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Abstract
The fibroblast growth factor receptors (FGFR) are tyrosine kinases that are present in many types of

endothelial and tumor cells and play an important role in tumor cell growth, survival, andmigration aswell as

in maintaining tumor angiogenesis. Overexpression of FGFRs or aberrant regulation of their activities has

been implicated in many forms of human malignancies. Therefore, targeting FGFRs represents an attractive

strategy for development of cancer treatment options by simultaneously inhibiting tumor cell growth,

survival, and migration as well as tumor angiogenesis. Here, we describe a potent, selective, small-molecule

FGFR inhibitor, (R)-(E)-2-(4-(2-(5-(1-(3,5-Dichloropyridin-4-yl)ethoxy)-1H-indazol-3yl)vinyl)-1H-pyrazol-1-

yl)ethanol, designated as LY2874455. This molecule is active against all 4 FGFRs, with a similar potency

in biochemical assays. It exhibits a potent activity against FGF/FGFR-mediated signaling in several cancer cell

lines and shows an excellent broad spectrum of antitumor activity in several tumor xenograft models

representing themajor FGF/FGFR relevant tumor histologies including lung, gastric, and bladder cancers and

multiple myeloma, and with a well-defined pharmacokinetic/pharmacodynamic relationship. LY2874455

also exhibits a 6- to 9-fold in vitro and in vivo selectivity on inhibition of FGF- over VEGF-mediated target

signaling in mice. Furthermore, LY2874455 did not show VEGF receptor 2–mediated toxicities such as

hypertension at efficacious doses. Currently, this molecule is being evaluated for its potential use in the clinic.

Mol Cancer Ther; 10(11); 2200–10. �2011 AACR.

Introduction

There exist 4 different fibroblast growth factor (FGF)
receptors (FGFR) in the cell: FGFR1, FGFR2, FGFR3, and
FGFR4 (1). FGFR signaling activity is mediated through
FGFs, their natural ligands (2). The binding of FGF to
FGFR leads to the receptor dimerization and subsequent
activation of downstream signaling pathways. Activated
FGFR stimulates tyrosine phosphorylation and activation
of a number of signaling molecules including FGFR
substrate 2 (FRS2; refs. 1, 3). The phosphorylation of
FRS2 leads to activation of the Grb2/Sos1 complex and
subsequent activation of the mitogen-activated protein
kinase pathway (3, 4). This signaling pathway contributes
to FGFR-mediated cell proliferation and migration (1, 5).

The activation of the FRS2 downstream pathway, phos-
phoinositide 3-kinase pathway, is involved in cell motil-
ity (6) and survival (1). Thus, the FGF/FGFR signaling
pathway is important for many biological processes crit-
ical to tumor cells.

Aberrant regulation of the FGF/FGFR pathway has
been implicated in many forms of human malignancies.
FGFR and FGF are often overexpressed in numerous
cancers, and their expression correlates with poor prog-
nosis (7–13). Activating mutations in the FGFR kinase
domain have been found in several types of tumors
including breast, bladder, gastric, prostate, colon, multi-
ple myeloma, and non–small cell lung carcinoma
(NSCLC; refs. 5, 12). Genomic amplification of FGFR
locus has also been detected in patients with breast,
gastric, and lung cancers and multiple myeloma (5, 10–
12). Overexpression of FGFR or FGF has also been found
in many different types of tumors including bladder,
prostate, and lung cancers and multiple myeloma (5,
12–15) and leads to tumor formation in animals (16–
18). Cell lines that ectopically overexpress FGF or FGFR
display transformed phenotype and grow as tumors in
nude mice (12, 16–21). In addition to their roles in tumor
formation and progression, FGF and FGFR also act as key
regulators of angiogenesis (2, 22–24), especially during
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tumor growth. Upregulation of FGF/FGFR signaling
activity also leads to resistance to antiangiogenic andother
chemotherapies (12, 25–28). Together, the FGF/FGFR
pathway is essential to cancer cells, and inhibition of this
pathway therefore offers potential clinical utilities for
treating various types of cancers.
Many of the published FGFR inhibitors retain signif-

icant activity against VEGF receptor 2 (VEGFR2; refs. 29–
31). VEGF/VEGFR2-based antiangiogenic therapies are
approved for the treatment of several types of cancers (26,
32, 33). However, the antiangiogenic therapies are asso-
ciated with side effects such as hypertension and bleed-
ing (34–37). FGFR signaling plays a functional role in
specific tumor types as well as in their angiogenesis. To
avoid the side effects of the antiangiogenic therapies, we
sought to develop an orally bioavailable, FGFR-dominant
kinase inhibitor lacking significant activity against
VEGFR2 in vivo. To this end, we developed a potent
FGFR inhibitor, LY2874455, that shows robust dose-
dependent efficacy in multiple preclinical tumor models.
Therefore, LY2874455 exhibits a potential clinical use for
treating various forms of human malignancies.

Materials and Methods

Biochemical filter-binding assays for detection of
FGFR phosphorylation activities
Reaction mixtures contained 8 mmol/L Tris-HCl

(pH 7.5), 10 mmol/L HEPES, 5 mmol/L dithiothreitol,
10 mmol/L ATP, 0.5 mCi 33P-ATP, 10 mmol/L MnCl2, 150
mmol/L NaCl, 0.01% Triton X-100, 4% dimethyl sulfox-
ide, 0.05 mg/mL poly(Glu:Tyr) (4:1, average molecular
weight of 20–50 kDa; Sigma), and 7.5, 7.5, and 16 ng of
FGFR1, FGFR3, and FGFR4, respectively, and were incu-
bated at room temperature for 30 minutes followed by
termination with 10%H3PO4. The reaction mixtures were
transferred to 96-well MAFB filter plates that were
washed 3 times with 0.5% H3PO4. After air-drying, the
plates were read with a Trilux reader.

Cell-based Acumen and AlphaScreen SureFire
assays for detection of FGF9- and FGF2-induced
extracellular signal-regulated kinase
phosphorylation in bladder cancer and human
umbilical vein endothelial cell cells, respectively
All cell lines used in this article were not authenticated.

After overnight growth, RT-112 cells (DSMZ) were
washed, incubated in RPMI 16409 containing 20 mg/mL
bovine serum albumin (BSA) at 37�C for 3 hours, and
treated with LY2874455 at 37�C for 1 hour followed by
the addition of FGF9 (500 ng/mL; R&D Systems) for 20
minutes. The plates were fixed with formaldehyde (3.7%)
followed with washing 3 times with PBS and incubation
with cold methanol at �20�C for 30 minutes. The plates
were washed 3 times with PBS and incubated at 4�C
overnight with shaking. After the addition of phosphory-
latedextracellular signal-regulatedkinase (p-Erk) antibody
(Cell Signaling), the plates were incubated at room

temperature for 1 hour, washed, and then incubated with
Alexa Fluor 488 (Invitogen). The plates were read after the
addition of propidium iodide with an Acumen Explorer
(TTP LabTech).

After overnight growth in endothelial basal medium,
human umbilical vein endothelial cells (HUVEC) were
washed and incubated in the same medium (1.5% serum
and 20 mg/mL BSA) at 37�C/5% CO2 for 3 hours. The
plates were incubated for 1 hour after the addition of
LY2874455 and then FGF2 (50 ng/mL, Sigma) for 15
minutes. After removing the medium and adding a lysis
buffer (TGR Biosciences), the plates were incubated at
room temperature for 10 minutes with shaking. The
lysates were transferred to a 384-well plate (Nunc) filled
with 10 mL of reaction mixture (TGR Biosciences). The
plates were sealed, incubated at room temperature for 2
hours, and read with an EnVision06 reader.

FGF2- and VEGF-induced tube formation assays
After overnight growth in MCDB-131 (Invitrogen),

adipose-derived stem cells (50,000 per well) and human
erythroid colony-forming cells (5,000 per well) were
incubated at 37�C for 3 to 4 hours. Then, FGF2 or VEGF
(50 ng/mL each; Biosource) was added followed by the
addition of LY2874455. After incubation at 37�C for 4
days, the mediumwas removed and ice-cold 70% ethanol
was added followed by washing 3� with PBS at room
temperature for 20 minutes. The plates were incubated at
37�C for 1 hour after the addition of the antibody against
the human CD31 (R&D Systems) and washed 3� with
PBS followed by the addition of the antibody against
smoothmuscle actin labeledwith Cy3 (Sigma). The plates
were incubated at room temperature for 1.5 hours and
washed 3� with PBS followed by the addition of Alex
Fluor-488 donkey anti-sheep IgG secondary antibody and
Hoechst in PBS. The plates were incubated at room
temperature for 30 minutes, washed 3� with PBS, and
read using an ArrayScan reader.

MSD ELISA–based detection of phosphorylated
FRS2 in cancer cells

SNU-16 and KATO-III (KCLB) cells after grown in
RPMI 1640 overnight were treated with LY2874455 at
37�C for 1 hour. After removing the medium, cells were
lysed (MSD lysis buffer). After centrifugation, the super-
natant was collected. The detection of phosphorylated
FRS2 (p-FRS2) was carried out according to the man-
ufacturer’s recommendations.

Western blot assay for detection of phosphorylated
FGFR2in gastric cancer cells

SNU-16 and KATO-III cells were grown, treated, and
processed as described earlier. The resulting lysates were
analyzed by SDS-PAGE. After the transfer, the nitrocel-
lulose membrane was blocked with TBS buffer (5% dry
milk) and phosphorylated FGFR (p-FGFR) antibody
(Cell Signaling). The membrane was blocked with a
horseradish peroxidase–conjugated secondary antibody
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(Cell Signaling) in TBS (5% BSA), developed in Super-
Signal Western Pico Chemiluminescent Substrate
(Pierce), and exposed to a Biomax Xar film (Kodak).

The preparation of SNU-16 tumor xenograft lysates
was the same as described earlier for p-FRS2. The level
of p-FGFR in tumors was detected as described earlier for
detecting p-FGFR from KATO-III and SNU-16 cancer cell
lines.

Cell proliferation assay
Cells (2,000 per well) were first grown in RPMI for 6

hours and treated with LY2874455 at 37�C for 3 days. The
cells were stained at 37�C for 4 hours and then solubilized
at 37�C for 1 hour. Finally, the plate was read at 570 nm
using a plate reader (Spectra Max Gemini XS).

MSD-based in vivo target inhibition assays for
measuring FGF2-induced Erk and VEGF-induced
VEGFR2 phosphorylation in mouse heart tissues
and also p-FRS2 in tumors

Female nude mice (CD-1 nu/nu) were acclimated for
1weekbefore treatment.Animalswere administeredwith
LY2874455 formulated in 10% Acacia by oral gavage. Two
hours after dosing, the animals were intravenously
injected with mouse FGF2 (6 mg per animal; Biosource)
and sacrificed10minutes after injection.Animalheartwas
homogenized in cold lysis buffer (Boston BioProduct)
containing phosphatase inhibitors (Sigma). After
centrifugation, the supernatants were collected and ana-
lyzed by MSD phospho-Erk ELISA (MSD) to determine
tissue p-Erk level. The inhibitory activity of LY2874455
against VEGFR2 was assessed as described earlier except
VEGF (6mgper animal; R&DSystems) andMSDphospho-
Kdr ELISA (MSD)were used. The ELISAprocedureswere
the same per manufacturer’s recommendation (MSD)
except that 0.2% SDS is added to the lysis buffer. TED50

(or TEC50) and TED90 (or TEC90) were defined as the dose
or the concentration necessary to achieve 50% and 90%
inhibition at this time point, respectively.

SNU-16 and OPM-2 tumor xenograft tissues were ho-
mogenized in a Tris lysis buffer (MSD) containing beads
(MP Biomedicals). The lysate preparation and p-FRS2
determination were carried out as described earlier.

To determine compound exposure, plasma samples
were prepared and analyzed with a liquid chromatogra-
phy/mass spectrometer–mass spectrometer system
(Applied Biosystems). Pharmacokinetic parameters were
calculated with Watson LIMS information management
system (Thermo Electron).

Assessment of effects on blood pressure
Four male rats (Sprague Dawley CD/IGS) per group

were dosed with vehicle (1% hydroxyethylcellulose,
0.25% polysorbate 80, and 0.05% Dow Corning antifoam
1510-US in purified water) on day 1 and LY2874455 (1, 3,
and 10 mg/kg) on day 0. On day 1, at least 120 minutes
of control data were collected following vehicle admin-
istration. On day 0, data were collected for approxi-

mately 20 hours beginning after the last animal was
dosed.

Tumor xenograft models for assessing efficacy of
LY2874455

RT-112, OPM-2 (DSMZ), SNU-16, and NCI-H460 cells
(American Type Culture Collection) were grown as de-
scribed earlier. The cells (RT-112: 2 � 106 per animal;
OPM-2: 107 per animal; SNU-16: 106 per animal; andNCI-
H460: 3 � 106 per animal) were mixed with Matrigel (1:1)
and implanted subcutaneously into the rear flank of the
mice (female, CD-1 nu/nu from Charles River Laborato-
ries for RT-112, OPM-2, and NCI-H460 cells and female,
severe combined immunodeficient from Charles River
for SNU-16 cells). The implanted tumor cells grew as
solid tumors. To test the efficacy of LY2874455 in
these models, the animals were orally dosed with
approximately 1 mg/kg (TED50) or 3 mg/kg (TED90) of
LY2874455 in 10% Acacia once (every day) or twice a day
after tumors reached approximately 150 mm3. The tumor
volume and body weight were measured twice a week.

Results

Discovery of LY2874455
LY2874455, (R)-(E)-2-(4-(2-(5-(1-(3,5-dichloropyridin-

4-yl)ethoxy)-1H-indazol-3yl)vinyl)-1H-pyrazol-1-yl)etha-
nol, is a type I pan-FGFR kinase inhibitor (Fig. 1A). On the
basis of the X-ray crystal structures obtained on struc-
turally related compounds bound to the FGFR3 protein
kinase domain construct (Fig. 1B), the core indazole binds
in the ATP pocket and forms key hydrogen bonds with

the carbonyl of glutamate 230 (2.9 A
�
) and the NH of

alanine 232 (3.1 A
�
). The vinyl pyrazole moiety extends

from the indazole 3-position toward solvent, making
important hydrophobic interactions. The benzylic ether
extends down into a hydrophobic pocket making a
hydrogen bond between the pyridyl N and asparagine

236 (3.1 A
�
), with the chiral benzylic methyl group appear-

ing to reinforce the preferred conformation. This model
suggests that LY2874455 is likely an ATP-competitive
type of molecule that inhibits FGFR activity via its
occupation of the ATP-binding pocket of the enzyme.
Consistent with this, biochemical and cellular studies
show that LY2874455 indeed inhibits FGFR autophos-
phorylation activity (see later).

Biochemical characterization of the purified FGFR
proteins and the inhibitor LY2874455

To assess the ability of LY2874455 to inhibit FGFRs,
we cloned the cDNA corresponding to the cytoplasmic/
kinase domain of each human fgfr gene, expressed their
gene products in SF9 insect cells asN-terminalHis-tagged
proteins, FGFR1 [amino acids (aa) 406–822], FGFR2
(aa 407–821), FGFR3 (aa 405–806); and FGFR4 (aa 399–
802), and purified the proteins to apparent homogeneity
by immobilized metal affinity chromatography followed

Zhao et al.

Mol Cancer Ther; 10(11) November 2011 Molecular Cancer Therapeutics2202

on April 18, 2021. © 2011 American Association for Cancer Research. mct.aacrjournals.org Downloaded from 

Published OnlineFirst September 7, 2011; DOI: 10.1158/1535-7163.MCT-11-0306 

http://mct.aacrjournals.org/


by size-exclusion chromatography (data not shown). We
then developed a filter-binding assay for each purified
protein. These assays, using poly(Glu:Tyr) and 33P-
labeled ATP as substrates, measure autophosphorylation
and phosphate-transferring activities of each enzyme
(Materials and Methods). Using these assays, we kineti-
cally characterized each FGFR. We showed that the
purified FGFR1, 2, 3, and 4 proteins had the KM values
of 37.1, 47.1, 123.8, and 167 mg/mL for poly(Glu:Tyr),
respectively, which correspond to 0.74–1.85, 0.94–2.35,
2.48–6.19, and 3.34–8.35 mmol/L, respectively, because
the poly(Glu:Tyr) have an average molecular weight of
20 to 50 kDa (Sigma). Next, we determined the KM values
of FGFR1, 2, 3, and 4 proteins for ATP to be 36.7, 10.2, 59.9,
and 12.3 mmol/L, respectively.
To determine its inhibitory activity, we tested

LY2874455 in the filter-binding assays developed. We
showed that LY2874455 inhibited FGFR1, 2, 3, and 4 in
a dose-dependentmanner, with IC50 values of 2.8, 2.6, 6.4,
and 6 nmol/L, respectively. Thus, these biochemical
results suggest that LY2874455 is a pan-FGFR inhibitor
with a similar potency for each enzyme.
To assess its biochemical selectivity, LY2874455 was

tested in a VEGFR2 time-resolved fluorescence resonance
energy transfer assay (CEREP). LY2874455 seemed to
inhibit VEGFR2, with an IC50 of approximately 7

nmol/L. Because this assay uses a universal artificial
peptide substrate and a truncated VEGFR2 enzyme with
its cytoplasmic domain deleted (CEREP), the selectivity
of LY2874455 against VEGFR2 was further assessed by
the cellular and in vivo assays (see later).

Cellular activity of LY2874455
On the basis of the biochemical results, LY2874455

seems to be a potent pan-inhibitor of FGFRs. To assess
its ability to inhibit the target in the cell, we attempted to
develop cell-based assays that directly measure the inhi-
bition of FGFR phosphorylation in the cell. However, our
extensive efforts toward developing these types of
p-FGFR assays failed because of the lack of high-quality
antibodies against p-FGFRs. We next explored the pos-
sibility of developing assays that can measure the inhi-
bition of the downstream signaling activity of FGFR. To
this end, we developed 2 high-throughput cellular assays
that measure the inhibition of FGF2- and FGF9-induced
Erk phosphorylation in HUVECs and RT-112 cells,
respectively (Materials and Methods). The HUVECs
and RT-112 cell lines are shown to express FGFR1 (data
not shown; ref. 2) and FGFR3 (38), respectively. Using
these assays, we showed that LY2874455 potently inhib-
ited the Erk phosphorylation induced by FGF2 and FGF9
in both cell lines in a dose-dependent manner, with
average IC50 values of 0.3 to 0.8 nmol/L (Fig. 2A). To
establish that the inhibition of Erk phosphorylation by
LY2874455 is due to its inhibition of FGFR in the cell, we
tested this molecule in 2 gastric cancer cell lines, SNU-16
and KATO-III, which contain a high level of p-FGFR2 due
to the amplification of fgfr2 in the cells (8, 39). LY2874455
indeed inhibited FGFR2 phosphorylation in SNU-16 and
KATO-III cells, with estimated IC50 values of 0.8 and1.5
nmol/L, respectively (Fig. 2B). In addition, LY2874455
inhibited the phosphorylation of FRS2, an immediate
downstream target of FGFR in these cell lines, again with
a similar potency of 0.8 to 1.5 nmol/L (Fig. 2C). Together,
these results suggest that LY2874455 inhibits FGFR in the
cell.

To further establish that LY2874455 specifically inhibits
FGFR in the cell, we tested this molecule in a cell prolif-
eration assay to assess its ability to inhibit different
multiple myeloma cancer cell lines, some of which
(KMS-11 and OPM-2 cells) carry an FGFR3 chromosomal
translocation, resulting in the overexpression of FGFR3
(40, 41). In this study, we also used L-363 and U266,
known to contain little or no FGFR3 (41). We confirmed
by a Western blot analysis that KMS-11 and OPM-2 cells,
but not L-363 and U266 cells, contained a relatively high
level of p-FGFR (data not shown). The relative IC50 values
of LY2874455 for KMS-11, OPM-2, L-363, and U266 cells
were determined to be 0.57, 1.0, 60.4, and 290.7 nmol/L,
respectively. Thus, the presence of the FGFR3 chromo-
somal translocation in multiple myeloma cancer cell lines
renders them significantly more susceptible to inhibition
by LY2874455. Consistent with this finding, we have also
shown that the presence of fgfr2 amplification in gastric
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Figure 1. A, chemical structure of LY2874455, (R)-(E)-2-(4-(2-(5-(1-(3,5-
Dichloropyridin-4-yl)ethoxy)-1H-indazol-3yl)vinyl)-1H-pyrazol-1-yl)-
ethanol. B, a binding model of LY2874455 in the ATP site of FGFR3.
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cancer cell lines renders them significantly more suscep-
tible to inhibition by LY2874455 than those with little or
no FGFR2. For example, SNU-16 and KATO-III with a
highly amplified fgfr2 are more than 1,000-fold sensitive
to inhibition by LY28774455 than NUGC-3 and SH-10-TC
in which no fgfr2 amplification was observed (data not
shown). Therefore, these results suggest that LY2874455
inhibits FGFR in the cell and that its antiproliferative
effects are directly linked to the inhibition of FGFR
signaling.

Several reported FGFR inhibitors have a dominant ac-
tivity against VEGFR2 as compared with FGFRs (29–31).
At efficacious doses, these molecules also retain many of
the class effects associated with VEGFR2/VEGFR block-
ade including hypertension and bleeding (34–37). We
therefore wanted to further assess LY2874455 with regard
to its cellular and in vivo selectivity toward FGFRs versus

VEGFR2. Using the FGF2- and VEGF-induced tube
formation assays, we evaluated the ability of LY2874455
to inhibit these growth factor–induced tube-forming
activities. As shown in Fig. 2D, LY2874455 inhibited
the FGF2- and VEGF-induced tube-forming activities,
with IC50 values of 0.6 and 3.6 nmol/L, respectively. Thus,
these results show that LY2874455 is significantly more
potent (�6-fold) at inhibiting the FGF2- than VEGF-
induced tube-forming activity. This finding is further
confirmed by the results of the in vivo target inhibition
(IVTI) and toxicology studies (see later).

IVTI activity of LY2874455
On the basis of the cellular assay results that LY2874455

seems to be a potent and selective FGFR inhibitor, we
want to further confirm that this molecule inhibits the
target in an in vivo setting. As discussed earlier, because
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Figure 2. Inhibition of FGF/FGFR- and VEGF/VEGFR2-mediated signaling activities in cells by LY2874455. RT-112 cells, HUVECs, KATO-III cells, and
SNU-16 cells were grown and treated with LY2874455 at various concentrations (Materials and Methods). After the treatment, cells were processed
and analyzed for p-Erk, p-FGFR2, and p-FRS2 levels (Materials and Methods). Adipose-derived stem cells and human erythroid colony-forming cells
were grown, induced with FGF2 or VEGF, and treated with LY2874455 at various concentrations (Materials and Methods). After the treatment, tubes
formed were visualized and quantified. A, inhibition of FGF2- and FGF9-induced Erk phosphorylation in HUVECs and RT-112 cells. B, inhibition of FGFR2
phosphorylation in SNU-16 and KATO-III cells. DMSO, dimethyl sulfoxide. C, inhibition of p-FRS2 in SNU-16 and KATO-III cells. D, inhibition of FGF2
(!)- or VEGF (&)- induced tube formation.
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of the lack of high-quality antibodies against p-FGFR that
could be used for cellular assay development, we ruled
out the possibility of developing an IVTI assay that
directly measured FGFR phosphorylation in animal
tissues. To this end, we explored several alternative
approaches including the development of an assay based
on the detection of the downstream signaling molecules
of FGFR, and subsequently developed for the first time a
robust IVTI assay that measures FGF-stimulated Erk
phosphorylation in the heart tissues of mice (Materials
and Methods). Using this assay, we showed that
LY2874455 exhibited a potent, dose-dependent inhibition
of FGF-induced Erk phosphorylation in the heart tissues
ofmicewith estimated TED50 and TED90 values of 1.3 and
3.2 mg/kg, respectively (Fig. 3A). In this study, we also
examined the relationship between the exposures or
concentrations of LY2874455 in the plasma and the inhi-
bition of Erk phosphorylation. The results of this study
showed that LY2874455 also exhibited a concentration-
dependent inhibition of FGF-induced Erk phosphoryla-
tion, with estimated TEC50 and TEC90 values of 6.2 and

28.4 nmol/L, respectively (Fig. 3B). To assess the in vivo
stability of this molecule, LY2874455 was tested inmice at
3 mg/kg (TED90). This molecule inhibited 99.7%, 95.5%,
76.9%, 45.3%, and�23.3% of FGF-induced Erk phosphor-
ylation 1, 2, 4, 8, and 24 hours, respectively, after dosing
(data not shown). Finally, to further confirm these mouse
IVTI findings, we tested LY2874455 in a rat heart IVTI
assay. Consistent with the results obtained from the
mouse IVTI assay, LY2874455 also exhibited a potent
IVTI activity with an estimated TED50 of 0.39 mg/kg
(data not shown). Together, the results of these studies
show that LY2874455 potently inhibits the FGFR signal-
ing activity in vivo. These findingswere further confirmed
by the results of the in vivo efficacy and toxicity studies
(see later).

On the basis of its differential inhibition of FGF- and
VEGF-induced tube-forming activities, we wanted to
further assess the VEGFR2 selectivity of LY2874455 in
vivo. To this end, we also developed an IVTI assay that
measures the VEGF-induced VEGFR2 phosphorylation
in the heart tissues of mice (Materials and Methods).

Figure 3. Inhibition of FGF- and
VEGF-induced Erk and VEGFR2
phosphorylation, respectively, in
mouse heart tissues by
LY2874455. Mice were first
treated with LY2874455 at various
doses followed by tail vein
injection of mouse FGF2 or VEGF
(Materials and Methods). After the
FGF2 or VEGF treatment, the heart
tissues were collected and
processed for the analysis of
p-Erk and p-VEGFR2 levels by
MSD ELISA assays (Materials and
Methods). The plasma was also
collected for the analysis of the
exposures or concentrations of
LY2874455 versus p-Erk or
p-VEGFR2 levels (Materials and
Methods). A, dose-dependent
inhibition of p-Erk formation. B,
exposure-dependent inhibition of
p-Erk formation. C, overlay of
exposures versus inhibition of
p-Erk and p-VEGFR2 formation.
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When tested in this assay (Fig. 3C), LY2874455 exhibited a
concentration-dependent inhibition of VEGFR2 phos-
phorylation with estimated TEC50 and TEC90 values of
36 and 252 nmol/L, respectively, as compared with the
TEC50 (6.2 nmol/L) and TEC90 (28.4 nmol/L) obtained in
the FGF-induced Erk phosphorylation assay. The results
of this study show that LY2874455 is again much more
(6- to 9-fold) potent at inhibiting the FGF- than VEGF-
induced signaling activity in vivo (i.e., VEGF
p-VEGFR2 TEC50/FGF p-Erk TEC50 ¼ 36 nmol/L/6.2
nmol/L � 6; and VEGF p-VEGFR2 TEC90/FGF
p-VEGFR2 TEC90 ¼ 252 nmol/L/28.4 nmol/L � 9).

VEGF/VEGFR2-based antiangiogenic therapies are as-
sociated with hypertension in the clinical setting (34–37).
We therefore wanted to further assess whether treatment
of animals with LY2874455 could also lead to a dose-
dependent increase in blood pressure. When rats were
dosed with LY2874455 at 1 and 3 mg/kg, which is 2.6-
and 7.7-fold over the TED50 (0.39 mg/kg) obtained in the
rat heart IVTI assay, respectively, there were no signif-
icant changes observed in blood pressure (Fig. 4A and B).
However, when rats were dosed with LY2874455 at 10
mg/kg, which is 25.6-fold over the TED50, there were
significant increases observed in arterial pressures
(Fig. 4C). The peak of this increase in blood pressure
occurred approximately between 4 and 8 hours after
dosing (Fig. 4C). These results suggest that the VEGFR2
activity was inhibited in vivo by LY2874455 at 10 mg/kg

but not at 1 and 3mg/kg. Therefore, a treatment based on
this molecule may avoid the class effects of the anti-
VEGF/VEGFR2-based therapies in the clinic. Taken
together, these in vivo and in vitro studies establish that
LY2874455 is a potent FGFR-dominant inhibitor.

In vivo efficacy of LY2874455 in different tumor
models

To assess its potential clinical utility, we evaluated the
in vivo efficacy of LY2874455 in different tumor models
that are dependent on or relevant to FGF/FGFR biology.
By testing the molecule in these FGF/FGFR relevant
tumor models, we also hope to identify the specific types
of tumor histologies that can be effectively targeted by the
molecule, thereby used as a basis for patient selection in
the clinic. To this end, we identified and characterized
several appropriate cancer cell lines with altered FGFR
or FGF levels, RT-112 (overexpressing FGFR3; ref. 38),
SNU-16 (amplified FGFR2; ref. 39), OPM-2 (overexpres-
sing a mutant FGFR3 because of a chromosomal trans-
location; ref. 40, 41), and NCI-H460 (a high level of FGF2;
ref. 42), and subsequently used these cell lines to establish
tumor xenograft models for assessing efficacy of the
molecule. As shown in Fig. 5, LY2874455 exhibited a
rapid, robust, dose-dependent inhibition of tumor
growth in all 4 models tested. Importantly, this molecule
caused a significant regression of tumor growth in the
RT-112, SNU-16, and OPM-2 tumor models, especially
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when dosed at 3 mg/kg twice a day (Fig. 5A, B, and D).
Also, LY2874455 exhibited an excellent pharmacokinet-
ic/pharmacodynamic relationship as shown by its dose-
dependent inhibition of the tumor growth at TED50 and
TED90 (1 and 3 mg/kg, respectively). When tested in the
RT-112 tumor xenograft model on an intermittent dosing
schedule (twice a day 1 week on and 1 week off or twice a
day 2 days on and 2 days off), LY2874455 was also
efficacious (data not shown). Taken together, the results
of these in vivo efficacy studies show that LY2874455
exhibits a potent broad spectrum of antitumor activity
in a number of tumor models that represent the major
types of tumor histologies in the clinic.
To assess whether the inhibition of tumor growth by

LY2874455 is due to the inhibition of the target in the cell,
we analyzed the tumor samples that had been treated
with the molecule for the effects of the molecule on
p-FGFR and p-FRS2 levels. LY2874455 exhibited a
dose-dependent inhibition of FGFR2 phosphorylation
in SNU-16 tumor xenografts as compared with that in

the vehicle control tumors (Fig. 6A and B). Similarly, this
molecule inhibited FRS2 phosphorylation in a dose-de-
pendent manner (Fig. 6C). The inhibition of FGFR2 and
FRS2 phosphorylation by LY2874455 is well correlated
with its attenuation of tumor growth (Figs. 5A and 6).
Consistent with these findings, the inhibition of FRS2
phosphorylation by LY2874455 was also observed in
OPM-2 tumor xenografts, but not in the vehicle control
tumors, and that this inhibition is again well correlated
with its attenuation of tumor growth (data not shown).
Thus, the results of these studies show that the attenu-
ation of tumor growth by LY2874455 is most likely due to
its inhibition of the FGFR signaling activity in the cell.

Discussion

In this study,we identifiedLY2874455 as a novel, potent
FGFR inhibitor. This molecule is an FGFR-dominant
inhibitor with a significantly lower VEGFR2 activity.
It is much more potent at inhibiting the proliferation of
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the different cancer cell lines with increased FGF or FGFR
expression than thosewith little or no FGFR expression. In
addition, it is a potent FGFR inhibitor in vivo and very
efficacious in several tumor models representing major
tumor histologies in the clinic. Furthermore, the inhibition
of the FGF/FGFR signaling pathway activity by this
molecule is well correlated with its inhibition of tumor
growth. Finally, this molecule does not cause significant
hypertension at its efficacious dose. In light of these
results, the identification of this potent FGFR-dominant
inhibitormay lead to the development of novel anticancer
therapies for many patients, especially those with the
histologies relevant to the FGF/FGFR signaling pathway
and also those in whom the anti-VEGF/VEGFR-based
therapies are contraindicated.

There are several lines of evidence showing that
LY2874455 inhibits the target FGFR in the cell and that
this on-target inhibition leads to the robust efficacy in
several FGFR relevant tumor models. First, LY2874455
is much more potent at inhibiting the proliferation of
cancer cells with a significantly increased FGFR-signal-
ing activity than those with a little or no FGFR signaling
activity. Second, LY2874455 preferentially inhibits FGF-
over VEGF-induced tube-forming activity. Third,
LY2874455 inhibited the growth of tumor xenografts
derived from gastric and multiple myeloma cell lines
carrying a highly amplified FGFR2 and an overex-
pressed FGFR3 due to a chromosomal translocation,
respectively, and this growth inhibition is correlated
with its inhibition of FGFR2 and FRS2 phosphorylation
in the tumor cells. Fourth, to achieve a robust antitumor

activity with a VEGFR2 inhibitor, it is well established
that the inhibitor has to be administered at a dose that
can yield a concentration at which the target VEGFR2
activity has to be inhibited more than 90% during the
period of the study (43). In our IVTI studies, we showed
that LY2874455 inhibited FGFR activity by 90% but
VEGFR2 activity by 45% or less (data not shown) when
dosed at 3 mg/kg for 2 hours. In an IVTI time course
study, LY2874455 inhibited FGFR activity by approxi-
mately 50% at 8 hours when dosed at 3 mg/kg. On the
basis of these findings, it is reasonable to believe that the
inhibition of VEGFR2 activity by LY2874455 would not
exceed 45% at maximum, nor would last more than 4
hours (2 � 2) during a period of 24 hours with a twice
daily dosing schedule. Furthermore, the administration
of LY2874455 did not lead to a significant increase in
blood pressure in rats when dosed at 1 or 3 mg/kg (2.6-
and 7.7-fold over the TED50 of 0.39 mg/kg, respective-
ly), but at 10 mg/kg (25.6-fold over the TED50 of 0.39
mg/kg). This finding again shows that LY2874455,
when administrated at an efficacious dose (TED50 or
TED90), does not significantly inhibit VEGFR2 activity.
Taken together, these findings indicate that the inhibi-
tion of tumor growth by LY2874455 is likely due to its
inhibition of the intended target FGFR.

The importance of the FGFR signaling pathway in the
pathogenesis of diverse tumor types is well documen-
ted in the clinic, as activating mutations and genomic
amplification and overexpression of FGFRs or FGFs due
to other genetic alterations have been reported in
many different types of tumors (12). Therefore, the
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Figure 6. Inhibition of FGFR2 and
FRS2 phosphorylation in SNU-16
tumor xenografts by LY2874455.
After treatment with LY2874455 at
various doses for about 2 weeks,
the tumor xenografts derived from
SNU-16 (see Fig. 5A) were
collected and processed. The
levels of p-FGFR2 and p-FRS2
were measured by Western blot
analysis and MSD ELISA,
respectively (Materials and
Methods). A, Western blot
analysis of p-FGFR2 levels in the
tumors versus dose. B, the
intensity of each band
corresponding to p-FGFR2 from A
was quantified and plotted versus
dose. C, MSD ELISA of
p-FRS2 levels in the tumors
versus dose. QD, once a day; BID,
twice a day.
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development of cancer therapies based on targeting the
FGF/FGFR signaling pathway represents an attractive
strategy and should have broad clinical implications to
the treatment of various types of cancers. In this study,
we show that LY2874455 is effective at inhibiting the
proliferation of a variety of different cancer cell lines,
especially those with elevated FGF or FGFR levels such
as gastric cancer, bladder cancer, multiple myeloma,
and NSCLC cell lines. This molecule is also effective
against OPM-2, which overexpresses FGFR3 and is also
known to contain an activating mutation in its kinase
domain (44). In addition, this molecule is potent at
inhibiting the in vivo growth of tumor xenografts de-
rived from these diverse cancer cell lines. In light of
these findings, LY2874455 has the potential to be used as
an effective anticancer agent for treating a variety of
different types of cancers including, but not limited to,
those as described earlier and also other types of cancers
with an aberrant FGF/FGFR signaling activity. As dis-
cussed earlier, its potential clinical utilities for different
types of cancer patients are currently being evaluated in
a phase 1 study.
The presence of genetic alterations in or aberrant

regulation of the FGFR signaling pathway also enables
us to develop a robust tailoring strategy aimed at
identifying and selecting appropriate patients with can-
cer who can most likely benefit from treatment with the
molecule in the clinic. For example, patients with gastric
cancers carrying an amplified fgfr2, which can be iden-
tified via FISH (39), are predicted to respond to treat-
ment with LY2874455 due to the extreme sensitivity of
these cell lines to the inhibition by the molecule. Like-
wise, patients with multiple myeloma cancers carrying
an FGFR3 chromosomal translocation can also be iden-
tified via FISH (45). Finally, the finding that LY2874455
effectively inhibits FRS2 phosphorylation in tumor
xenografts derived from both gastric and multiple my-
eloma cell lines suggests that p-FRS2 can be used as a
pharmacodynamic biomarker for assessing effects of
LY2874455 on its intended target in the clinic. Using
well-defined patient populations in combination with
the potential pharmacodynamic biomarkers may
enhance the understanding of the mechanism of action
of the molecule in the clinic and subsequently its clinical
development.

Antiangiogenesis-based therapies are effective in the
clinical setting, but they also have well-characterized side
effects, limiting the duration of exposure for many
patients. Furthermore, overexpression of FGF2 or altera-
tions in other signaling pathways has been implicated in
the resistance to the anti-VEGF/VEGFR2-based agents
clinically and preclinically (25–27, 46). The development
of the resistance could pose a challenge to the use of these
therapies in the clinic (25–27, 46). As discussed earlier,
although several small-molecule inhibitors of FGFR are
currently in the clinical development, in general, they
retain significant VEGFR2 inhibitory activity. In contrast,
our molecule is predominately an FGFR inhibitor.
LY2874455 may be considered for treatment of patients
who progressed on anti-VEGF/VEGFR2-based therapies.
Although antiangiogenic agents have shown survival
benefit in both the preclinical and clinical settings, some
preclinical studies have suggested that theymay have the
potential to accelerate tumor metastasis (47, 48). FGFR
inhibitors seem to have primary effects on tumor cell
growth, but they may also impact tumor-induced angio-
genesis due to the important roles of FGFR in tumor and
endothelial cells. This combined inhibitory effect war-
rants further testing in the clinic (46).
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