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Aberrant activation in fibroblast growth factor signaling has been implicated in the development of various cancers, including

squamous cell lung cancer, squamous cell head and neck carcinoma, colorectal and bladder cancer. Thus, fibroblast growth factor

receptors (FGFRs) present promising targets for novel cancer therapeutics. Here, we evaluated the activity of a novel pan-FGFR

inhibitor, rogaratinib, in biochemical, cellular and in vivo efficacy studies in a variety of preclinical cancer models. In vitro kinase

activity assays demonstrate that rogaratinib potently and selectively inhibits the activity of FGFRs 1, 2, 3 and 4. In line with this,

rogaratinib reduced proliferation in FGFR-addicted cancer cell lines of various cancer types including lung, breast, colon and

bladder cancer. FGFR and ERK phosphorylation interruption by rogaratinib treatment in several FGFR-amplified cell lines suggests

that the anti-proliferative effects are mediated by FGFR/ERK pathway inhibition. Furthermore, rogaratinib exhibited strong in vivo

efficacy in several cell line- and patient-derived xenograft models characterized by FGFR overexpression. The observed efficacy of

rogaratinib strongly correlated with FGFR mRNA expression levels. These promising results warrant further development of

rogaratinib and clinical trials are currently ongoing (ClinicalTrials.gov Identifiers: NCT01976741, NCT03410693, NCT03473756).

Introduction
Fibroblast growth factor receptor (FGFR) signaling plays an
essential role in angiogenesis and normal tissue homeostasis
during embryonic development and in adulthood.1 FGFR family
members 1–4 (FGFR1-4) represent transmembrane receptor

tyrosine kinases (RTKs) which bind extracellular ligands of the
fibroblast growth factor (FGF) family to induce a complex intra-
cellular signaling cascade in a cell-dependent manner. This
includes the MAPK/ERK pathway, which regulates several dis-
tinct mitogen-activated protein kinases (MAPK) including the
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extracellular signal–regulated kinases ERK1/2, the PI3K/AKT
pathway including the serine/threonine-specific protein kinase
AKT1 (also known as protein kinase B, PKB), and the
activation of phospholipase Cγ (PLCγ) which triggers the
inositol-1,4,5-trisphosphate (IP3)–Ca2+ and diacylglycerol
(DAG)–protein kinase C (PKC) signaling cascades.2 As a conse-
quence of its key role in cell proliferation, survival, differentia-
tion and migration, deregulated FGFR signaling is involved in
tumorigenesis and cancer progression in various human cancers.
A recent study of 4,853 solid tumors found that genetic alter-
ations in FGFR encoding genes were present in 7.1% of human
malignancies including urothelial (32%), breast (18%), endome-
trial (13%), lung (squamous) (13%) and ovarian (9%) cancer.3

Various genetic FGFR alterations have been linked to different
types of cancers in several studies. FGFR1 gene amplification,
for example, has been associated with squamous cell lung
cancer4–7 as well as with head and neck squamous cell carci-
noma (HNSCC),8,9 while bladder cancers have been shown to
frequently harbor FGFR3-activating mutations.10–13 As the
majority of FGFR aberrations identified to date are related to
gain-of-function, targeting these cancers with FGFR inhibitors
has become an attractive strategy.14,15

As oncogenic alterations need to be translated into functional
activation in order to be able to drive tumor development or
growth, analysis of FGFR expression levels could complement
mutational analysis in identifying FGFR-dependent tumors
more specifically. Indeed, recent data support the role of expres-
sion levels of FGFR subtypes in cancer development and sensi-
tivity to drug-induced inhibition of FGFR signaling.16,17

Several tyrosine kinase inhibitors (TKI) have been identified
or optimized to inhibit FGFRs and some of them have entered
clinical development. However, most of these molecules are not
selective FGFR inhibitors and show significant activity against
other RTKs such as vascular endothelial growth factor receptors
(VEGFRs), platelet-derived growth factor receptor (PDGFR),
and c-Kit, which may limit their potential utility due to side
effects associated with the inhibition of those kinases.18

Here, we report on the preclinical pharmacology of a novel,
highly selective small molecule inhibitor of pan-FGFR kinase
activity, rogaratinib (BAY 1163877), which specifically inhibits
FGFR1, 2, 3 and 4 in vitro and in vivo. In fact, selective inhibi-
tion of FGFR signaling by rogaratinib results in robust mono-
therapy efficacy in cancers with alterations leading to FGFR
overexpression. Furthermore, rogaratinib demonstrates additive
activity with standard-of-care (SOC) therapy in lung and

colorectal cancer models. Importantly, rogaratinib is well-
tolerated in multiple rodent cancer models. Altogether, these
data support the further development of rogaratinib as a new
anticancer therapy in currently ongoing clinical studies which
include patient stratification based on the overexpression of
FGFR1-3 mRNA in relevant tumor biopsies (ClinicalTrials.gov
Identifiers: NCT01976741, NCT03410693, NCT03473756).

Materials and Methods
Compounds
Rogaratinib, BAY 1163877 (4-{[4-amino-6-(methoxymethyl)-5-
(7-methoxy-5-methyl-1-benzothiophen-2-yl)pyrrolo[2,1-f][1,2,4]
triazin-7-yl]methyl}piperazin-2-one) was identified and synthe-
sized at Bayer AG (Germany; Fig. 1).19 In in vitro studies, 100%
DMSO was used as solvent. For certain in vivo studies the HCl
salt of rogaratinib (BAY 1213802) was used. No difference in effi-
cacy was detected between the two forms, and all data shown are
calculated for the free base of the compound. The in vivo vehicle
used for both BAY 1163877 and BAY 1213802 was 10% ethanol,
40% Solutol® HS 15, 50% water at pH 4 (HCl). Carboplatin
(Teva, USA), docetaxel (Jiangsu Hengrui Medicine Co., Ltd,
China) or paclitaxel (Iapharm GmbH, Germany), formulated in
NaCl solution (9 g/l), were used in the in vivo combination
studies.

Tumor cell lines and primary cells
MDA-MB-453, NCI-H1581, NCI-H520, UM-UC-3, NCI-H716
and DMS-114 cells were obtained from American Type Culture
Collection (ATCC, USA); RT-112 and JMSU1 cells were
obtained from Leibniz Institute Collection of Microorganisms
and Cell Cultures (DSMZ, Germany) and MFM-223 cells were
obtained from the European Collection of Authenticated Cell
Cultures (ECACC, UK). C51 cells were provided by Dario Neri
(Philogen, Italy). Human umbilical vein endothelial cells
(HUVEC) were acquired from CellSystems Biotechnologie Ver-
trieb GmbH (Germany).

All cell lines were regularly subjected to identity verifica-
tion by DNA fingerprinting at DSMZ to ensure correct use of
the cell lines. Mycoplasma contamination tests were done in-
house using MycoAlert (Lonza, USA).

Animals
All animal experiments were performed under European Ani-
mal Welfare Law and approved by local authorities, or the
guidelines approved by the Institutional Animal Care and Use

What’s new?
Deregulated fibroblast growth factor receptor (FGFR) signaling is involved in tumorigenesis and cancer progression. Here, the

authors report on a novel pan-FGFR inhibitor, rogaratinib, that potently and highly selectively prevents the activity of FGFRs

1, 2, 3, and 4. Rogaratinib inhibits cell proliferation in various FGFR-addicted cancers in vitro, including colon, lung, and

bladder cancer. Rogaratinib also exhibits strong in vivo efficacy in several cell line- and patient-derived xenograft models

characterized by FGFR mRNA overexpression with good tolerability. Altogether, these data warrant the further development of

rogaratinib for treatment of cancers with FGFR alterations, and clinical trials are currently ongoing.
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Committee (IACUC) of CrownBio (China) following the guid-
ance of the Association for Assessment and Accreditation of
Laboratory Animal Care (AAALAC). Studies with patient-
derived tumors were conducted at Oncotest GmbH (Germany)
or CrownBio with written informed consent from each patient
and the approval of local ethical committees.

Subcutaneous tumor growth was monitored by measuring
tumor volume (0.5 × length × width2) using a caliper. Animal
body weight was monitored as one indicator of treatment-
related toxicity. Measurement of tumor volume and body weight
was performed two to three times per week. Individual animals
were sacrificed when showing signs of toxicity (e.g. >20% body
weight loss) or when tumors reached a maximum size of
~1,000 mm3. At study termination, the animals were sacrificed
by decapitation under narcosis, tumors were excised and tumor
wet weights were determined. T/C (treatment/control) ratios
were calculated using the mean final tumor volume (T/Cvolume)
and tumor weight values (T/Cweight) respectively. In addition,
treatment responses were evaluated by means of clinically used
RECIST20 criteria; response rates were calculated as the percent-
age of animals with a complete or partial response.

Biochemical assays for inhibition of FGFR1-4
The inhibition of FGFR1, FGFR3, FGFR4 and 22 other protein
kinases by rogaratinib was assessed in-house by TR-FRET-based
in vitro kinase assays which quantify the phosphorylation of the
peptide Biotin-Ahx-AAEEEYFFLFAKKK-NH2 by recombinant
GST-fusion proteins of the cytoplasmic kinase domains (pur-
chased from Proqinase, Germany). The FGFR subtype profile
and kinase selectivity of rogaratinib were assessed for half maxi-
mal inhibitory concentration (IC50) in radiometric kinase assays
at Merck Millipore (USA) (IC50Profiler™, KinaseProfiler™)
and for binding affinity in active site-directed competition bind-
ing assays at DiscoverX (KINOMEscan™, USA); in addition the
safety profile of rogaratinib has been analyzed in a SafetyScreen
at Eurofins Panlabs (77 Enzyme and Radioligand Binding
assays) all according to manufacturers’ instructions.

Assessment of inhibition of cell proliferation
The capacity of rogaratinib to selectively inhibit the prolifera-
tion of cancer cells addicted to the FGFR pathway was tested
in a cell-based assay in an Oncoline™ (NTRC, Netherlands)
panel of cell lines21 and in-house in NCI-H1581, DMS-114,

Figure 1. Structure and in vitro activity of rogaratinib. (a) Chemical structure of rogaratinib (BAY 1163877). (b) TREEspot™ interaction map of
KINOMEscan™ assay results with 100 nM rogaratinib. (c) Viability of HUVEC cells stimulated with growth factors FGF2 (5 ng/mL) or VEGF-A
(20 ng/mL) in minimal medium after a 72-h treatment with increasing concentrations of rogaratinib. (d) Correlation of FGFR mRNA levels (sum
of Z-scores for subtypes with Z-score > 1, derived from CCLE database) and sensitivity (IC50 of inhibition of cell proliferation expressed as
LogIC50) to rogaratinib in a panel of cancer cell lines covering various cancer types. Dotted lines indicate IC50 levels.
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MFM-223, MDA-MB-453, C51, NCI-H716, NCI-H520, RT-
112, JMSU1 and UM-UC-3 cancer cells following a 72-h drug
exposure in normal medium. Cell viability was determined
using CellTiter-Glo® (CTG, cat#G7571/2/3, Promega, USA)
according to manufacturer’s instructions and as described in
the Supporting Information Methods.

The ability of rogaratinib to inhibit FGF-related signaling
pathways and the selectivity of rogaratinib against VEGFRs
were assessed in human umbilical vein endothelial cells
(HUVEC). The inhibition of cell proliferation by rogaratinib
was measured in HUVECs cultured in FGF2- or VEGF-A-
containing minimal medium after a 72-h exposure to the com-
pound as described in the Supporting Information Methods.

Evaluation of molecular mechanism-of-action in rogaratinib-
sensitive cancer cell lines and tumor tissue
The capacity of rogaratinib to inhibit main downstream MAPK
effector pathways in cancer cell lines and tumor tissue was
evaluated by Western blot analysis of ERK phosphorylation
after rogaratinib treatment. The inhibition of FGF2-induced
phosphorylation of ERK or AKT in DMS-114 small cell lung
cancer, MFM-223 breast cancer and C51 colon cancer cells was
measured using MSD-ELISA technology as described in the
Supporting Information Methods.

Antitumor efficacy in cell line and patient-derived xenograft
models
Details of all in vivo studies are provided in Supporting Infor-
mation Methods. Briefly, female BALB/cJ mice (18–21 g, 5–
6 weeks) from Janvier (France) were injected subcutaneously
(s.c.) in the left inguinal region with 1 × 106 syngeneic C51
colon cancer cells as suspension in 0.1 mL 50% Matrigel/50%
medium. The mice were randomized (n = 9–10/group) on day
6 (average tumor volume 104–117 mm3) and treated orally
(p.o.) for 13 days with vehicle or rogaratinib (25, 50 or
75 mg/kg QD, or 25 mg/kg, BID). For PK/PD studies, blood
samples were collected at study termination 1, 3, 7 and 24 h
after the last dose.

Female immunocompromised Hsd:RH-Foxn1rnu rats (80–
100 g, 5–6 weeks) from Harlan (Netherlands) were injected
s.c. with 1 × 106 C51 mouse colon cancer cells as described
above. The rats were randomized (n = 8/group) on day 7 (aver-
age tumor volume 212 mm3) and treated for 12 days with vehi-
cle or rogaratinib (10 or 50 mg/kg, QD, p.o.).

Female immunocompromised NMRInu/nu mice from Janvier
were injected s.c. with 3 × 106 NCI-H716 human colon cancer
cells, randomized (n = 8/group) on day 22 (average tumor vol-
ume 63–99 mm3) and treated for 17 days with vehicle or rogar-
atinib (35, 50 or 65 mg/kg, BID, p.o.). Female NMRInu/nu nude
mice from Janvier were injected s.c. with 2 × 106 DMS-114
human SCLC cells, randomized (n = 8/group) on day 13, and
treated for 10 days with vehicle, rogaratinib, chemotherapy or
combinations.

Female nu/nu mice (Vr:NU-Foxn1nu) from Vital River
(China) were implanted s.c. with 2–3 mm diameter LU299
human lung cancer fragments. The mice were randomized
(n = 10/group) on day 22 and treated for a period of 33 days
with vehicle, rogaratinib, docetaxel or the combination.

Female NMRInu/nu mice from Janvier were implanted s.c.
with 2 mm diameter LXFL1121 human NSCLC tumor frag-
ments. The mice were randomized (n = 10/group) on day
26 and treated for a period of 22 days with vehicle, rogarati-
nib, docetaxel or combinations.

Ex vivo analyses of FGFR1-4 mRNA levels and gene copy
numbers in tumors
For analysis of mRNA expression and gene copy numbers, total
RNA and genomic DNA, respectively, were isolated from xeno-
graft tumors and subjected to Nanostring analysis or TaqMan
assays (Life Biotechnologies, USA), respectively, as described in
the Supporting Information Methods.

Statistical analyses
Descriptive statistics for all groups in in vivo studies were
performed on tumor volumes and weights. All analyses were
performed using linear models estimated with generalized least
squares and with separate variance parameters for each study
group. Mean comparisons between the treatment and control
groups were performed using the estimated linear model and
corrected for family-wise error rate using Dunnett’s method.
p Values <0.05 were considered statistically significant. All
analyses were performed using the statistical programming
language R, version 3.4.3 (https://www.R-project.org/).

Results
Rogaratinib selectively inhibits FGFR1-4
Rogaratinib (BAY 1163877) is a small molecule RTK inhibitor
designed to reversibly occupy the ATP-binding pocket of the
kinase domain of FGFRs 1–4 (Fig. 1a).19 KINOMEscan™
profiling of 468 kinase targets demonstrated that rogaratinib
is highly selective for FGFRs. Of 403 non-mutant kinases, only
4 or 18 additional kinases besides FGFR1-4 resulted in compe-
tition binding >65% at 100 nM or 1 μM rogaratinib, respec-
tively (Fig. 1b, Supporting Information Table S1). Rogaratinib
potently binds to all four FGFR subtypes with Kd values of
1.6, 5.0, 7.8 and 7.6 nM for FGFRs 1, 2, 3 and 4, respectively.
In radiometric kinase activity assays, rogaratinib inhibited
FGFRs 1, 2, 3 and 4 with high potency in a similar concentra-
tion range with IC50 values of 1.8, <1, 9.2 and 1.2 nM. Binding
and inhibition was highly selective vs. related receptor tyrosine
kinases. For instance, the IC50 for kinase inhibition of CSF1R,
Tie2 or VEGFR3 was 166 nM, 1,300 nM or 130 nM, respec-
tively, although KINOMEscan™ profiling showed strong inhi-
bition of rogaratinib binding to CSF1R at 100 nM (Fig. 1b,
Supporting Information Table S1). The evaluation of rogarati-
nib in a set of 77 non-kinase targets (PanLabs Safety screen)
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showed only 3 significant hits supporting the high selectivity
(Supporting Information Table S2).

The Binding affinity to VEGFRs was about 100-fold lower
(Kd (VEGFR1) = 190 nM, Kd (VEGFR3) = 150 nM) compared
to FGFR1 (Kd = 1.6 nM).

Selectivity vs. VEGFRs was also observed in cellular assays. In
endothelial cells (HUVEC), rogaratinib selectively and potently
inhibited FGF2-stimulated growth with an IC50 of 16 nM
(−logIC50 7.8 � 0.3; n = 10) while the IC50 for inhibition of
VEGF-A-stimulated growth was 28-fold higher with 453 nM
(−logIC50 6.3 � 0.3; n = 11) (Fig. 1c).

Rogaratinib has selective anti-proliferative activity against
FGFR-overexpressing cancer cell lines
The anti-proliferative effect of rogaratinib was assessed in the
Oncoline™ panel comprised of 66 human cancer cell lines of
different histological origins and in additional cell lines reported
to be sensitive to FGFR inhibition, including NCI-H520,22

UMUC3,23 NCI-H1581,24 NCI-H716,25 DMS-114,26 MFM-
223,27 JMSU-128 and RT-11229 cells using a standard CellTiter-
Glo® proliferation assay. The IC50 values ranged from 27 nM to
>30 μM with nine cell lines showing IC50 values <1 μM. Prolif-
eration inhibition was compared to available cellular FGFR
expression and genomic mutation data (Supporting Information
Table S3). The sensitivity of the cell lines towards rogaratinib
correlated with overall FGFR mRNA expression levels, which
were described as the sum of Z-scores of the individual FGFR
subtypes (median-based Z-score,30). All cell lines with
IC50 < 1 μM showed elevated expression for at least one FGFR
subtype (Z-score > 1) (Fig. 1d). Cancer cell lines with IC50 > 1 μM
either lacked overexpression (Z-score < 1) of FGFRs or harbored

known activating mutations and/or gene amplifications in genes
described to confer resistance to FGFR inhibition, e.g. KRAS,
NRAS, HRAS, PIK3CA, BRAF, PTEN or EGFR genes, or resisted
FGFR inhibition by rogaratinib through a currently unknown
mechanism (Supporting Information Table S3).

Rogaratinib inhibits FGFR phosphorylation and downstream
signaling in human and murine cancer cell lines
Inhibition of the FGFR pathway by rogaratinib treatment was
analyzed by Western blot in rogaratinib-sensitive as well as
-insensitive cell lines from various cancer types. In FGFR4-
overexpressing MDA-MB-453 breast cancer cells, rogaratinib
inhibited auto-phosphorylation of FGFR4 in a concentration-
dependent manner and caused inhibition of downstream
signaling by preventing ERK1/2 phosphorylation in the same
concentration range (Fig. 2a). Similarly, rogaratinib effectively
inhibited auto-phosphorylation of FGFR2 as well as phosphoryla-
tion of ERK1/2 at 100 nM in NCI-H716 colon cancer cells
(Fig. 2b). Furthermore, potent inhibition of ERK1/2 phosphory-
lation by rogaratinib was observed in the rogaratinib-sensitive
RT-112 bladder cancer and NCI-H1581 lung cancer cell lines
while UM-UC-3 bladder cancer and NCI-H520 lung cancer cells
were less sensitive to rogaratinib-mediated inhibition of down-
stream phosphorylation, consistent with the differentiated anti-
proliferative activity of rogaratinib in these cell lines (Fig. 2c,
Supporting Information Table S3). In FGFR1-overexpressing
DMS-114 lung cancer and FGFR2-overexpressing MFM-223
breast cancer cells, rogaratinib potently inhibited downstream
signaling through ERK1/2 and AKT as determined by MSD-
ELISA technology. The IC50 values for inhibition of ERK and
AKT phosphorylation for DMS-114 (20 and 26 nM, respectively)

Figure 2. Effects of rogaratinib treatment on phosphorylation of FGFR and ERK in various cell lines as determined by Western blotting. (a) p-
FGFR4, total FGFR, p(T202/Y204,T185/Y187)-ERK1/2, and total ERK1/2 expression in MDA-MB-453 cells after treatment with 0–1,000 nM
rogaratinib. (b) p-FGFR2, α-tubulin, p(T202/Y204,T185/Y187)-ERK1/2, and total ERK1/2 expression in NCI-H716 cells after treatment with 0 or
100 nM rogaratinib. (c) p(T202/Y204,T185/Y187)-ERK1/2 and total ERK1/2 expression in UM-UC-3, RT-112, NCI-H520, NCI-H1581 and C51
cells after treatment with 0–10,000 nM rogaratinib.
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and MFM-223 cells (11 and 19 nM, respectively) corresponded
well with the IC50 values for proliferation inhibition (42 nM for
DMS-114; 27 nM for MFM-223). Rogaratinib also inhibited
phosphorylation of ERK1/2 in FGFR1-overexpressing murine
C51 colon cancer cells with an IC50 of 280 nM (Fig. 2c). In these
cell lines the potency of inhibition of phosphorylation of ERK1/2
correlates directly with the sensitivity of these cell lines to
treatment with rogaratinib (Supporting Information Table S4).
Furthermore, the inhibition of ERK1/2 phosphorylation by
rogaratinib treatment shown ex vivo (Supporting Information
Fig. S1) corresponds well with the rogaratinib sensitivity of the
respective cell lines (Supporting Information Table S3).

Rogaratinib potently inhibits growth of murine colon C51
tumors in mice and rats
The syngeneic C51 mouse colon cancer model with high mRNA
expression of FGFR1 and, to a lower extent, FGFR2 was identi-
fied as highly sensitive to inhibition of the FGFR pathway.
Therefore, C51 was used in vivo for testing the efficacy of rogar-
atinib in FGFR-overexpressing cancer models. The maximally
tolerated dose for rogaratinib was determined at 75 mg/kg, QD
and 50 mg/kg, BID in Balb/cJ mice. In a first experiment, mono-
therapy of the C51 model in Balb/cJ mice was performed with
different doses and schedules of rogaratinib followed by a phar-
macokinetic analysis after the last treatment (Fig. 3).

Rogaratinib demonstrated strong antitumor efficacy in a
dose-dependent manner with significant effects at doses reach-
ing functional (pERK) IC50 of C51 cells. Oral treatment at
50 and 75 mg/kg (QD) reduced tumor growth compared to the
vehicle group with T/Cvolume ratios of 0.27 and 0.16, respectively
(Figs. 3a–3b, Supporting Information Table S5). In both groups,
a 22% partial response (PR) rate (2/9 mice) was observed
according to RECIST criteria20 (Fig. 3c). In addition, 1/9 mice
(11%) had stable disease (SD) in the 75 mg/kg treatment group.
While daily treatment at 25 mg/kg was not efficacious, twice-
daily application of 25 mg/kg resulted in a decrease of tumor
growth with a T/Cvolume ratio of 0.47.

The pharmacokinetic (PK) profile of rogaratinib is presented
in Figure 3d and Supporting Information Table S6 as unbound
rogaratinib concentration in plasma over 24 h after the last dose
of rogaratinib, and as simulated exposure levels for the twice-
daily application of 25 mg/kg. AUC and Cmax were dose-
proportional in the range of 25–75 mg/kg and tumor growth
reduction correlated well with exposure. Unbound rogaratinib
levels were in the range of or above the C51 cell IC50 values
(proliferation and pERK inhibition) up to 4 to 6 h after adminis-
tration of the efficacious doses of 50 and 75 mg/kg QD while
IC50 levels were barely reached with the non-efficacious dose of
25 mg/kg QD. This indicated that an exposure to unbound
rogaratinib concentrations close to the IC50 levels over several
hours is adequate in this model to reach good antitumor effi-
cacy. The significant but moderate anti-tumor effect of the
25 mg/kg BID dose of rogaratinib suggests that twice daily

dosing of 50 mg/kg may also result in better efficacy than once
daily application due to longer exposure above IC50.

The efficacy of rogaratinib was further evaluated in the
C51 colon cancer model in nude rats to determine efficacy
and to support the human dose prediction by extending the
analyses to another species. Daily oral treatment with 10 or
50 mg/kg rogaratinib significantly reduced tumor growth with
T/Cvolume ratios of 0.26, and 0.02, respectively (Figs. 3e–3f,
Supporting Information Table S5). In the 10 mg/kg group 2/8
(25%) complete responses (CR) and in the 50 mg/kg group
3/8 (37.5%) CR and 1/8 (12.5%) SD were observed (Fig. 3g).
Treatment with rogaratinib monotherapy was generally well-
tolerated with no body weight losses above 10% or any fatal
toxicity in mice or rats (Supporting Information Figs. S2A-B).

Rogaratinib has antitumor activity in an FGFR2 over-
expressing colorectal carcinoma cell line-derived model
In order to determine the antitumor activity of rogaratinib in a
cell line-derived model of human cancer, its in vivo efficacy was
assessed in an NCI-H716 human colon cancer model with
FGFR2 amplifications and highly elevated levels of FGFR2
mRNA, with a PK/PD study performed at the end of the exper-
iment. Similarly to the syngeneic C51 colon model, twice-daily
rogaratinib treatment at 35, 50 or 65 mg/kg showed notable,
dose-dependent antitumor efficacy with T/Cvolume ratios of
0.17, 0.14 and 0.09, respectively. PRs were observed in 1/8
(12.5%) and 5/8 (63.5%) mice in the two highest dose groups
(Figs. 4a–4b).

Unbound Cmax concentrations of rogaratinib in plasma,
measured after a 10-day drug-free observation period followed
by a last single dose of 35, 50 or 65 mg/kg rogaratinib, reached
123, 294 and 357 nM, respectively, exceeding the proliferation
IC50 of 65.4 nM for NCI-H716 cells by two–six-fold.

PK/PD analysis of FGFR2 and ERK1/2 phosphorylation levels
clearly showed strong inhibition of FGFR signaling by rogarati-
nib for at least five hours when rogaratinib levels still reached
unbound plasma concentrations (127, 204 and 238 nM) 2–4
times above the proliferation IC50. At the 24-h time point, phos-
phorylation of FGFR2 and ERK1/2 had returned to levels similar
to the vehicle control, consistent with plasma drug levels <1 nM
(Fig. 4c).

Antitumor activity of rogaratinib in various FGFR2 over-
expressing lung cancer models
In vivo antitumor efficacy of rogaratinib alone and in combina-
tion with SOCs was investigated in cell line- and patient-derived
models of lung cancer. In the DMS-114 model, which displays
FGFR1 amplification and overexpression, rogaratinib (50 mg/kg,
BID) showed marked antitumor efficacy (T/Cvolume = 0.34)
(Figs. 5a–5b). Treatment with either docetaxel (30 mg/kg, Q7D)
or carboplatin/paclitaxel combination (80 mg/kg, Q7D/24
mg/kg, Q7D) showed potent antitumor efficacy with T/Cvolume

ratios of 0.27 and 0.31, respectively. Although the combination
therapy with 50 mg/kg (BID) rogaratinib and docetaxel
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Figure 3. Antitumor activity of rogaratinib in the C51 syngeneic colon cancer model in immunocompetent BALB/c mice and the C51 xenogeneic
model in nude rats. (a) Growth curves of C51 colon tumors treated p.o. with vehicle or rogaratinib (25, 50 or 75 mg/kg, QD; or 25 mg/kg BID) in
BALB/c mice as measured by tumor volumes (mm3, mean +/− SD) over time. (b) Weights of C51 tumors in mice described in (a) at the end of the
study (day 18). (c) Relative volumes (100% equals volume at start of treatment) of C51 tumors described in (a) at the end of the study (day 18)
analyzed using RECIST criteria. PD, progressive disease; SD, stable disease; PR, partial response; CR, complete response. (d) Pharmacokinetic
profile of rogaratinib in plasma of C51 tumor-bearing BALB/c mice, shown as unbound concentration over 24 h after the last dose of rogaratinib
and simulated exposure levels for the twice daily application of 25 mg/kg. The dotted lines denote the IC50 values of rogaratinib (280 and
430 nM) in C51 cells for inhibition of p-ERK and proliferation, respectively. (e) Growth curves of C51 tumors in nude rats treated p.o. with vehicle
or rogaratinib (10 or 50 mg/kg, QD) as measured by tumor volumes (mm3, mean � SD) over time. (f ) Weight of C51 tumors in rats described in
(e) at the end of the study. (g) Relative volumes of C51 tumors described in (e) at the end of the study analyzed using RECIST criteria. PD,
progressive disease; SD, stable disease; PR, partial response. Stars in a, b, e and f denote statistical difference compared to vehicle group. *,
p < 0.05; **, p < 0.01; ***, p < 0.001; NS, non-significant. [Color figure can be viewed at wileyonlinelibrary.com]
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(30 mg/kg, Q7D) showed only minor additional benefit com-
pared to docetaxel monotherapy alone in terms of T/C ratios,
the PR rate was increased from 40% to 70% and one CR was
observed (Fig. 5c). Similarly, combining 50 mg/kg (BID) rogar-
atinib with carboplatin/paclitaxel (80 mg/kg, Q7D/24 mg/kg,
Q7D, T/Cvolume 0.31) resulted in a T/Cvolume ratio of 0.20 and
increased the PR rate from 30% to 70% compared to both of
the chemotherapies alone.

As observed in the syngeneic C51 model, rogaratinib treat-
ment was generally well-tolerated also in the xenogeneic NCI-
H716 and DMS-114 models with maximum body weight losses
of 5.2% and 5%, respectively (Fig. 5d). Maximal body weight loss
in the two chemotherapy groups was 2.4% for docetaxel and 5.4%
for carboplatin/paclitaxel. In the combination group of rogarati-
nib with docetaxel body weight loss above 20% was observed in
one mouse (out of 10) for unknown reasons, while all others

showed no signs of acute toxicity until the end of study. The com-
bination of rogaratinib with carboplatin/paclitaxel did not result
in any additional body weight loss and was well-tolerated.

To investigate the importance of elevated FGFR expression,
the efficacy of rogaratinib was assessed in two patient-derived
lung cancer models, LU299 and LXFL1121, which overexpress
FGFR1 mRNA but do not harbor high FGFR gene amplifications
(Supporting Information Table S7). At a dose of 50 mg/kg (BID),
rogaratinib showed significant antitumor efficacy as monotherapy
(LU299, T/Cvolume = 0.33; LXFL1121, T/Cvolume = 0.26) (Fig. 6,
Supporting Information Figs. S3A–B). In the LU299 model, the
combination of rogaratinib (50 mg/kg) and docetaxel showed a
trend towards superior tumor growth inhibition compared to treat-
ment with docetaxel alone (Figs. 6a–6b). Evaluation of the treat-
ment response according to RECIST criteria20 resulted in 3/10
(30%) CRs and 7/10 (70%) PRs in the rogaratinib and docetaxel

Figure 4. In vivo antitumor efficacy and mechanism of action of rogaratinib in the human NCI-H716 colorectal xenograft model in
immunocompromised NMRInu/nu mice. (a) Growth curves of human NCI-H716 colorectal tumors treated p.o. with vehicle or rogaratinib
(35, 50 or 65 mg/kg, BID) from days 22 to 38 after tumor inoculation as measured by tumor volumes (mm3, mean � SD) over time. Stars
denote statistical difference compared to vehicle group. **, p < 0.01; ***, p < 0.001. (b) Relative volumes of NCI-H716 tumors described in
(a) on the last treatment day (day 38). PD, progressive disease; SD, stable disease; PR, partial response. (c) Expression of p-FGFR2, p-ERK,
total ERK and actin in NCI-H716 tumor tissue after rogaratinib treatment. After a drug-free observation period of 10 days, mice of the three
rogaratinib-dose groups (35, 50 or 65 mg/kg) in (a) received a single respective dose of rogaratinib or vehicle. Plasma and tumors were
collected 1, 2, 5 or 24 h after treatment for PK/PD analysis and phosphorylation of FGFR2 and ERK1/2 was determined by Western blotting.
[Color figure can be viewed at wileyonlinelibrary.com]
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combination treatment group, compared to 6/10 (60%) PRs in the
docetaxel monotherapy group (Fig. 6b). A notable improvement in
the duration of response was observed in the rogaratinib/docetaxel
combination group resulting in only 1 of 10 tumors with regrowth
for up to 50 days post treatment (Fig. 6d).

In the LXFL1121 model, the rogaratinib/docetaxel combi-
nation also resulted in prolonged tumor response post-treat-
ment, whereas tumor regrowth was observed in the docetaxel
monotherapy group (Supporting Information Fig. S3).

Rogaratinib treatment was well-tolerated with no body weight
losses over 10% in either of the studied PDX models (Fig. 6c, Sup-
porting Information Fig. S3C). Docetaxel monotherapy showed
maximum body weight losses of 14.1% in the LU299 model, but
no additional body weight loss in combination with rogaratinib
(Fig. 6c). In the LXFL1121 model, combination therapy with

docetaxel/rogaratinib showed a maximum body weight loss of
18.9% (Supporting Information Fig. S3C).

Discussion
Here, we present for the first time the pharmacological profile
of rogaratinib, an orally bioavailable, highly potent and selec-
tive novel FGFR1-4 kinase inhibitor,19 which inhibits tumor
growth in various FGFR-driven cell line and patient-derived
xenograft cancer models both as monotherapy and in combi-
nation with SOC treatments.

The potency of FGFR inhibition was confirmed in bio-
chemical kinase domain binding and activity assays. Rogarati-
nib binds to all four FGFR receptor subtypes with single digit
nM affinity and potently inhibits FGFR1-4 kinase activity with
IC50 values in the nanomolar range. KINOMEscan™ profiling of

Figure 5. In vivo antitumor efficacy of rogaratinib in the DMS-114 lung cancer xenograft model. (a) Growth curves of DMS-114 lung tumors
treated with vehicle, rogaratinib (50 mg/kg, p.o., BID), docetaxel (30 mg/kg, i.v., Q7D), combination of rogaratinib (50 mg/kg, BID)/docetaxel
(30 mg/kg, Q7D), combination of carboplatin (80 mg/kg, i.p., Q7D)/paclitaxel (24 mg/kg, Q7D) or combination of carboplatin (80 mg/kg,
Q7D)/paclitaxel (24 mg/kg, i.p., Q7D)/rogaratinib (50 mg/kg, BID), as measured by tumor volumes (mm3, mean � SD) over time. (b) Weights
of DMS-114 tumors described in (a) at the end of the study. (c) Relative volumes of DMS-114 tumors described in (a) at the end of the study.
PD, progressive disease; SD, stable disease; PR, partial response; CR, complete response. (d) Body weights of mice described in (a) relative
to body weights at treatment start. Stars denote statistical difference compared to vehicle group. **, p < 0.01; ***, p < 0.001.
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468 kinase targets showed very favorable selectivity scores with
binding and inhibition being highly selective compared to related
receptor tyrosine kinases such as VEGFRs, PDGFRs or Tie2. Bio-
chemical selectivity against VEGFR2 was demonstrated in cellular
assays, as rogaratinib potently inhibited FGF2 vs. VEGF-A stim-
ulated HUVEC proliferation. Rogaratinib had selective anti-
proliferative activity against cancer cell lines with increased
FGFR expression, i.e., elevated mRNA levels of at least one
FGFR subtype including cell lines such as A172 which do not
harbor FGFR amplifications. This is in agreement with reports
showing that FGFR expression rather than gene amplification
is a determinant of sensitivity to FGFR inhibition.16,17 While
some FGFR1-amplified lung cancers are sensitive to FGFR
inhibition, initial clinical results of the pan-FGFR-inhibitor
BGJ398 showed a response rate of only 11% in FGFR1-
amplified squamous NSCLC.31 Screening for FGFR overex-
pression may therefore be a more suitable selection marker for
sensitive cancers and potentially for patient stratification.32 How-
ever, not all cell lines overexpressing one of the FGFR subtypes

were sensitive to FGFR inhibition, suggesting that other onco-
genes or oncogenic pathways besides FGFR signaling may be
dominant oncogenic drivers in these cells. Furthermore, the
dependence of activation of wildtype FGFRs by specific ligands
can impact pathway activation in two ways, either overactivation
with increased levels of ligand and physiologically expressed
receptor, or lack of activation despite overexpression of receptor if
the specific ligand is not expressed. The presented studies do not
include such analysis and this will be part of future activities.33,34

Together, our data demonstrate that elevated expression of at
least one FGFR subtype is essential for conferring sensitivity to
rogaratinib but it is not sufficient as shown for several tumor cell
lines. In agreement with previous observations on the sensitivity
of cancer cell lines with FGFR amplification or overexpression
to the FGFR inhibitor JNJ-42756493,35 many of the FGFR-
overexpressing but rogaratinib-insensitive cell lines carry either
mutations in RAS family members or in the PI3K pathway.
This indicates that mutations downstream of FGFR may be able
to bypass dependency on the receptor and activate alternative

Figure 6. In vivo antitumor efficacy of rogaratinib in the patient-derived LU299 lung cancer xenograft model. (a) Growth curves of LU299 lung
tumors treated with vehicle, rogaratinib (50 mg/kg, BID), docetaxel (15 mg/kg, i.v., Q7D), or combination of rogaratinib and docetaxel for
33 days followed by a drug-free observation period of 53 days, as measured by tumor volumes (mm3, mean � SD) over time. Stars denote
statistical difference compared to vehicle group. *, p < 0.05; ***, p < 0.01. (b) Relative volumes of tumors described in (a) at the last
treatment day (day 54 after tumor inoculation). PD, progressive disease; SD, stable disease; PR, partial response; CR, complete response. (c)
Relative body weights of LU299 mice described in (a). Body weight loss in docetaxel groups recovered after dosing break at day 37. (d)
Growth curves of single mice of LU299 lung tumors treated as noted above (a).
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signaling cascades. Similar observations have been reported for
EGFR and KRAS mutations36 with the clinical implication that
the use of anti-EGFR agents like cetuximab is not indicated in
colorectal cancer patients with KRAS alterations.37 Alternatively,
genetic aberrations, e.g. activating mutations or overexpression of
other RTKs, may confer resistance to rogaratinib despite FGFR
overexpression.

Activation of FGFRs leads to phosphorylation of adaptor or
directly interacting key proteins of four major intracellular
signaling pathways, RAS/MAPK/ERK, PI3K/AKT, PLCγ and
STAT.38 Inhibition of ERK1/2 phosphorylation was established
as a suitable surrogate marker for cellular FGFR inhibition. In
line with this, inhibition of ERK phosphorylation by rogaratinib
mirrors inhibition of FGFR4 phosphorylation in MDA-MB-453
cells or inhibition of FGFR2 phosphorylation in NCI-H716 tumors
and is consistent with sensitivity to proliferation inhibition in the
tested cell lines as well as with inhibition of tumor growth in vivo.
FGFR-mediated activation of RAS/MAPK/ERK is initiated by
phosphorylation of FRS2α, which also leads to activation of
PI3K/AKT signaling.39,40 PI3K/AKT kinase activity rather than
ERK activation may play a key role in certain cancers addicted to
FGFR.41,42 Rogaratinib caused inhibition of downstream phosphor-
ylation of ERK as well as AKT with similar nM potency in cell lines
overexpressing either FGFR1 (DMS-114) or FGFR2 (MFM-223).

In vivo profiling of rogaratinib was initially performed using
C51 colon cancer cells either subcutaneously inoculated into syn-
geneic immunocompetent mice or into xenogeneic immunocom-
promised rats. Rogaratinib caused dose-dependent reduction of
tumor growth with partial responses observed at 50 and 75 mg/kg
daily dosing in mice. PK/PD analysis showed that exposure corre-
lated with in vivo antitumor efficacy and suggested that increasing
the exposure time above IC50 by dosing twice daily may result in
better efficacy. In vivo assessment of pharmacodynamic bio-
markers for up to 24 h was performed in mice bearing
FGFR2-driven NCI-H716 tumors after a single dose of rogarati-
nib. A reduction was observed in the phosphorylation of both
FGFR2 and downstream ERK1/2 for 1 to 5 h, which is consistent
with unbound rogaratinib levels exceeding IC50 values by a factor
of 2 to 4. In summary, the PK/PD data suggest that rogaratinib
levels above tumor cell IC50 for proliferation or downstream sig-
naling (pERK) over several hours, resulting in concentrations that
completely block FGFR signaling in cancer cells, are sufficient to
reach significant antitumor efficacy in FGFR-driven cancers.

As a pan-FGFR inhibitor, rogaratinib targets FGFRs on can-
cer cells as well as on stromal cells. For instance, FGF2-induced
growth of endothelial cells is potently inhibited by rogaratinib

with an IC50 of 16 nM. Antitumor efficacy may therefore be
mediated by several simultaneous mechanisms such as inhibi-
tion of cancer cell proliferation and survival combined with tar-
geting paracrine FGF signaling in the tumor microenvironment.

Rogaratinib demonstrated efficacy in a number of in vivo
xenograft models and was tolerated well at doses up to
75 mg/kg QD or 50 mg/kg BID. Durable partial and complete
responses were observed in several cell line- and patient-
derived models that are driven by FGFR overexpression, such
as the FGFR1-overexpressing C51 colon cancer, DMS-114 lung
cancer and LU299 and LXFL1121 PDX lung cancer models, or
the FGFR2-overexpressing NCI-H716 colon cancer model.

Additionally, as shown using the DMS-114 model, combina-
tion treatment with SOC compounds docetaxel or paclitaxel/cis-
platin resulted in enhanced efficacy compared to rogaratinib
monotherapy or the SOC treatments alone. Similarly, combina-
tion treatment with the SOC docetaxel in the PDX lung cancer
models LU299 and LXFL1121 resulted in better efficacy or pro-
longed duration of response compared to treatment with rogara-
tinib or docetaxel alone. Combination treatment with SOCs was
tolerated well in the models tested.

Importantly, the rogaratinib-sensitive cell lines and the
studied in vivo models in which rogaratinib caused tumor
growth inhibition overexpress one or several FGFR subtypes,
irrespective of the underlying mechanism. Thus, the effects on
cell proliferation and tumor growth strongly suggest that
rogaratinib inhibits FGFR-activation driven cancer growth in
a dose-dependent manner with excellent efficacy in cancers
with high FGFR expression. This observation suggests that it
may be beneficial to use tumor FGFR mRNA expression as a
stratification biomarker in clinical trials.

In summary, rogaratinib is a highly potent and selective pan-
FGFR inhibitor with a unique selectivity profile that supports
good tolerability and safety. The compound demonstrates robust
efficacy in vivo in cancers with altered FGFR mRNA expression
both as monotherapy and when combined with SOC treatments
and it is well-tolerated, making it a viable candidate for further
development. Several clinical studies with rogaratinib using
FGFR mRNA expression for prospective patient selection are
currently ongoing (ClinicalTrials.gov Identifiers: NCT01976741,
NCT02592785, NCT03410693).
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