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Abstract

Fibroblast growth factor (FGF) signaling plays critical roles in
key biological processes ranging from embryogenesis to wound
healing and has strong links to several hallmarks of cancer.
Genetic alterations in FGF receptor (FGFR) family members are
associatedwith increased tumor growth,metastasis, angiogenesis,
and decreased survival. JNJ-42756493, erdafitinib, is an orally
active small molecule with potent tyrosine kinase inhibitory
activity against all four FGFR family members and selectivity
versus other highly related kinases. JNJ-42756493 shows rapid
uptake into the lysosomal compartment of cells in culture, which

is associated with prolonged inhibition of FGFR signaling,
possibly due to sustained release of the inhibitor. In xenografts
from human tumor cell lines or patient-derived tumor tissue
with activating FGFR alterations, JNJ-42756493 administration
results in potent and dose-dependent antitumor activity accom-
panied by pharmacodynamic modulation of phospho-FGFR
and phospho-ERK in tumors. The results of the current study
provide a strong rationale for the clinical investigation of JNJ-
42756493 in patients with tumors harboring FGFR pathway
alterations. Mol Cancer Ther; 16(6); 1010–20. �2017 AACR.

Introduction
Fibroblast growth factor receptors belong to a family of 4

receptor tyrosine kinases (FGFR1–4) and a fourth receptor
(FGFR5) lacking a tyrosine kinase domain (1, 2). FGFRs have
been demonstrated to regulate a number of key processes, such as
cell migration, proliferation, differentiation, and survival, partic-
ularly during embryonic development and in the adult organism
during inflammation and wound healing (1, 2). FGFR activity is
controlled by a family of FGF ligands, comprised of 22 FGF
members (3) that regulate FGFR tyrosine kinase activity in an
autocrine or paracrine tissue-dependent context (4). A key exam-
ple of FGFR ligand–regulated physiology is the regulation of

phosphate homeostasis mediated by FGF23, which suppresses
phosphate reabsorption in proximal tubules of the kidney (5).
In contrast, constitutive ligand-independent and aberrant ligand-
dependent FGFR signaling have been described in a large variety
of solid tumors, including non–small cell lung, breast, bladder,
endometrial, gastric, and colon cancer, as well as certain hema-
tological malignancies. Aberrant pathway activation is believed
to be a key growth promoting mechanism for these malignancies
(1–16). Further support of this concept is highlighted by the
presence of activating FGFR gene alterations, including point
mutations and gene rearrangements, in multiple tumor types,
suggesting that deregulated proliferation of certain tumors is
driven by these oncogenic events (7, 17). Given the activation
of FGFR signaling in a variety of tumor types, several therapeutic
agents, includingmultiple FGFR inhibitors, FGFR antibodies, and
FGF ligand traps, have been optimized and tested clinically or are
entering into clinical development (18). Most of these small
molecule inhibitors have limited selectivity for FGFR and display
significant activity against additional protein tyrosine kinases due
to high sequence homology within their kinase domains [e.g.,
vascular endothelial growth factor (VEGFR), platelet-derived
growth factor (PDGFR) and c-Kit]. The activities of these mixed
FGFR/VEGFR inhibitors make it difficult to dissect the antitumor
activity components associated with FGFR inhibition versus
other inhibitory events leading to potential additional toxicities
compared with selective inhibitors.

To better address the role of constitutive FGFR signaling in
cancer, we optimized a next-generation small-molecule
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inhibitor that is highly selective for the FGFR kinase family with
minimal inhibitory activity toward VEGFR and other related
kinases. Here, we report the identification and pharmacologic
characterization of JNJ-42756493 (erdafitinib) as a novel,
highly potent and selective, small-molecule inhibitor of
FGFR1-4. This study demonstrates functional selectivity of
erdafitinib in tumor models with constitutive FGFR activity
and supports the ongoing clinical development of this agent in
disorders associated with FGFR activation.

Materials and Methods
JNJ-42756493

JNJ-42756493 (Fig. 1A), N-(3,5-Dimethoxy-phenyl)-N'-iso-
propyl-N-[3-(1-methyl-1 H-pyrazol-4-yl)-quinoxalin-6-yl]-eth-
ane-1,2-diamine, was synthesized according to the processes
described in the International Patent Application Number
WO2011/135376 in particular as described, for example, B3
(compound 4). JNJ-42756493 (446.56MW of free base) has no
chiral center, is basic (pKa of 9.2), and lipophilic (logP¼ 4.3). It is
a crystalline, auto-fluorescent (Exc 370 nm; Emm 490 nm), non-
hygroscopic solid, with a melting point of 142�C and a high
thermodynamic solubility of >20mg/mL in aqueous buffer at pH
¼ 4. JNJ-42756493 in 5 mmol/L dimethyl sulphoxide (DMSO)
stock was used for in vitro or was formulated for in vivo studies in
20% hydroxypropyl-b-cyclodextrin (HP-b-CD) for oral gavage
either once or twice daily.

Time-resolved fluorescence kinase assays for FGFR1-4 and KDR
Time-resolved fluorescence energy-transfer assays for

FGFR1-4 and KDR were performed in 384-well black Opti-
plates (Perkin Elmer, 6007279). Enzymes [FGFR1 (Upstate,
14-582-4)].

FGFR2 (Invitrogen, PV4106), FGFR3 (Upstate, 14-464-K),
FGFR4 (Upstate, 14-593-K), and KDR (Upstate, 14-630-K),
substrate (FLT 3 peptide, Bachem, 4072151), and adenosine
triphosphate (ATP, Invitrogen, PV3227) were prepared in 50
mmol/L HEPES pH 7.5, 0.1 mmol/L Na2VO3, 6 MnCl2, 0.01%
(v/v) Triton x-100, and 1 mmol/L dithiothreitol (DTT). Detec-
tion reagents were prepared in 6.25 mmol/L HEPES, 0.025%
BSA, 7 mmol/L EDTA, 31.25 nmol/L streptavidin-XL665 (CIS-
BIO, 610SAXLB), and 2.27 nmol/L Eu-labeled PY20 antibody
(Perkin Elmer, AD0067). The kinase reaction was initiated by
addition of enzyme (0.1, 0.8, 0.8, 0.4, and 0.7 nmol/L of FGFR
1, 2, 3, 4, and KDR, respectively) to a mixture containing
compound, ATP at the Michaelis constant (Km) concentration
for each kinase (5, 0.4, 25, 5, and 3 mmol/L, respectively) and
500 nmol/L FLT3 substrate in a final assay volume of 30 mL.
After 60 minutes for FGFR1, FGFR3, and KDR, 30 minutes for
FGFR2 and 45 minutes for FGFR4 incubation at room temper-
ature, the enzyme reaction was stopped by adding 10 mL of
detection reagents. Following 1-hour incubation at room tem-
perature, fluorescence was measured with excitation at 337 nm
and dual emission at 620 nm (Eu signal) and 665 nm (FRET
signal) on an Envision reader (Perkin Elmer, 2104-0010A).

Kinase binding assays
The binding affinity of JNJ-42756493 to a panel of 397 wild-

type kinases was evaluated using the KINOMEscan platform
(DiscoveRx; ref. 19).

Cellular kinase assays
IL3-dependent (10 ng/mL final concentration) murine BaF3

(Riken Cell Bank) pro-B cells (20) were transfected with
pcDNA3.1 (Invitrogen) plasmid encoding TEL(ETV6)-kinase
and stable integrations selected with geneticin (Invitrogen;
ref. 21). GFP-TEL-FGFR1 and GFP-TEL-KDR(VEGFR2) were kind-
ly provided by Jan Cools (Department of Human Genetics,
University of Leuven).

Cell lines
The tumor cell lines used for Western blotting and the small

panel tested in proliferation experiments were obtained from
the American Type Culture Collection (ATCC), unless specified
otherwise. KATO III (HTB-103), SNU-16 (CRL-5974), RT-112
(DSMZ ACC 418), NCI-H1581 (CRL-5878), A-204 (HTB-82),
RT-4 (HTB-2), DMS-114 (CRL-2066), A-427 (HTB-53), KMS-
11 (Japanese Collection of Research Bioresources), and MDA-
MB-453 (HTB-131) cells were selected to reflect diverse FGFR
alterations. All cell lines were obtained between 2012 and 2016
and kept in culture up to 15 to 20 passages, but not longer than
6 months. All cell lines were authenticated by the suppliers
using short tandem repeat (STR) analysis. Cells were cultured
as suggested by the supplier in standard culture conditions
(37�C, 5% CO2, and 95% humidity) in medium containing
10% (v/v) fetal bovine serum. Kato III cells were supplemented
with 2 mmol/L L–glutamine, 1.5 g/L sodium bicarbonate,
50 mg/mL gentamycin, and 20% FBS. Cells were free of
mycoplasma.

The cell lines tested in the extended panel of the growth assay
were obtained from the ATCC (22), the German Collection of
Microorganisms and Cell Cultures (23), and the Japanese Col-
lection of Research Bioresources (24) and cultured as described
above.

Cell lines were annotated for somatic alterations using the data
compiled by OmicSoft ArraySuite software, version 8. Original
source data are derived from the Cell Line Encyclopedia (https://
www.broadinstitute.org/ccle/home) and Sanger Center Cancer
Cell Line Project, available on the COSMIC website (http://
cancer.sanger.ac.uk/cosmic).

MTT assay for cell proliferation
KATO III, RT-112, A-204, RT-4, DMS-114, A-427, and MDA-

MB-453 cells were treatedwith JNJ-42756493 (from10mmol/L to
0.01 nmol/L in 2%DMSO, final concentration). Following 4-day
incubation, cell viability was determined using MTT reagent as
described by the supplier (Sigma, CGD1). The optical density was
determined at 540 nm as a percentage of DMSO-treated cells
(100%), a dose–response curve was created and the median
inhibition concentration (IC50) calculated.

Alamar Blue assay for cell proliferation
SNU-16,NCI-H1581, KMS-11, andBaF3 cells were treatedwith

compound for 4 days as described above. Alamar Blue solution
was added as described by the manufacturer (Sigma, R7017)
and incubated for an additional 4 hours. Fluorescence was mea-
sured (excitation wavelength 530–560 nm, emission wavelength
590 nm) and expressed as a percentage of untreated control.
From these data, a dose–response curve was created and IC50

values determined.
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Large panel all cancer and lung cancer cell lines
Cancer cells were grown as specified by the provider (Onco-

lead, GmbH & Co. KG). At 24 hours post seeding, cells were
treated in triplicate with small-molecule FGFR inhibitor serially
diluted 3.16-fold over 10 concentrations (0.5% DMSO final
concentration). Following 72-hour incubation, cells were fixed
and stained with a nuclear dye for quantification of prolifera-
tion. To determine the cell proliferation endpoint, data were
transformed to percent of control (POC) values [100 � relative
cell count (drug treatment)/relative cell count (vehicle
treatment)]. IC50 values were estimated from a nonlinear regres-
sion fit of the POC data to a 1-site dose–response model.

Inhibition of FGFR family receptor phosphorylation and
downstream signaling

Cell lines harboring activated FGFR1, 2, 3, or 4 (NCI-H1581,
SNU-16, KMS-11, and MDA-MB453, respectively) were treated
with various concentrations of JNJ-42756493 for 4 hours. Medi-
um was removed, cells washed with ice-cold phosphate buffered
saline (PBS) and suspended in lysis buffer for Western blotting
analysis.

The NCI-H1581 NSCLC cell line was pretreated with medium
containing 100 nmol/L JNJ-42756493 or DMSO for 30 minutes
prior to replacement with medium containing FGF2 (40 ng/mL).
The cells treated with FGF2 were incubated for 0minute (control,
no treatment with FGF2), 5 minutes, 10 minutes, 30 minutes, 2
hours, 4 hours, or 8 hours. The medium was aspirated, the cells
were washed with ice-cold PBS, lysed, and processed for Western
blot analysis.

Western blotting
Cell lysates were loaded on NuPAGE Novex Bis-Tris Mini Gels

and transferred to poly vinylidene-difluoride (PVDF) mem-
branes. Primary antibodies were incubated as specified, mem-
brane washed 3 times in PBS-0.1% Tween-20, and fluorescently
labeled secondary antibody incubated for 1 hour at room tem-
perature in the dark. Membranes were washed 3 times and
antibody binding detected using Lumi Proxima or LI-COR Odys-
sey instruments. Antibodies against ERK, pERK (Thr202/Tyr204),
pFGFR (Tyr653/654), and pPLCg1(Tyr783) were obtained from
Cell Signaling Technology (#9101, #9102, #3471, and #2821,
respectively), FGFR2 and FRS2a from Santa Cruz Biotechnology
(SC#3471, SC#8318, respectively), andb-actin fromCalbiochem
(# CP01). Secondary antibodies were obtained from Invitrogen
[goat anti-rabbit IgG HRP (A21076), goat anti-mouse IgG HRP
(A21057), goat anti-mouse (A21057), and goat anti-rabbit
(A21076)].

Lysosomal compound accumulation
GAMG human glioblastoma cells (DSMZ, ACC 242) were

treated for 30 minutes with 50 nmol/L LysoTracker red and
1 mmol/L JNJ-42756493 before imaging at 530 nm. GAMG
cells were treated with bafilomycin (75 nmol/L) for 1 hour and
washed with PBS before addition of medium supplemented
with 1 mmol/L JNJ-42756493 or JNJ-42883919 in the presence
or absence of 75 nmol/L bafilomycin. Serial images were
obtained every 5 minutes (ImageJ) in Texas Red and CFP
channels on an InCell Analyzer 2000 instrument. The density
of region of interest (ROI) from 4 different images was com-
pared with T ¼ 0 and the average difference plotted as per-
centage change (%ROI).

Drug washout assays
KATO III human gastric carcinoma cells were treated with or

without bafilomycin (150 nmol/L) for 1 hour before addition of
JNJ-42756493 (30nmol/L) or JNJ-42883919 (300nmol/L) to the
culture medium. The medium was removed, cells were washed 6
times with warmmedium with or without bafilomycin, and then
incubated inmedium lacking compounds and bafilomycin. Cells
were collected at 0, 2, 4, 8, 16, and 24 hours, lysates prepared and
processed for WES capillary-based Western blotting as described
by the manufacturer (ProteinSimple).

In vivo efficacy experiments
All experiments were carried out in accordance with the

European Communities Council Directives (86/609/EEC) and
approved by the local IACUC and ethical committee. For tumor
efficacy studies, tumor sizes [tumor volume (mm3) ¼ (a x b2/2);
where a represents the length, and b the width of the tumor as
determined by caliper measurements] and body weights were
measured twice weekly, with mice monitored daily for clinical
signs of toxicity [including but not limited to persistent anorex-
ia, dehydration, posture, lethargy (according to the United
Kingdom Coordinating Committee for Cancer Research
(UKCCCR) guidelines for welfare of animals in experimental
neoplasia ref. 25] for the duration of the treatment. A sustained
body weight loss >15% of the initial body weight was consid-
ered as clinical toxicity, with the animal removed from the study
and sacrificed. Studies were terminated when tumor burden
exceeded 10% of the animal's body weight. Time-course of
tumor growth was expressed as relative tumor volumes, nor-
malized to initial tumor volume (day treatment started) and
expressed as mean � standard error of mean (SEM). Treatment/
control (T/C) ratios were calculated based on the change in final
relative tumor volumes, and National Cancer Institute's (NCI)
effective criteria of 42% were used (26).

Human tumor cell lines were injected directly into the inguinal
region of male nude mice (1 � 107 cells/200 mL/animal with
Matrigel 1:1 inmedium)onday0.When tumorswere established,
mice were randomized according to tumor volume to either
vehicle alone (10% HP-b-CD) or vehicle containing JNJ-
42756493, administered in a volume of 5 mL/kg body weight
for 21 days (8–10 mice/group). For PDX studies, Nu/Nu nude
mice purchased fromVital River LabAnimal TechnologyCo., Ltd..
Patient-derived tumor samples finely minced (�1–2 mm3) were
added to Matrigel and approximately 50 mm3 of minced tumor
was implanted subcutaneously (s.c.) into flank of anaesthetized
mice (Ketamine/Medatomidine). When the tumor volume
reached 200 to 300 mm3 the mice were allocated to their treat-
ment groups with uniformmean tumor volume and body weight
between groups and treated according to protocol.

Pharmacodynamic and pharmacokinetic analysis of
JNJ-42756493

Mice-bearing SNU-16 human gastric carcinoma (FGFR2 ampli-
fied) xenograft tumors were dosed orally with 0, 3, 10, or 30 mg/
kg JNJ-42756493. Tumor tissue and mouse plasma (3 mice per
time point) were harvested at 0.5, 1, 3, 7, 16, and 24 hours
after dosing. Tumor tissues were frozen in liquid nitrogen,
crushed, and suspended in lysis buffer [25 mmol/L Tris-HCl
(pH 7.5), 2 mmol/L EDTA (pH 8), 2 mmol/L EGTA (pH8),
1% Triton X-100, 0.1% SDS, 50mmol/L disodium b-glyceropho-
sphate, 2 mmol/L Na3VO4, 4 mmol/L Na-pyrophosphate,
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2x Thermo protease/phosphatase inhibitor cocktail). After cen-
trifugation (12,000 rpm for 15 minutes; RCF ¼ 15,294), the
supernatants were applied to SDS-PAGE and transferred onto
PVDF membranes (Bio-Rad, #162-0177). The membranes were
blocked in Odyssey blocking buffer (Licor, #927-40000) for 1
hour, incubated with anti–phospho-FGFR Y653/654 (Cell Sig-
naling Technology, #3471) or anti-FGFR2 (Cell Signaling Tech-
nology, #9102) antibodies overnight at 4�C, and washed 3 times
in TBST buffer prior to incubation with Alexa Fluor 680 conju-
gated goat-anti-rabbit IgG (#A-21109) inOdyssey blocking buffer
at room temperature for 2 hours. Signals were read and quanti-
tated on a LI-COR Odyssey infrared imager.

When tumors of lung cancer patient-derived xenograft (PDX,
LUX001) reached approximately 400 mm3, mice were dosed
orally with 12.5 mg/kg JNJ-42756493. Tumor and mouse
plasma (3 mice per time point) were collected at 1, 2, 4, 8,
and 24 hours post dose. The liquid nitrogen frozen tumor
tissues were lysed in RIPA buffer containing protease inhibitor
(Roche, Cat#04693132001) and phosphatase inhibitor
(Roche, Cat#04906837001). After centrifugation (12,000 rpm
for 15 minutes), the supernatants were applied to SDS-PAGE
and transferred onto PVDF membranes (Bio-Rad #170-4157).
The membrane was blocked in 5% bovine serum albumin in

Tris-buffered saline with 0.1% Tween 20 (TBST) and then
incubated with anti-phospho-ERK (Cell Signaling Technology,
#4370) overnight at 4�C, washed in TBST, then incubated with
HRP-conjugated goat Anti-Rabbit IgG (HþL; Bio-Rad,
1706515) at room temperature for 2 hours. The membranes
were stripped and reblotted for total ERK1/2 (Cell Signaling
Technology, #9102). Signal was read on ChemiDocTM MP
Imaging System.

Compound concentration from mouse plasma was detected
using LC/MS-MS.

Results
JNJ-42756493 is a potent and selective pan-FGFR inhibitor

The hinge binding motif, quinoxaline scaffold of JNJ-
42756493 (Table 1), was identified following a fragment-based
screen of the Astex proprietary library (20). Quinoxaline contain-
ing fragments were further modified by introducing the 3,5-
dimethoxy anilinemoiety beyond the gatekeeper in the selectivity
pocket. Taking advantage of aniline nitrogen positioning, sub-
stituents interacting with Asp641 were introduced that ultimately
led to selection of JNJ-42756493, a potent inhibitor of FGFR1,
FGFR2, FGFR3, and FGFR4 (FGFR1-4) kinases (Table 1).

Table 1. Biochemical and cellular inhibitory activity of JNJ-42756493

JNJ-42756493

Kinases Kd (nmol/L) Kinases IC50 (nmol/L) � SD

FGFR1 0.24 FGFR1 1.2 0.4
RET 0.94 FGFR2 2.5 0.9
FGFR3 1.1 FGFR3 3 0.5
FGFR4 1.4 FGFR4 5.7 0.8
FGFR2 2.2 VEGFR2 36.8 7.1
CSF1R 3.4 Kinases BaF3 IC50 (nmol/L) � SEM
PDGFRA 3.4
FLT4 3.6 FGFR1 22.1 0.81
PDGFRB 4.6 FGFR3 13.2 0.47
KIT 5.3 FGFR4 25 0.3
VEGFR2 6.6 VEGFR2 1160 30.7
TIE1 9 RET 205.2 25.7a

FLT1 12 PDGFRA 156.2 51.2a

EPHA1 13 PDGFRB 304.1 119.6a

LCK 20 KIT >3,000 N/A
LYN 22 TIE1 >3,000 N/A
ABL1 23 LCK >3,000 N/A
EPHB6 32 LYN 646.4 197.5a

BLK 44 ABL1 >3,000 N/A
DDR1 45 BLK 5,514.2 567.6a

Cell line Origin FGFR alteration IC50 nmol/L � SEM
KATO III Gastric FGFR2 (Amp) 0.1 0.01
SNU-16 Gastric FGFR2 (Amp) 0.4 0.02
RT-112 Bladder FGFR3 (translocation) 1.3 0.2
NCI-H1581 Large cell lung FGFR1 (Amp) 2.6 0.2
A-204 Rhabdomyosarcoma FGFR4 (Amp) 4.5 0.4
RT-4 Bladder FGFR3 (translocation) 5.1 0.6
DMS-114 Small cell lung FGFR1 (Amp) 7.0 1.2
A-427 Squamous lung FGFR1 (Amp) 71.0 25.6
KMS-11 Multiple myeloma FGFR3 (translocation) 102.4 53.6
MDA-MB-453 Breast FGFR4 (Y367C) 129.2 30.4
a� SD.
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JNJ-42756493 inhibited the tyrosine kinase activities of
FGFR1-4 in time-resolved fluorescence assays with IC50 values
of 1.2, 2.5, 3.0, and 5.7 nmol/L, respectively. The closely related
VEGFR2 kinase was less potently inhibited (�30-fold less
potent compared with FGFR1) by JNJ-42756493, with an IC50

value of 36.8 nmol/L.
The binding affinity of JNJ-42756493 was tested against a

panel of 451 kinases (Supplementary Table S1) using the
KINOMEscan platform (DiscoveRx; ref. 19). The 20 kinases
with the highest binding affinity are shown in Table 1. JNJ-
42756493 bound FGFR1, 3, 4, and 2 with Kd values of 0.24,
1.1, 1.4, and 2.2 nmol/L, respectively. The Kd value for VEGFR2
was somewhat higher at 6.6 nmol/L.

The potent kinase binding and inhibitory activities of JNJ-
42756493 observed on the isolated recombinant FGFR kinases
were recapitulated in BaF3 cell lines engineered to express FGFR
familymembers. JNJ-42756493 inhibited proliferation of FGFR1,
3, and 4 expressing cells with IC50 values of 22.1, 13.2, and 25
nmol/L, respectively (Table 1). The specificity of JNJ-42756493
activity in these cells was confirmed by the absence of effects on
proliferation in the presence of IL3 (IC50>7,000nmol/L for all cell
lines tested). In contrast, with the relatively potent activities
against VEGFR2 in biochemical assays, JNJ-42756493 demon-
strated substantially weaker activity against BaF3 cells expressing
VEGFR2 (IC50¼1,160nmol/L; Table 1). Similarly, JNJ-42756493
was at least 10 times more potent on BaF3 cells expressing FGFR
kinases than other kinases with high-binding affinities (RET,
PDGFRA, PDGFRB, KIT, TIE1, LCK, LYN, ABL1, and BLK). To
confirm that selectivity of JNJ-42756493 for FGFRs versus VEGFR
was compound dependent and not assay related, brivanib (BMS-
540215), a dual VEGFR/FGFR inhibitor, was tested in the same
biochemical and BaF3 cellular kinase assays. In contrast to JNJ-
42756493, brivanib demonstrated higher potency against
VEGFR2 compared with FGFRs (Supplementary Table S2), con-
sistent with previous reports (27). Collectively, these results
highlight the biochemical and functional selectivity of JNJ-
42756493 for the FGFR family with limited off-target activity
against VEGFR2 and other kinases.

Cellular activity of JNJ-42756493 and inhibitionof downstream
signaling

As demonstrated in Fig. 1A, JNJ-42756493 effectively inhib-
ited pFGFR1, pFGFR3, and pFGFR4 at 100 nmol/L in NCI-
H1581, KMS-11, and MDA-MB-453 cells, respectively, and
pFGFR2 at 30 nmol/L in SNU-16 cells. Inhibition of FGFR
auto-phosphorylation was consistent with its antiproliferative
IC50s in these cell lines (2.6, 0.40, 102.4, and 129.2 nmol/L, for
NCI-H1581, SNU-16, KMS-11, and MDA-MB-453, respectively;
Table 1). The inhibitory activity of JNJ-42756493 on prolifera-
tion was confirmed in several additional cell lines with FGFR
alterations from multiple cancer types (Table 1).

The inhibitory activity of JNJ-42756493 on signal transduction
pathways downstream of FGFR was assessed in NCI-H1581, a
lung cancer cell line with a focal FGFR1 gene amplification
(Fig. 1B). To activate downstream signaling, cells were stimulated
with FGF2 ligand. In DMSO pretreated samples, robust FGFR
pathway activation was detected within 5 minutes of ligand
addition, as evidenced by higher levels of pFGFR and pFRS2
(FGFR adaptor protein), as well as increased phosphorylation of
phospholipase C g 1 (pPLCg1) and Extracellular Signal Receptor
Regulated Kinase 1 and 2 (pERK1/2). Pretreatment with JNJ-
42756493 for 1 hour prior to addition of the FGF2 ligand, led
to inhibition of downstream signaling, evidenced by decreased
levels of pFGFR, pFRS2, pPLCg1, and pERK1/2. Taken together,
these data demonstrate cellular pan-FGFR kinase inhibition by
JNJ-42756493 leading to modulation of FGFR downstream
signaling.

Potent antiproliferative activity of JNJ-42756493 on FGFR-
altered cancer cell lines

The antiproliferative selectivity of a close analogue of JNJ-
42756493, JNJ-42541707 (Supplementary Fig. S1A) was tested
against a large panel of human cancer cell lines of diverse tissue
origin. Sensitivity (IC50 < 1 mmol/L) was observed in a subset of
the tumor cell lines and largely correlated with overexpression of
FGFR family members (Supplementary Fig. S1B). A similar anal-
ysis using a slightly different panel of cancer cell lines was

A DMSO JNJ-42756493
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Figure 1.

JNJ-42756493 inhibits FGFR auto-phosphorylation in cancer cells lines with activated FGFR1-4 and FGFR-dependent signaling in NCI-H1581 cells. A, Western
blots of phospho-FGFR (pFGFR) and protein loading control actin in human cancer cell lines containing FGFR1-4 alterations following treatment with
multiple JNJ-42756493 concentrations. B, Western blots of several phospho-proteins in FGFR signaling pathway and loading control proteins PLCg1 and
ERK1 in NCI-H1581 cells pretreated with DMSO or JNJ-42756493, then stimulated for indicated length of time with FGF2.
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performed with JNJ-42756493. Interestingly, in addition to a
correlation of sensitivity with FGFR overexpression, a large frac-
tion of insensitive tumor cell lines harbored mutations in RAS or
RAF, indicating that alterations downstream of FGFR can over-
come the effects of FGFR inhibition (Fig. 2A; underlying data on
Supplementary Table S3). The majority of cell lines tested were
not sensitive to the inhibitor (IC50 > 5 mmol/L), highlighting its
selectivity and confirming a lack of appreciable non–FGFR off-
target activity.

To further understand the FGFR antiproliferative relationship,
we extended testing to a broad panel of lung cancer cell lines. JNJ-
42756493 activity in a panel of 145 lung cancer cell lines was
associated with FGFR1 amplification status (Fig. 2B). However,
not all lung cancer cell lines with FGFR1 amplification were
sensitive to JNJ-42756493. Most of the insensitive tumor cell
lines were found to co-harbor other known oncogenic mutations
within the EGFR/KRAS pathway (Fig. 2C), indicating that these
pathways may be more dominant oncogenic drivers in this
context. The molecular determinants of cell lines sensitive to
JNJ-42756493 between 1 and 5 mmol/L is unknown, but could
be due to alternative FGFR-activating mechanisms, such as chro-
mosomal translocations, or FGFR-unrelated activities of JNJ-

42756493. Taken together, our results highlight the functional
selectivity of JNJ-42756493 for FGFR-altered pathway without
concomitant MAPK pathway alterations.

Intracellular lysosomal localization of JNJ-42756493 results
in sustained pathway inhibition

Imaging of cells treated with JNJ-42756493, which is intrin-
sically fluorescent, revealed an intracellular staining pattern
similar to that of the lysosomal marker LysoTracker, consistent
with lysosomal accumulation (Fig. 3A). Addition of bafilomy-
cin, a specific inhibitor of the vacuolar-type Hþ-ATPase that
increases lysosomal pH, reduced lysosomal accumulation
of LysoTracker Red and JNJ-42756493 (Fig. 3B), but had little
or no effect on the subcellular distribution or accumulation of
JNJ-42883919, another fluorescent FGFR inhibitor from the
same chemical series as JNJ-42756493 (Fig. 3C). Time course
analysis demonstrated rapid uptake and intracellular accumu-
lation of JNJ-42756493 that was prevented by pretreatment of
the cells with bafilomycin (Fig. 3E).

Because JNJ-42756493 appears to accumulate to high con-
centrations in lysosomes, we speculated that this property of
the compound might contribute to persistent FGFR kinase
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inhibition in cells. KATO III cells were treated with JNJ-42756493
or the non-lysosomotropic analogue, JNJ-42883919, for 1 hour,
and FGFR2 inhibition (pFGFR) assessed following compound
washout. The pFGFR signal was completely inhibited by JNJ-
42756493 up to 4 hours, returning to basal levels 24 hours after
washout (Fig. 3D). In stark contrast, pFGFR levels in cells
treated with JNJ-42883919 returned to basal levels within 2
hours. Pretreatment of the cells with bafilomycin reversed
sustained target inhibition by JNJ-42756493, as evidenced by
detection of pFGFR at basal levels 2 hours after washout
(Fig. 3D). Bafilomycin treatment did not alter the duration
of pFGFR inhibition by the non-lysosomotropic analogue
JNJ-42883919. These data highlight the unique lysosomal
accumulating properties of JNJ-42756493 that contribute to
prolonged FGFR inhibition, possibly as a consequence of sus-
tained release of the inhibitor over time.

JNJ-42756493 antitumor activity is associated with inhibition
of FGFR downstream signaling

We next assessed in vivo efficacy of JNJ-42756493 on tumors
with FGFR alterations. Animals bearing xenograft tumors derived

from SNU-16 human gastric cancer cells harboring FGFR2 ampli-
fications were treated orally with vehicle or JNJ-42756493 at
various doses. Upon administration, JNJ-42756493 reachedmax-
imal plasma concentration at 0.5 hour and returned to undetect-
able levels [lower limit of quantification (LLOQ)¼ 0.4 ng/mL] by
7 hours for the 3mg/kg dose, and 16 hours for the 10 and 30mg/
kg doses. No significant inhibition of downstreamFGFR signaling
was observed in tumor lysates frommice treatedwith 3mg/kg JNJ-
42756493 (Fig. 4A). However, FGFR signaling was significantly
inhibited, starting from1hour after administration until 7 and 16
hours, inmice treated with 10 (Fig. 4B) and 30mg/kg (Fig. 4C) of
JNJ-42756493, respectively. Significant inhibitor-dependent
modulation of pERK was not consistently observed in this tumor
model. The reasons are unknown, but could be due to technical
reasons, such as thepresence ofmouse stromal cellswith reactivity
to the pERK antibody. Nevertheless, JNJ-42756493 resulted in
dose-dependent tumor growth inhibition (TGI) in SNU-16
tumor-bearing mice. Treatment with 10 and 30 mg/kg JNJ-
42756493 daily for 21 days resulted in TGI of 37.8% and
59.4%, respectively (Fig. 4D). Similar antitumoral effects were
observed in several other tumor models (MDA-MB-453, SNU-16,
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NCI-H1581,A-204,HuH-7,NCI-H716, andRT112)with a variety
of different FGFR alterations (Supplementary Table S4).

In addition to gene amplification or overexpression, FGFRs
can be constitutively activated by chromosomal rearrangement
(7, 28). However, FGFR gene translocations are rarely present in
existing xenograft models derived from cancer cell lines. To
examine the dependency of tumors with FGFR translocations
to JNJ-42756493, we surveyed a collection of patient-derived
explant xenograft (PDX) models for FGFR genetic alterations
and identified LUX001 [human non–small cell lung cancer
(NSCLC)] that contains a translocation resulting in expression
of a FGFR3-TACC3 fusion protein. LUX001-tumor (�400 mm3)
bearing mice were treated with JNJ-42756493 for 21 days at 12.5
mg/kg twice a day (BID). Blood and tumors were collected
before (t ¼ 0) and after first dosing with JNJ-42746493 for
determination of concentration of the inhibitor in plasma and
pERK inhibition in tumors (Fig. 5A). Similar to our observations
in FGFR-amplified models (Fig. 4), JNJ-42756493 treatment

resulted in maximal plasma concentration at approximately
1 hour posttreatment, which was accompanied by suppression
of constitutive pERK signaling observed in this model. In this
model, reduced plasma concentrations of the inhibitor were
associated with decreased pERK suppression. Importantly, JNJ-
42756493 resulted in pronounced antitumor activity (TGI ¼
100%) in LUX001 tumor-bearing mice treated, suggesting that
tumors harboring FGFR translocations are highly dependent
upon this genetic activation event (Fig. 5B). These results dem-
onstrated that the FGFR selective inhibitor JNJ-42756493 has
potent in vivo activity on tumors with a variety of different FGFR
genetic alterations.

Discussion
Targeted therapies against key activating genetic mutations

have become standard of care for a variety of cancer subtypes.
These developments have encouraged the field to mount new
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drug-discovery efforts against emerging pathways such as FGFR,
which has been observed to be activated at significant frequency
in a variety of cancers (1). However, it is not clear whether the
observed mutations are bystander events or bona fide genetic
drivers, particularly in tumor types, such as lung cancer with
high mutational burden. Furthermore, confirmation of the
oncogenic dependency on specific kinases using small molecule
inhibitors that are not selective for the target of interest is
complicated by off-target activities that can inhibit other anti-
proliferative pathways and/or can be associated with toxicities
limiting therapeutic utility. Thus, highly selective inhibitors,
such as JNJ-42756493, can be useful tools for determining the
dependency of tumors on oncogenic driver pathways, such as
FGFR, and may reduce the risk of off-target adverse events.
Clinical data obtained with JNJ-42756493 so far are consistent
with the hypothesis supporting absence of appreciable VEGFR2
inhibitory activity (29).

Our data highlight the functional selectivity of JNJ-42756493
for the FGFR family in a variety of model systems. First, unlike
first-generation mixed FGFR/VEGFR inhibitors, such as brivanib,
which are more potent against VEGFR than FGFR (30), JNJ-
42756493 demonstrated greater than 50-fold selectivity over
VEGFR2 in cellular assays. Second, broad in vitro antiproliferative
profiling of tumor cell lines with JNJ-42756493 revealed that
sensitivity was associated with FGFR overexpression or amplifi-
cation, whereas insensitivity was associated with the activation of
other oncogenic pathways. Interestingly, the majority of tumor
cell lines with FGFR aberrations that were resistant to JNJ-
42756493 harbored additional mutations in RAS or RAF family
members, indicating that mutations downstream of the receptor
tyrosine kinase can bypass dependency on the receptor. These
observations are consistent with what has been reported for EGFR
and downstream KRAS mutations (31, 32) and have clinical
implications for the use of anti-EGFR agents, such as cetuximab,
which are not indicated in colorectal cancer patients with KRAS
alterations (33). Our data have similar clinical implications
suggesting that patient co-harboring FGFR mutations and down-
stream RAS or RAF mutations are not likely to be sensitive to
pathway inhibition by JNJ-42756493.

A consequence of FGFR activation is the phosphorylation of
downstream signal transducers, such as FRS2 and ERK2 (34). We
observed a strong correlationbetween levels of JNJ-42756493 and
the suppression of FGFR auto-phosphorylation and down-
stream signaling events in vitro. Similarly, we observed sustained
inhibition of pFGFR and pERK following administration of
JNJ-42756493 in xenograft and PDX models, respectively. The
reasons for the absence of pERK modulation in the xenograft
model described are unclear, but pERK modulation in a patient-
derived xenograft with an activating FGFR3–TACC3 translocation
resulted in a robust antitumor activity. Similarly, patients har-
boring FGFR2 or FGFR3 translocations have also shown response
to JNJ-42756493 treatment (29). It is not clear whether antitumor
efficacy is driven by maximum concentration (Cmax), total
area under the curve (AUC), or prolonged trough concentration
(Ctrough) levels. The transient decrease in pERK after JNJ-
42756493 administration suggests that sustained exposure over
a threshold rather than Cmax exposure is more closely associated
with efficacy. In this regard, it is interesting to note that JNJ-
42756493 accumulates in lysosomes, which can potentially serve
as a depot for sustained release of the compound and result in
more prolonged pathway inhibition.

There is increasing interest in targeting FGFR for cancer therapy
due to its activation by point mutation, amplification, or chro-
mosomal rearrangement (1) in a variety of tumors. Activating
FGFR gene rearrangements were first identified in a search for
novel oncogenes in osteosarcoma. FGFR2–FRAG1 was character-
ized as a potent oncogene consisting of FGFR2 with a C-terminal
fusion of the FRAG1 dimerization sequence that promoted con-
stitutive activation of the chimeric protein (35). This observation
was recently extended clinicallywith the identificationofmultiple
C-terminal fusion partners across most of the FGFR family mem-
bers (36, 37) broadening the range of genetic alterations from
known point mutations and gene amplification events. However,
it is not clear if all these alterations confer equivalent dependency
to tumor cells with a given FGFR alteration. In vitro, the impact of
JNJ-42756493 on cell proliferationwas evident in cancer cell lines
of diverse tissue origin carrying amplifications in FGFR family
members. Although the cell line panel tested in this study did not
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contain tumor cells with FGFR translocations, we have since
shown potent antiproliferative effects in BaF3-FGFR3–TACC3-
engineered cells (J.D. Karkera; personal communication), suggest-
ing that this is also a dominant oncogenic event. However, in vivo,
our results suggest that JNJ-42756493 is more potent in models
with FGFR translocations compared with those with amplifica-
tions, implying that there is a hierarchy of dependency amongst
the different FGFR genetic alterations. Nonetheless, these results
support the clinical evaluation of JNJ-42756493 (29) in malig-
nancies and other disorders associated with constitutively acti-
vated FGFR signaling.
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