using two GC
cell lines, KATO lll and NCI-N87, which were ob-
tained from the Korean Cell Line Bank (KCLB;
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Seoul, Korea). The cell lines were cultured in
RPMI 1640 supplemented with 10% fetal bo-
vine serum (FBS) and 1% antibiotic-antimycotic
solution (Gibco, Carlsbad, CA, USA).

For PDCs, malignant ascites was collected fr-
om patients with metastatic GC. Collected effu-
sions (1-5 L) were divided into 50-mL tubes,
centrifuged at 1500 rpm for 10 min, and
washed twice with phosphate-buffered saline
(PBS). Cell pellets were suspended in RPMI
1640 culture medium and added to 75-cm? cul-
ture flasks. The cells were cultured in RPMI
1640 supplemented with 10% FBS, 1% antibi-
otic-antimycotic solution, 0.5 yg/mL hydrocorti-
sone (Sigma Aldrich, St. Louis, MO, USA), 5 ug/
mL insulin (PeproTech, Rocky Hill, NJ, USA), 5
ng/mL epidermal growth factor (EGF), and 2.5
ng/mL FGF (PeproTech). The cells were main-
tained at 37°C in a humidified 5% CO, incuba-
tor and the medium was changed every three
days. PDCs were passaged using TrypLE Ex-
press (Gibco BRL) to detach the cells after
reaching 80-90% confluence.

Cell treatment and viability assay

To evaluate the effect of PRO-007, cells were
seeded at 5 x 10° cells/well in 96-well plates,
allowed to adhere overnight, and treated with
the indicated drugs for 72 h. Inhibition of cell
proliferation was determined using Cell Titer
Glo (Promega, Madison, WI, USA), according to
the manufacturer’s protocol.

Generation of an FGFR2-modified GC cell line

For FGFR2 overexpression, full-length FGFR2
complementary DNA (cDNA) was generated fr-
om the MegaMan cDNA library (Stratagene, La
Jolla, CA, USA). The complete FGFR2 cDNA
was inserted into pcDNA3.1 (Invitrogen, Carls-
bad, CA, USA) using the Nhel/Xbal endonucle-
ase restriction sites. The open reading frames
of the constructs were verified by sequence
analysis performed using an ABI 3730xI DNA
Analyzer (Thermo Fisher Scientific, Rockford,
IL, USA). Approximately 5 x 108 cells were elec-
troporated with 2.5 pg of pcDNA3.1/FGFR2-
construct DNA or parental pcDNA3.1 using the
Nucleofector System (Lonza, Basel, Switzer-
land). The transformed cells were selected in
medium containing G418 for 2 wk and expr-
ession and translation of the full-length fusion
transcripts were confirmed by immunoblotting.
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Figure 1. FGFR2 gene amplification in gastric cancer samples. (A) FGFR2 amplification in primary tissues of FGFR2-
amplified PDC (PDC1) by FISH showing amplification of the target probe (red signal) to CEP-10 (green signal), (B)
CT scan of a patient with FGFR2 amplification; a large amount of ascites was drained and collected for the culture
of PDCs.

In addition, cells were transiently transfected
by electroporation with short hairpin FGR2 (sh-
FGFR2) TG318702 (Origene Technologies, Ro-
ckville, MD, USA) or scramble RNA.

Immunoblot analysis

To evaluate the effect of PRO-007, cells were
seeded at 6 x 10° cells/60-mm dishes, allowed
to adhere overnight, and then treated with the
indicated drugs for 2 h. Total cell extracts were
obtained using lysis buffer (20 mM HEPES [pH
7.4], 1% Triton X-100, 1 mM EDTA, 1 mM MgCl,,
150 mM NaCl, 10% glycerol, protease inhibitor,
and phosphatase inhibitor cocktail [Invitrogen]).
The protein concentrations of the cell extracts
were determined using Micro-BCA Protein Re-
agent (Pierce Biotechnology, Rockford, IL, USA).
Equal amounts of proteins (30 ug per well) from
the clarified lysates were separated by sodium
dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) and transferred onto nitroc-
ellulose membranes with a 0.2-um pore size
(Whatman, Maidstone, UK). The membranes
were incubated with phospho-AKT (Ser473)
antibody (#4060, 1:1,000; Cell Signaling Te-
chnology [CST], Danvers, MA, USA), AKT anti-
body (#9272, 1:1,000; CST), phospho-ERK1/2
(Thr202/Tyr204) antibody (#4370, 1:1,000;
CST), ERK1/2 antibody (#9102, 1:1,000; CST),
phospho-FGFR (Tyr653/654) antibody (#34-
71, 1:1,000; CST), FGFR2 antibody (sc-6930,
1:1,000, Santa Cruz Biotechnology, Dallas, TX,
USA), phospho-PLCy1 (Tyr783) antibody (#28-
21, 1:1,000; CST), PLCy1 antibody (#5690, 1:
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1,000; CST), and B-actin antibody (AC-15, 1:
5,000; Sigma). The ECL system (Invitrogen) was
used for protein detection.

Invasion assay

Cell invasiveness was measured using Matrigel-
coated Transwell chambers (BD Biosciences,
Mountain View, CA, USA). Cells were treated
with PRO-007 for 24 h, trypsinized, counted,
and added to the upper well of Transwell cham-
bers. Medium containing 10% FBS was added
to the lower chambers as a chemoattractant.
After incubation for 24 h, cells in the lower
chamber were fixed in 100% methanol and
stained with 0.1% crystal violet. Cells in five
randomly selected areas of each well were
counted using light microscopy. Data from thr-
ee independent experiments were expressed
as means * SD.

Statistical analysis

For cell viability curves, results are expressed
as means. Preclinical data were evaluated by
one-way ANOVA using GraphPad Prism version
4.01 (San Diego, CA, USA). All p-values of less
than 0.05 were considered statistically signi-
ficant.

Results
Patients

Two PDCs were used in the current study,
PDC#1 and PDC#2. PDC#1 was derived from a
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Figure 2. Anti-tumor effect of PRO-007 in the FGFR2-amplified GC cell line. A.
Pro-007 suppressed proliferation in FGFR2-amplified KATOIII cells. Cell prolif-
eration was measured by the CTG assay after treatment with PRO-007 at 10 ug/
ml for 72 h. Cell viability (%) represents the percentage of growth compared to
that of the control (no treatment). B. Pro-007 suppressed KATOIII cell invasion.
Cells that invaded the membrane were stained with crystal violet and counted
directly under a microscope. Data are presented as mean values + SD of three
independent experiments. C. Pro-007 decreased FGFR phosphorylation and
targeted downstream pathways. D. Pro-007 (1 yg/ml) enhances the efficacy of

ramucirumab (1 uM) in FGFR2-amplified KATOIII cells.

46-year-old male patient with advanced GC and
exhibited FGFR2 amplification. Briefly, the
patient was initially diagnosed with poorly dif-
ferentiated tubular adenocarcinoma and a TNM
stage of IlIB (T3N3) according to AJCC Cancer
Staging Manual, 7th edition. Two years after
curative resection, peritoneal seeding was con-
firmed by exploratory laparotomy. The cancer
was refractory to TS-1 plus cisplatin. The FG-
FR2/CEP10 ratio was 50, as verified by FISH
(Figure 1A). The PDC#1 cell line was estab-
lished from malignant ascites (Figure 1B) after
obtaining informed consent from the patient.
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ced the viability of KATO
Il cells, which exhibit an
FGFR2 amplification (P =
0.0034), but not the viabi-
lity of NCI-N87 cells, which
do not exhibit FGFR2 amp-
lification (P = 0.3710) (Fi-
gure 2A). PRO-007 also sig-
nificantly reduced the inva-
siveness of KATO Il cells (P
< 0.0001), but not the inva-
siveness of NCI-N87 cells (P = 0.8136) (Figure
2B).

Next, we analyzed the effects of PRO-007 on
FGFR2 pathway markers, such as the phos-
phorylation of ERK/Akt. KATO IlIl and NCI-N87
cells were evaluated by immunoblot assays
after PRO-007 treatment. AKT and ERK phos-
phorylation levels were clearly reduced in KATO
Il cells treated with PRO-007 compared to that
in untreated cells (Figure 2C), which suggested
the inhibition of cell proliferation by PRO-007
was related to a decrease in AKT/ERK phos-
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Figure 3. Anti-tumor effect of PRO-007 in FGFR2-modified GC cell lines. A. The
viability of NCI-N87 cells transfected with FGFR2 cDNA was measured by the
CTG assay after treatment with PRO-007 at 30 pug/ml. FGFR2 expression was
confirmed by an immunoblotting assay. B. The viability of KATOIIl cells trans-
fected with FGFR2 shRNA was measured by the CTG assay after treatment with
PRO-007 at 30 pg/ml. An immunoblotting assay showed decreased FGFR2 ex-

pression after transfection with FGFR2 shRNA.

phorylation. Moreover, we found that the com-
bination of PRO-007 and ramucirumab had a
greater inhibitory effect on the invasiveness of
KATO llI cells than did either PRO-007 or ramu-
cirumab alone (Figure 2D).

Anti-tumor effect of PRO-007 on FGFR2-
modified gastric cancer cell lines

To confirm that FGFR2 amplification was an
effective target for PRO-007, we transfected
NCI-N87 cells with an FGFR2-expressing plas-
mid and knocked down FGFR2-expression in
KATO Il cells using FGFR2-specific shRNA.
PRO-007 significantly reduced the viability of
FGFR2-transfected NCI-N87 cells (Figure 3A).
However, the viability of FGFR2-knockdown
KATO Il cells was not reduced by PRO-007
(Figure 3B).

Anti-tumor effect of PRO-007 on PDCs with
and without FGFR2 amplification

Consistent with the results obtained for KATO
Il cells, PRO-007 significantly reduced viability
and invasiveness of PDC#1 cells, which exhib-
ited FGFR2 amplification. A decrease in AKT/
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unts for approximately 5-
10% of all GCs [19, 20].
Although the frequency of
FGFR2-amplified GC is re-
latively low, the prognosis
of this subset is very poor
[4]. The establishment of
an effective treatment for
FGFR2-amplified GC is cur-
rently considered an unmet
need. The present study
showed that PRO-007 had
anti-tumor activity in KATO
[l and PDC#1 cells, both of
which have FGFR2 amplification. In addition,
based on immunoblot analysis, PRO-007 clear-
ly reduced the level of phosphorylation of AKT
and ERK in KATO Il and PDC#1 cells. These
findings suggest that PRO-O07 may be a pr-
omising treatment strategy for patients with
FGFR2-amplified GC.

FGFR signaling is considered a critical target
in cancer therapy and various FGFR inhibitors
have been developed. First-generation FGFR
tyrosine kinase inhibitors (TKIs), such as dovi-
tinib, brivanib, pazopanib, and regorafenib, bind
to FGFR but are non-selective and also bind to
other receptor tyrosine kinases (RTKs) such as
VEGFRs and platelet-derived growth factor re-
ceptors (PDGFRs). Consequently, these com-
pounds induce a series of toxic effects, includ-
ing proteinuria, hypertension, cutaneous reac-
tions, and gastrointestinal diseases [21]. Se-
cond-generation FGFR TKIls that are selective
have been developed to overcome the compli-
cations caused by the off-target effects of non-
selective FGFR TKIs. Among these, encourag-
ing results have been obtained in vitro and in
vivo for the efficacy of AZD4547 in FGFR2-
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Figure 4. Anti-tumor effect of PRO-007 in FGFR2-amplified GC PDCs. A. Pro-007
suppressed FGFR2-amplified PDC proliferation. Cell proliferation was measured
by the CTG assay after treatment with PRO-007 t 30 ug/ml for 72 h. B. Pro-007
suppressed FGFR2-amplified PDC invasion. Cells were treated with PRO-007 at
10 pg/ml for 24 h, and 1 x 10° cells were added to the upper well of Matrigel-
coated Transwell chambers. C. Pro-007 decreased FGFR phosphorylation and
targeted downstream pathways. D. Pro-007 (1 ug/ml) enhanced the efficacy of

ramucirumab (1 uM) in FGFR2-amplified PDC1 cells.

amplified GCs [22]. However, a phase |l trial of
AZD4547 in patients with GC with FGFR2 poly-
somy or gene amplification failed to demon-
strate an improved outcome compared to that
of standard treatments [15]. Monoclonal anti-
bodies (mAbs) to FGFR or FGF are also currently
under development. When compared to TKiIs,
neutralizing anti-FGFR mAbs demonstrate high-
er specificity, which may result in a reduced tox-
icity [21]. To date, only one clinical trial of anti-
FGFR2 mAbs has been performed [23]. FP-
A144, a humanized monoclonal IgG1 antibody
that specifically binds and blocks FGFR2b, ex-
erts anti-tumor activity by inducing antibody-
dependent cell-mediated cytotoxicity. In a pha-
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creased ERK phosphoryla-
tion downstream of FGFR
signaling.

Ramucirumab, a monoclo-
nal antibody against VEGF-
2, is a standard second-line
treatment for patients with
GC [4, 24]. In the current
study, we evaluated the ef-
fect of ramucirumab on the
invasiveness of both KATO
Il and PDC#1 cells, which
have FGFR2 amplification.
The combination of ramuci-
rumab and PRO-007 markedly inhibited the
invasiveness of cancer cells with FGFR2 ampli-
fication compared that of ramucirumab or PRO-
007 alone. This potential combination strategy
of PRO-007 and ramucirumab needs to be vali-
dated in further clinical studies.

Previous studies have reported a significant
relationship between FGFR2 amplification and
peritoneal metastasis. PDC#1 cells used in the
present study were derived from the ascites
of a patient with GC and peritoneal seeding.
Peritoneal seeding is common in the progres-
sion or recurrence of GC after surgery (30-40%)
[25, 26]. Approximately 10% of newly diagno-
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sed GC exhibit peritoneal seeding [27]. Consi-
dering that patients with CG and peritoneal
seeding have the worse prognosis, the effec-
tive inhibition of FGFR2-amplified tumors might
contribute to improved survival outcomes in
this subset of patients.

In summary, PRO-007 is a specific, fully human
monoclonal antibody for FGFR2. In this study,
we demonstrated that PRO-007 specifically
inhibited cell proliferation of a GC cell line and
PDCs with amplified FGFR2. The preclinical
data reported here supports further develop-
ment of PRO-007 as a prediction biomarker
and potential therapeutic agent for patients
with FGFR2-amplified GC.
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