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The human FGF receptors (FGFRs) play critical roles in various
human cancers, and several FGFR inhibitors are currently under
clinical investigation. Resistance usually results from selection
for mutant kinases that are impervious to the action of the drug
or from up-regulation of compensatory signaling pathways. Pre-
clinical studies have demonstrated that resistance to FGFR inhib-
itors can be acquired through mutations in the FGFR gatekeeper
residue, as clinically observed for FGFR4 in embryonal rhabdo-
myosarcoma and neuroendocrine breast carcinomas. Here we
report on the use of a structure-based drug design to develop
two selective, next-generation covalent FGFR inhibitors, the FGFR
irreversible inhibitors 2 (FIIN-2) and 3 (FIIN-3). To our knowledge,
FIIN-2 and FIIN-3 are the first inhibitors that can potently inhibit
the proliferation of cells dependent upon the gatekeeper mutants
of FGFR1 or FGFR2, which confer resistance to first-generation
clinical FGFR inhibitors such as NVP-BGJ398 and AZD4547. Because
of the conformational flexibility of the reactive acrylamide sub-
stituent, FIIN-3 has the unprecedented ability to inhibit both the
EGF receptor (EGFR) and FGFR covalently by targeting two distinct
cysteine residues. We report the cocrystal structure of FGFR4 with
FIIN-2, which unexpectedly exhibits a “DFG-out” covalent binding
mode. The structural basis for dual FGFR and EGFR targeting by
FIIN3 also is illustrated by crystal structures of FIIN-3 bound with
FGFR4 V550L and EGFR L858R. These results have important impli-
cations for the design of covalent FGFR inhibitors that can overcome
clinical resistance and provide the first example, to our knowledge,
of a kinase inhibitor that covalently targets cysteines located in
different positions within the ATP-binding pocket.
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Receptor tyrosine kinases (RTKs) serve as critical sensors of
extracellular cues that activate a myriad of intracellular sig-

naling pathways to regulate cell state. There are 58 receptor
tyrosine kinases in the human genome, and many have been
demonstrated to be constitutively activated through amplifica-
tion or mutation in particular cancers. The signals emanating
from these RTKs, such as epidermal growth factor receptor
(EGFR), FGF receptor (FGFR), platelet-derived growth factor
receptor (PDGFR), protein kinase Kit (KIT), and protein kinase
c-Met (MET), have been pharmacologically proven to be es-
sential to the survival of cancers expressing mutant forms of
these proteins. However, rapid resistance to monotherapy with
first-generation RTK inhibitors has been universally observed.
Resistance typically arises from the emergence of cancer cells
expressing mutant forms of RTKs that are impervious to the

action of first-generation drugs or from the activation of by-pass
signaling mechanisms. Resistance can be overcome by de-
veloping new inhibitors that target the mutant RTK directly or
target bypass signaling mechanisms. Indeed this approach has
been deployed successfully in the case of resistance to first-gen-
eration inhibitors of EGFR in nonsmall cell lung cancer (NSCLC)
and of Abelson tyrosine-protein kinase (ABL) in chronic myelog-
enous leukemia (CML) (1–4).
Human FGFRs are a family of four RTKs (FGFR1–4) which

are sensors of a diverse family of 18 FGF ligands. FGFRs are key
regulators of fibrogenesis, embryogenesis, angiogenesis, metabo-
lism, and many other processes of proliferation and differentiation
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(5, 6). The fundamental importance of FGFR to development is
well proven by gain-of-function mutations that result in dwarfism in
model organisms and in humans (7–10). Deregulation of FGFR
signaling through mutation, chromosomal translocation, and gene
amplification or overexpression has been documented abundantly
in numerous cancers (11). Activation of FGFR-dependent signal-
ing pathways can stimulate tumor initiation, progression, and re-
sistance to therapy. Translocation events implicating the FGFR1
gene and various fusions of FGFR1 are found in myeloproliferative
syndromes (12); chromosomal translocations of FGFR1 or FGFR3
and the transforming acidic coiled-coil genes (TACC1 or TACC3)
are oncogenic in glioblastoma multiforme, bladder cancer, head
and neck cancer, and lung cancer (13–16); oncogenic mutations
of FGFR2 and FGFR3 are observed in lung squamous cell carci-
noma; FGFR2 N549K is observed in 25% of endometrial cancers;
FGFR3 t(4;14) alterations are reported in 15–20% of multiple
myeloma (17–19); FGFR4 Y367C mutation in the transmembrane
domain drives constitutive activation and enhanced tumorigenic
phenotypes in a breast carcinoma cell line (20–22); and K535 and
E550 mutants are reported to activate FGFR4 in rhabdomyosar-
coma (23). FGFR amplification is reported in various cancers (24,
25): FGFR1 is amplified in colorectal, lung, and renal cell cancers
(26, 27); FGFR2 is amplified in gastric cancer and colorectal
cancer (28, 29); FGFR3 is commonly amplified in bladder cancer
and also is reported for cervical, oral, and hematological cancers
(30–32); and FGFR4 is amplified in hepatocellular carcinoma,
gastric cancer, pancreatic cancer, and ovarian cancer (33–37).
FGFR also is involved in autocrine activation of STAT3 as a pos-
itive feedback in many drug-treated cancer cells which are driven
by diverse oncogenes such as EGFR, ALK, MET, and KRAS (38).
Currently known inhibitors of kinases can target a variety of

conformational states and binding pockets and can be either
reversible or covalent. Several potent and selective ATP-com-
petitive, small-molecule FGFR inhibitors have been reported,
with BGJ398 and AZD4547 being the clinically most advanced
compounds (Fig. 1A) (39–42). We previously reported the first
(to our knowledge) covalent FGFR irreversible inhibitor (FIIN-
1), which targets a cysteine residue conserved in all four FGFR
kinases and which inhibits the proliferation of Ba/F3 cells engi-
neered to be dependent on FGFR1, FGFR2, or FGFR3 with
EC50s in the 10-nM range, a potency comparable to that ex-
hibited by BGJ398 and AZD4547 (43). All FGFR kinases have
a valine at the gatekeeper position, in contrast to ABL, EGFR,
KIT, and PDGFR, which all possess a threonine gatekeeper in
which resistance can be conferred by mutation of the threonine
to a larger hydrophobic valine, isoleucine, or methionine residue
in response to first-generation inhibitors of these kinases (44–46).

The FGFR V561M mutation was reported to induce strong re-
sistance to PD173074 and FIIN-1 (43, 47); later the gatekeeper
mutant FGFR3 V555M emerged as a mechanism of resistance to
AZ8010 in KMS-11 myeloma cells and also was demonstrated to
confer resistance to other FGFR inhibitors, including PD173074
and AZD4547 (48). The FGFR2 V564I gatekeeper mutant was
isolated as a resistant clone in a FGFR2 Ba/F3 screen of dovi-
tinib and also was reported to confer resistance to the multi-
targeted drug ponatinib (19). In humans the FGFR4 V550L
gatekeeper mutation was detected in 9% (4/43) of embryonal
rhabdomyosarcoma tumors (49), and the FGFR4 V550M mu-
tation was detected in 13% (2/15) of neuroendocrine breast
carcinomas (50). To overcome gatekeeper mutations found in
primary FGFR-driven cancers and those that likely will arise in
FGFR inhibitor-treated tumors in the future, we developed
next-generation covalent FGFR inhibitors. Here we describe
the identification and characterization of the covalent FGFR
inhibitors FIIN-2 and FIIN-3, which to our knowledge are the
first FGFR inhibitors that are capable of potently inhibiting the
gatekeeper mutants of FGFRs. We also demonstrate that FIIN-
3 is capable of covalently inhibiting both FGFR and EGFR by
using distinct binding modes to target different cysteine residues.

Results
FIIN-1 was designed based on the structure of the noncovalent
FGFR inhibitor PD173074 (51). It possesses a benzamide arm that
can reach Cys488 located in the P-loop but possesses weak activity
against the V561M gatekeeper mutant of FGFR1, possibly as
a result of steric crowding between the dichlorodimethoxyphenyl
substituent and the methionine at the gatekeeper position (43).
To explore whether analogs of FIIN-1 could potently inhibit the
gatekeeper mutants of FGFR kinases, we synthesized derivatives
in which both the side chains and core scaffolds were diversified.
These new derivatives then were tested for their ability to inhibit
the proliferation of Ba/F3 cells that were engineered to be de-
pendent on WT FGFRs and the V564M gatekeeper mutant of
FGFR2. Two compounds which emerged from this effort were
FIIN-2 and FIIN-3. FIIN-2 maintains the pyrimido[4,5-d]
pyrimidinone core of FIIN-1 but removes the two chlorine atoms,
which are crucial for FIIN-1’s potency against FGFR. Replacing
the aliphatic amine of FIIN-1 with a 4-(4-methylpiperazin-1-yl)
aniline group, which is a stronger hinge binder, compensates for
the loss of potency, and FIIN-2 potently inhibits WT FGFRs
(EC50s in the 1- to 93-nM range) and the gatekeeper mutant of
FGFR2 (EC50 of 58 nM). FIIN-3 incorporates a pyrimidyl urea
core that forms an intramolecular H-bond, thereby forming
a pseudo six-membered ring, a design feature of BGJ398 (39, 52).

A

B

Fig. 1. (A) Chemical structures of clinical-stage FGFR inhibitors. (B) Evolution of FIIN-2 and FIIN-3 from FIIN-1. Structures of the reversible counterparts FRIN-2
and FRIN-3 are shown also.

E4870 | www.pnas.org/cgi/doi/10.1073/pnas.1403438111 Tan et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
15

, 2
02

1 

www.pnas.org/cgi/doi/10.1073/pnas.1403438111


www.manaraa.com

The H-bond of this pseudo ring was envisioned to provide greater
rotatory flexibility to the dichlorodimethoxylphenyl group of FIIN-
3, which could better tolerate the methionine gatekeeper. FIIN-3
potently inhibits both WT FGFRs (EC50 in the 1- to 41-nM range)
and the gatekeeper mutant of FGFR2 (EC50 of 64 nM). Both
FIIN-2 and FIIN-3 possess a 4-acrylamidebenzyl group in contrast
to the 3-acrylamidebenzyl group in FIIN-1 and maintain the ability
to form a covalent bond with the P-loop cysteine but alter the
selectivity profile versus other kinases. Noncovalent analogs of both
compounds were prepared with the approximately isosteric pro-
pionamide replacing the acrylamide motif to yield FGFR reversible
inhibitor 2 and 3 (FRIN-2 and FRIN-3) (Fig. 1B).
To assess the kinase selectivity of FIIN-2 and FIIN-3 broadly,

they were profiled against a diverse panel of 456 kinases [Dis-
coveRX, KinomeScan (53, 54)] using an in vitro ATP-site com-
petition binding assay at a concentration of 1.0 μM. Compared
with FIIN-1, both compounds displayed strong binding to
FGFRs and exhibited good overall kinase selectivity (SI Appen-
dix, Table S1). FIIN-2 and FIIN-3 have selectivity scores of 10
and 15, respectively (SI Appendix, Fig. S1), which are defined as
the number of kinases with scores less than 1 [S(1)] (54). To our
surprise, FIIN-3 also potently bound to WT EGFR and to a
subset of EGFR mutants, but FIIN-2 exhibited much less affinity
for EGFR. To corroborate these findings using an independent
biochemical assay, the IC50 values of both compounds also were
determined using Z’-lyte enzyme assays [SelectScreen; Life
Technology (55)]. FIIN-2 inhibited FGFR1–4 with IC50s of 3.1,
4.3, 27, and 45 nM, respectively, and FIIN-3 displayed IC50s of 13,
21, 31, and 35 nM, respectively. Consistent with the kinase-binding
assays, FIIN-3 strongly inhibited EGFR, with an EC50 of 43 nM,
and FIIN-2 moderately inhibited EGFR, with an IC50 of 204 nM.
FRIN-2 and FRIN-3 also were profiled with KinomeScan assays
and, except for EGFR and Bruton’s tyrosine kinase (BTK),
exhibited selectivity similar to that of their respective counterparts
(SI Appendix, Fig. S1 and Table S1).
We evaluated the potency with which FIIN-2 and FIIN-3

could inhibit the proliferation of Ba/F3 cells engineered to be
dependent on FGFR and EGFR kinase activity. Ba/F3 cells are
a murine pre-B cell that can be transformed readily with acti-
vated kinases to allow growth in the absence of IL-3 and fre-
quently are used to evaluate the activity of compounds against
kinases of interest in a cellular context (56). FIIN-2 and FIIN-3
inhibited proliferation of FGFR1-4 Ba/F3 cells with EC50s in the
single- to double-digit nanomolar range and were especially
potent against FGFR2, with EC50s in the 1-nM range (Table 1).
This activity was not caused by general cytotoxicity, because the
parental Ba/F3 cells were not inhibited at the highest concen-
tration tested (3.3 μM). FIIN-2 and FIIN-3 also inhibited the
FGFR2 V564M gatekeeper mutant Ba/F3 cells, with EC50s of 58
and 64 nM, respectively, whereas FIIN-1 and BGJ398 had EC50s
of over 1.0 μM against this mutant. We also applied these
inhibitors on four other FGFR2 mutant Ba/F3 cell lines (V564F,
E565K, M538I, and K659N) expressing previously isolated
FIIN-1 resistance alleles. [K659N already had been reported in
patients (17, 57).] Both FIIN-2 and FIIN-3 showed good potency
against gatekeeper mutant V564F; FIIN-3 also was potent
against the gatekeeper-plus-1 mutant E565K; but BGJ398 was
efficient only against the M538I and K659N mutants. FIIN-3 also
displayed antiproliferative activity (with an EC50 of 135 nM)
against Ba/F3 cells transformed by the EGFR vIII fusion protein,
which has a WT EGFR kinase domain. In contrast, FIIN-2 was
fourfold less potent (EC50 of 506 nM). FIIN-3 showed even
better activity against EGFR L858R (EC50 of 17 nM) and
moderate activity, displaying an EC50 of 231 nM, against the
EGFR L858R/T790M mutant, which is resistant to first-gener-
ation EGFR inhibitors, whereas FIIN-2 was inactive up to a
concentration of 1.8 μM. Two covalent EGFR inhibitors,
BIBW2992 (58) and WZ4002 (4), were tested on the FGFR2-

dependent Ba/F3 cell lines and showed either no or weak po-
tency (SI Appendix, Table S2). The corresponding noncovalent
analogs FRIN-2 and FRIN-3 also were profiled against a subset
of the FGFR- and EGFR-transformed Ba/F3 cell lines. In-
terestingly, they maintained similar potency relative to the co-
valent inhibitors against WT FGFR1-3. This finding is consistent
with the results reported for FIIN-1 and also with the notion that
these scaffolds are very potent noncovalent binders. However,
FRIN-2 and FRIN-3 lost potency against FGFR4, as did FIIN-1
and BGJ398 (no inhibition was detected at 1.0 μM) and were at
least 20-fold less potent than their covalent counterparts against
the V564M and V564F FGFR2 mutants. FRIN-3 also lost po-
tency against EGFR, suggesting that covalence is required to
achieve potency against EGFR, as is consistent with reports for
other covalent inhibitors such as WZ4002 (4, 46). Taken together,
our assays in Ba/F3 cells show that the new-generation covalent
inhibitors FIIN-2 and FIIN3 show strong inhibitory activity against
WT (including FGFR4) and gatekeeper mutant FGFR kinases.
FIIN-2 and FIIN-3 also were profiled on several other trans-
formed Ba/F3 cell lines to validate their possible off-targets. Some
potential off-targets identified using KinomeScan, such as BTK
and KIT, were not confirmed, and FIIN-2 showed rather poor
potency against protein kinase FLT1 (FLT1); FIIN-3 was not
potent against either FLT1 or FLT4 (SI Appendix, Table S2).
To investigate the requirement for covalence in a comple-

mentary fashion and to prove the site of covalent modification,
we also investigated the activity of the compounds against mu-
tant forms of EGFR and FGFR2 in which the putatively reactive
cysteine was mutated to a serine or alanine, respectively. Both
FIIN-2 and FIIN-3 maintained their ability to inhibit FGFR2
C491A potently, but FIIN-3 lost its ability to inhibit EGFR
C797S. However, when we constructed Ba/F3 cells transformed
with the FGFR2 C491A/V564M dual mutant, both compounds
lost potency on this dual mutant, thereby demonstrating the re-
quirement for the formation of a covalent bond to Cys491 in the
presence of V564M mutant (Table 1).
We investigated the effect of FIIN-2 and FIIN-3 relative to

established inhibitors, such as BGJ398, on FGFR phosphoryla-
tion and on FGFR-dependent signaling. In WT FGFR2 Ba/F3
cells, FIIN-2, FIIN-3, and BGJ398 all completely inhibited the
FGFR2 autophosphorylation on Tyr656/657 at concentrations as
low as 3 nM (SI Appendix, Fig. S2). In FGFR2 V564M Ba/F3

Table 1. Antiproliferative activity of FGFR inhibitors on
transformed Ba/F3 cells

Ba/F3 cell lines

EC50, nM

FIIN-1 BGJ398 FIIN-2 FIIN-3 FRIN-2 FRIN-3

Parental >3,300 >3,300 >3,300 2,970 >3,300 >3,300
FGFR1 14 3 4 1
FGFR2 7 4 1 <1 10 3
FGFR2 (V564M) 1,000 1,500 58 64 2,810 1,380
FGFR2 (V564F) >3,300 3,145 100 71
FGFR2 (E565K) >3,300 490 273 69
FGFR2 (K659N) 3,710 25 9 6
FGFR2 (M538I) 839 43 27 30
FGFR2 (C491A) 168 1 8 3 195 26
FGFR2(C491A/V564M) >3,300 2,100 3,140 1,000
FGFR3 (S249C) 10 67 93 41
FGFR4 >1,000 >1,000 32 22 >1,000 >1,000
EGFR (VIII) >3,300 >3,300 506 135 >3,300 1,840
EGFR (L858R) >3,300 >3,300 231 16.8 2,590 2,538
EGFR DEL(E746-A750) 240
EGFR (T790M/L858R) >3,300 >3,300 1,773 231 >3,300 >3,300
EGFR (DEL/T790M) 687
EGFR (C797S/L858R) >3,300 >3,300 >3,300
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cells, FIIN-2 and FIIN-3 were capable of inhibiting the FGFR2
V564M autophosphorylation with partial inhibition at 100 nM
and complete inhibition observed at 300 nM; this effect also was
associated with inhibition of phosphorylation of the FRS2, AKT,
and ERK1/2 effector proteins (Fig. 2). The reference compounds
BGJ398 and FIIN-1 showed only partial inhibition of FGFR2
V564M at concentrations of 1.0 μM (Fig. 2 and SI Appendix, Fig. S2).
As we showed above, Ba/F3 cells expressing the FGFR2

C491A/V564M dual mutant were resistant to inhibition by FIIN-2
and FIIN-3, strongly suggesting that both inhibitors require co-
valent binding to FGFR to achieve potency. We independently
corroborated that FIIN-2 and FIIN-3 are indeed covalent inhib-
itors by performing cellular wash-out experiments. WT FGFR2
Ba/F3 cells were treated with the reversible inhibitor BGJ398 or
with FIIN-2 or FIIN-3 at 20 nM for 3 h and then were washed
extensively with PBS and were allowed to recover for 4 h. Western
blot of the cellular lysates revealed that, as expected, FIIN-2 and
FIIN-3 were capable of sustained inhibition of FGFR2 autophos-
phorylation after the washout, but the reversible inhibitor BGJ398
was not (SI Appendix, Fig. S3A). An analogous experiment was
performed using FGFR2 C491A Ba/F3 cells in which reversible
inhibition was demonstrated for all three inhibitors, as expected.
To monitor the degree of FGFR target engagement, the lysates
also were treated with a biotinylated version of FIIN-1, FIIN-
1-biotin (43), which covalently labels FGFR and allows streptavidin-
mediated affinity chromatography. Consistent with the signaling
studies, FIIN-1-biotin strongly labeled FGFR2 in BGJ398- but
not in FIIN-2– or FIIN-3–treated and washed cells (SI Appendix,
Fig. S3B). Cumulatively these results provide strong evidence that
FIIN-2 and FIIN-3 are irreversible, covalent inhibitors and that
Cys491 of FGFR2 is the primary labeled site.
To study the binding modes and structure-affinity relationship

of our inhibitors, we solved the cocrystal structure of FGFR4
kinase domain bound to FIIN-2 [Protein Data Bank (PDB) ID
code 4QQC] at 2.35-Å resolution (Fig. 3 A and B). In the
structure, the two nitrogen atoms from the pyrimidine moiety of
FIIN-2 form two hydrogen bonds with Ala553 in the hinge-
binding region. Consistent with our biochemical data, a covalent
bond is formed between the reactive acrylamide group of FIIN-2
and Cys477 in the kinase P-loop. This covalent bonding pulls
down the adjoining Phe478 from the P-loop, allowing it to en-
gage in aromatic contacts with the acrylamidobenzyl group of the
compound. Importantly, this conformational change creates fa-
vorable intramolecular π–π stacking contacts between Phe478
from the P-loop and Phe631 from the DFG motif, permitting

Phe631 to interact with the 3,5-dimethoxylphenyl group and the
4-acrylamidobenzyl group in a “π-stacking sandwich” fashion.
As a result of Phe631 being stabilized in a DFG-out conforma-
tion, FGFR4 adopts an inactive conformation upon binding with
FIIN-2; this conformation has not been observed in any pre-
viously reported FGFR crystal structures (Fig. 3B) (59). This
observation was surprising, because FIIN-2 was designed to be a
type I inhibitor and does not possess the typical benzamide
moiety that allows prototypical type II inhibitors, such as imati-
nib and ponatinib, to occupy the hydrophobic pocket created by
the flip of the DFG motif that characterizes the inactive con-
formation (60). We also solved the FGFR4V550L/FIIN-3 cocrystal
structure (PDB ID code 4R6V), which exhibited a conformation
and binding mode very similar to that of FGFR4WT/FIIN-2. The
pseudo six-membered ring next to the 4,6-pyrimidine core in
FIIN-3 adopts a conformation almost identical to the bicyclic
core of FIIN-2 (Fig. 3C). To elucidate the binding modes that
enable FIIN-3 to be a dual inhibitor of both FGFR and EGFR,
we solved the cocrystal structure of EGFR L858R kinase domain
with FIIN-3 (PDB ID code 4R5S) (Fig. 3D). EGFR L858R is an
oncogenic mutant that commonly is found in NSCLC and that is
very similar structurally to WT EGFR (61). As expected, FIIN-3
forms a covalent bond to Cys797 of EGFR (Cys797 is the site of
covalent modification for all the reported covalent EGFR inhib-
itors). As in FGFR family kinases, EGFR has an equivalently
positioned Phe723 in the P-loop. However, this Phe723 does not
partake in inhibitor binding, nor does the Phe856 of the DFG
motif, and EGFR adopts a DFG-in conformation upon binding
with FIIN-3. These observations indicate that the formation of
a covalent bond with a cysteine residue in the P-loop is necessary
for the formation of hydrophobic contacts between these phe-
nylalanines and the drug. The chlorine of FIIN-3 is within hy-
drogen-bonding distance of Thr854 in EGFR (and of Ala629, at
the same position, in FGFR); this interaction may explain why
FIIN-3 showed stronger potency than FIIN-2 against EGFR. The
4-acrylamidobenzyl group of FIIN-3, which is longer than the
3-acrylamidophenyl substituents present in other reported EGFR
covalent inhibitors (4, 62), provides the flexibility and proper
distance for the covalent binding to distinctive cysteines of EGFR
and FGFR.
To evaluate the antiproliferative activity more broadly, FIIN-2,

FIIN-3, and BGJ398 were profiled on several established cancer
cell lines known to be dependent on FGFR signaling for survival
(Table 2). As expected, all three inhibitors displayed similarly
potent inhibition of cells, such as the RT112 bladder cancer cell
line, that harbor the FGFR3/TACC3 fusion (39). To confirm
that the resistance conferred by the gatekeeper mutation in
FGFR2 also would be observed for the gatekeeper mutation in
FGFR1 in the context of a cancer cell line, we generated FGFR1
V561M gatekeeper mutants in both H2077 and H1581 cells, two
cell lines derived from a patient with a lung cancer with high-
level FGFR1 amplification. These mutations caused a >50-fold
shift in the EC50 of BGJ398, whereas FIIN-2 and FIIN-3 main-
tained good potency, with EC50s reduced less than 10-fold rel-
ative to WT. The downstream prosurvival signaling pathways of
FGFR also were examined in these cell lines, showing that all
three inhibitors effectively suppressed p-FRS2, p-FGFR, p-AKT,
and p-ERK in these FGFR-activated cells at 1.0 μM, except that
BGJ398 failed in the FGFR1 V561M H1581 cells (Fig. 4 and SI
Appendix). In biochemical assays [SelectScreen; Life Technology
(55)], FIIN-2 and FIIN-3 inhibited FGFR1 V561M with IC50s of
89 and 109 nM, respectively. In H1581 cells they also inhibited
FGFR V561M in a dose-responsive manner, with both of them
inhibiting most autophosphorylation of FGFR1 V561M at 333 nM,
whereas BGJ398 still was inactive at 1.0 μM. (SI Appendix, Fig.
S4). FIIN-2 and FIIN-3 also inhibited the proliferation of A2780
ovarian carcinoma cells, which were reported to be FGFR4-
dependent (36). Their potency was at least 10-fold stronger than

Fig. 2. Inhibition of FGFR-dependent signaling by BGJ398, FIIN-2, and FIIN-3
in Tel/FGFR2 V564M Ba/F3 cells. Cells were treated with a dose escalation of
inhibitors for 6 h and then were lysed and subjected to Western blot for the
indicated proteins or phosphoproteins.
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that of BGJ398 and at least 60-fold stronger than that of their
respective noncovalent counterparts. Both FIIN-2 and FIIN-3
also were very potent against the 4T1 breast cancer cell line,
which is reported to be pan-FGFR–dependent (63), being at
least 15-fold more potent than their respective noncovalent
counterparts (Table 2). We conclude that FIIN-2 and FIIN-3 show
excellent antiproliferative activity in a variety of backgrounds, in-
cluding cell lines that have gatekeeper mutations in FGFR1 and
that are dependent on FGFR4.
The ability to inhibit simultaneously both FGFR and EGFR

kinase activity covalently while still maintaining good overall
kinase selectivity is a unique property of FIIN-3. To validate the
dual inhibitory activity of FIIN-3, we picked the SKOV-3 ovarian
carcinoma cell line, which is reported to overexpress both EGFR
and FGFR and whose proliferation could be inhibited only
partially by selective FGFR or EGFR inhibitors (36, 64, 65).
SKOV-3 cells were treated with FIIN-2, FIIN-3, and BGJ398 in

the presence or absence of FGF or EGF ligands, and the growth
response was assessed. Without any stimulation FIIN-3 inhibited
proliferation of the SKOV-3 cells with an EC50 of 499 nM,
whereas the EC50 of FIIN-2 was 925 nM. FRIN-2 and FRIN-3
showed potency comparable to that of BGJ398, with EC50s
around 1.6 μM (Table 2). The addition of 10 ng/mL FGF1 in-
creased the total cell number by 20–30%, but this increase was
abolished by all three inhibitors at concentrations above 100 nM.
The addition of 10 ng/mL EGF stimulated similar increases in
cell number which were observable for all three inhibitors at all
concentrations tested; FIIN-3 again was the most potent in-
hibitor (SI Appendix, Fig. S5). Next we evaluated the inhibitory
effects of the three compounds at a concentration of 1.0 μM on
the FGFR-dependent signaling pathway with or without exoge-
nous FGF1 stimulation (SI Appendix, Fig. S6). Consistent with
the biochemical and cellular evaluation of EGFR and FGFR
activities, FIIN-3 was uniquely capable of inhibiting phosphory-

Fig. 3. (A and B) FIIN-2 (purple stick) covalently binds to Cys477 in the P-loop of FGFR4 (green ribbons) and results in the DFG-out conformation of FGFR4. (C)
FIIN-3 (pink stick) binds to Cys477 of FGFR4 V550L (green ribbons) with a similar binding mode. (D) FIIN-3 binds to Cys797 of EGFR L858R (blue ribbons)
covalently and in a DFG-in conformation.

Table 2. Antiproliferative activity of FGFR inhibitors against various cancer cell lines

Cell line Genotype Cancer type

EC50, nM

BGJ398 FIIN-2 FIIN-3 FRIN-2 FRIN-3

H2077 NSCLC 7 3.9 5.3
H2077 (V561M) FGFR1 amplification Transgenic >1,000 16.1 1.4
H2077 (vector) 3.5 3.9 2.4
H1581 NSCLC 10.5 4.8 2.5
H1581 (V561M) FGFR1 amplification Transgenic 507.5 23.6 11.8
H1581 (vector) 9 3.3 2.15
H520 FGFR1 amplification NSCLC 121.2 109.3 98.9
Kato III FGFR2 amplification Gastric carcinoma 3.4 1.9 2.5
AN3 CA FGFR2 N549K activating mutation Endometrial

adenocarcinoma
26.6 23.9 26.2

RT112 FGFR3/TACC3 fusion and FGFR3
amplification

Bladder carcinoma 2.7 6.8 15.9

A2780 FGFR4 amplification Ovarian carcinoma 0.5 0.04 0.01 3.2 0.6
4T1 FGFRs amplification Breast carcinoma 125 23 46 455 669
SKOV-3 FGFRs and EGFR amplification Bladder carcinoma 1,633 925 499 1,654 1,649
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lation of both EGFR and FGFR regardless of FGF1 stimulation.
In the absence of FGF1, all three compounds were capable of
inhibiting the phosphorylation of the downstream effectors FRS2,
AKT, and ERK1/2; however, after FGF1 stimulation, p-AKT and
p-ERK1/2 were significantly restored for BGJ398, partially re-
stored for FIIN-2, and were not restored for FIIN-3. Cumula-
tively these results show that only FIIN-3 is an effective cellular
inhibitor of both EGFR and FGFR signaling in SKOV-3 cells,
whereas FIIN-2 might partially inhibit EGFR at 1.0 μM.
FIIN-2 and FIIN-3 also were evaluated using 3D dispersion

assays in a microfluidic device. Compared with conventional 2D
assays The 3D assay creates a 3D microenvironment that allows
better evaluation of drugs that inhibit cell migration or epithe-
lial–mesenchymal transition (66). SKOV-3 spheroids were sus-
pended in the gel region of the microfluidic system and cultured
in the presence or absence of FGF or EGF (20 ng/mL). SKOV-3
spheroids did not dissociate within a 48-h period in the absence
of a high concentration of growth factors (SI Appendix, Fig.
S7A); however, many cells had dissociated and spread by 48 h in
the presence of FGF1 (20 ng/mL). FIIN-2, FIIN-3, and FRIN-3
at 1.0 μM almost fully suppressed this dissociation up to 48 h
after treatment (Fig. 5A). FIIN-3, but not FIIN-2 or FRIN-3 at
1.0 μM, could also block most dissociation of SKOV-3 spheroids
in the presence of EGF (Fig. 5B). The numbers of dispersed cells
under each condition were used to compute percentages of in-
hibition (SI Appendix, Fig. S7). The results of the 3D assay support
the conclusion from 2D cultures that, although both FIIN-2 and
FIIN-3 can inhibit FGFR signaling, only FIIN-3 is an effective
inhibitor of EGF-induced signaling.

Finally, the in vivo efficacy of FIIN-2 and FIIN-3 was exam-
ined using a zebrafish developmental model. Treatment of fish in
the embryonic state with either FIIN-2 or FIIN-3 caused defects
to the posterior mesoderm similar to the phenotypes reported
following genetic knockdown of FGFR or treatment with other
reported FGFR inhibitors (9, 67). FIIN-2 and FIIN-3 caused
mild or severe phenotypes to the tail morphogenesis in all trea-
ted embryonic zebrafish. The efficiencies were lower than that of
BGJ398 but higher than that of AZD4547 and PD173074 (SI
Appendix, Fig. S8).

Discussion
Based on the structure of the first (to our knowledge) covalent
FGFR inhibitor, FIIN-1, we developed a second generation of
FGFR inhibitors exemplified by FIIN-2 and FIIN-3. These two
inhibitors maintained the ability to form a covalent bond with a
conserved cysteine residue in the P-loop of all FGFR kinases while
improving the affinity for WT and mutant forms of FGFR1–4,
including gatekeeper mutants. Mutation of the reactive cysteine
residue, washout, and biotin probe-labeling experiments dem-
onstrated that the ability of FIIN-2 and FIIN-3 to inhibit FGFR
gatekeeper mutants requires the formation of a covalent bond
with the P-loop cysteine residue, and this finding was validated
further by the WT and gatekeeper-mutated FGFR4 cocrystal
structures. Surprisingly, these cocrystal structures also demon-
strated a unique mode of inducing the DFG-out flip without
conforming to the pharmacophore typically used to achieve this
binding mode (60). Comparison with the EGFRL858R/FIIN-3
cocrystal structure demonstrated how the 4-acrylamidobenzyl
moiety of FIIN-3 provides the flexibility and spacing required
to target spatially distinct cysteines in FGFR and EGFR.

Fig. 4. Inhibition of FGFR-dependent signaling by BGJ398, FIIN-2, and FIIN-3
in H1581 (FGFR1 WT or V561M) cells. Cells were treated with indicated
inhibitors at 1.0 μM for 12 h and then were lysed and subjected to Western
blot for the indicated proteins or phosphoproteins.

Fig. 5. Effects of FIIN-2, FIIN-3, and FRIN-3 on FGF- and EGF-induced dis-
persion of SKOV-3 cells in a 3D microfluidic device. Images show represen-
tative spheroids of SKOV-3 cells after indicated treatment with FGF (A) or
EGF (B), in the presence or absence of the FIIN-2 and FIIN-3. Objective mag-
nification power is indicated in the lower right corner. (A) Phase-contrast
images of SKOV-3 spheroids at the indicated times after the addition of FGF.
In contrast to the cell dispersal observed in control-treated devices, treatment
with 1.0 μM of FIIN-2, FIIN-3, or FRIN-2 inhibited FGF1-induced dispersion of
SKOV-3 cells. (B) Phase-contrast images of the SKOV-3 spheroids induced
to disperse with EGF and subjected to control, FIIN-2, or FIIN-3 treatment. At
1.0 μM FIIN-3, but not FIIN-2, fully inhibited the EGF-induced dispersion of
SKOV-3 cells.
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Both inhibitors exhibited excellent potency against typical can-
cer cell lines harboring FGFR amplifications or mutations, in-
cluding the FGFR4-dependent cell line A2780, which is resistant
to many current FGFR inhibitors. FGFR4 has been reported to
play a very important role in metastasis, drug resistance, and poor
prognosis (23, 68–70); therefore FIIN-2 and FIIN-3, with good
FGFR4 potency, show promising potential for application in many
FGFR-dependent cancer types such as breast cancer (63, 71) and
hepatocellular carcinoma (72, 73). In addition, they are capable
of overcoming the valine-to-methionine gatekeeper mutation
in H2077 and H1581 cell lines, although similar mutations
found in patients’ specimens have been demonstrated exper-
imentally to confer resistance to the leading clinical FGFR
inhibitors (19, 48, 50).
FGFR and EGFR both signal primarily through the PI3K/

AKT/mTOR and RAS/MAPK networks; therefore compensa-
tion from either receptor is possible (74–76). Both EGFR and
FGFR have been reported to be overexpressed and likely con-
tributors in ovarian cancer (36, 64, 65), and FGF3/EGFR co-
overexpression also was reported in NSCLC (77). In addition,
the activation of FGFR autocrine pathways were found to be
individually responsible for acquired resistance to gefitinib (an
EGFR inhibitor) in NSCLC, and combination treatments such as
PD173074 and gefitinib were required to restore effective growth
inhibition (78, 79). Likewise, EGFR/ErbBs recently were reported
to limit the sensitivity to FGFR inhibition in FGFR3-mutated or
-translocated cell lines such as RT112 (FGFR3/TACC3 fusion)
and MGHU3 (Y375C) (80, 81), and the PD173074 and gefitinib
combination displayed an obvious synergistic effect (80). It was
reported that p-EGFR level was much higher in 4T1 tumors than
in cell cultures, suggesting potential crosstalk with exogenous
growth factors and cytokines in the in vivo tumor environment
and that combinatorial targeting of FGFR and EGFR might be
advantageous (38, 82). Although combination therapy with se-
lective inhibitors is possible when available, rationally designed
dual and multitargeted inhibitors have the potential advantage of
possessing the desired polypharmacology engineered into a single
compound, thereby avoiding potential drug–drug interactions
that can arise with combination treatment (83). Dual covalent
inhibitors of EGFR and VEGFR have been designed previously,
but these compounds possessed two electrophilic groups. In
contrast, FIIN-3 exploits a single acrylamide group that is capable
of accessing two spatially distinct cysteine residues in EGFR and
FGFR (84). FIIN-3 presents the potential advantage of circum-
venting resistance that could arise from either FGFR- or EGFR-
induced bypass signaling. As a dual FGFR and EGFR inhibitor,
FIIN-3 was more potent than FIIN-2 and BGJ398 in inhibiting
the AKT and ERK1/2 phosphorylation and proliferation of
SKOV-3 cells, especially when stimulated with exogenous growth
factors such as FGF and EGF, which are present in vivo. We used
a newly developed 3D assay to observe the effect of FIIN-2 and
FIIN-3 on migration of SKOV-3 cells when stimulated with
growth factors and further confirmed FIIN-3 as an effective dual
inhibitor. There are great opportunities for developing dual
inhibitors with even better EGFR potency based on the cocrystal
of EGFR with FIIN-3; for example, the side chain of Glu762 in
EGFR is located very close to the 2,6-dichloro-3,5-dimethox-
yphenyl group of FIIN-3, providing the possibility of H-bond in-
teraction after proper modification. We anticipate that FIIN-2
and FIIN-3 will serve as prototype covalent FGFR inhibitors that
will enable further preclinical validation and will inspire the de-
velopment of next-generation FGFR-directed therapy.

Materials and Methods
Cloning Full-Length TEL-FGFR2. Full-length TEL oncogene (TEL)-FGFR2 cDNA
was constructed by RT-PCR amplifying the N-terminal fragment of TEL
containing a unique ApaLI restriction site and the C-terminal fragment of

FGFR2, using a forward primer containing the complementary TEL ApaLI
region. PCR sequences used to generate the overlapping fragments are

TEL-F: 5′-ATACGAAGTTATCAGTCGACATGTCTGAGACTCCTGCTCAGT-3′

TEL-R: 5′-ATTTGTCGTGATAGGTGACCTGGA-3′

FGFR2-F: 5′-GGATAATGTGCACCATAACCCTGTTTCGGCTGAGTCCAGCTC-3′

FGFR2-R: 5′- ACGAATGGTCTAGAAAGCTTTCATGTTTTAACACTGCCGTTTATG-3′

The fusion DNA was inserted in a pDNR-Dual vector (BD Biosciences) using
SalI/HindIII sites and was recombined into the JP1520 retroviral vector as
previously described (4). Full-length cDNA was confirmed by sequencing.

Ba/F3 Cell-Viability Assays. TEL-FGFR2–transformed Ba/F3 cells were seeded in
a 96-well plate and were treated with each concentration of the com-
pounds. After 72 h the cells were assessed by MTS tetrazolium assay. The IC50

values were calculated using GraphPad Prism version 5.0 (GraphPad Soft-
ware Inc.). To generate FGFR2 mutants, V564M, C491A, or C491A/V564M
were introduced into Tel-FGFR2 WT cells using site-directed mutagenesis
(Agilent) followed by introduction into Ba/F3 cells using retroviral infection.
For other mutants, Ba/F3 cells expressing TEL-FGFR2 WT were exposed to 50
μg/mL N-ethyl-N-nitrosourea (Sigma Aldrich) for 24 h, followed by culture in
96-well plates in the presence of FIIN-1 (0.1 μM). Resistant clones were se-
quenced using RT-PCR for secondary FGFR2 mutations. M538I, E565K, V564F,
or K659N mutations were detected in the drug-resistant cells. Each mutation
was introduced into TEL-FGFR2 WT cells using site-directed mutagenesis and
then was introduced into Ba/F3 cells using retroviral infection. The EGFR-
and RET-transformed Ba/F3 cells were generated as previously described (4,
85). BTK, KIT, FLT1/4 transformed Ba/F3 cells were from Carna Biosciences.

Immunoblotting Analysis and Washout Experiment. Cells grown under the
previously specified conditions were lysed in lysis buffer (Cell Signaling Tech-
nology). For washout experiments, cells were incubated with FGFR inhibitors
for 3 h, washed with PBS three times, maintained in Roswell Park Memorial
Institute (RPMI) medium with 10% (vol/vol) FBS for 4 h, and then harvested.
The resulting lysates were analyzed for immunoblotting or immunoprecip-
itation. Western blotting analyses were conducted after separation by SDS/
PAGE electrophoresis and transfer to nitrocellulose membranes. Immuno-
blotting was conducted according to the antibody manufacturer’s recom-
mendations (Fig. 2 and SI Appendix). For immunoprecipitation, the lysates
were treated with FIIN-1-biotin (5.0 μM) for 1 h and were immunoprecipi-
tated with anti-FGFR2 antibody (SI Appendix, Fig. S3). Anti–p-FGFR (Tyr653/
654), anti–p-FRS2 (Tyr436), anti–p-Akt (Ser473), anti-AKT, and anti–α-tubulin
were obtained from Cell Signaling Technology; anti–p-ERK1/2 (pT185/pY187)
and anti-ERK1/2 were purchased from Invitrogen; anti-FGFR2 and anti-FRS2
were from Santa Cruz.

FGFR4-FIIN-2 and FGFR4 V550L-FIIN-3 Crystallization and Structure
Determination. FGFR constructs spanning residues L445–E753 and bearing
the V550L mutation were prepared, and the protein was expressed and
purified as previously reported (86). All crystals were grown by the hanging-
drop vapor diffusion method at 18 °C. Purified FGFR4KWT and FGFR4KV550L

protein were concentrated to ∼20 mg/mL using Centricon-10 (Millipore). To
generate cocrystals, kinases and inhibitors were mixed at a molar ratio of
1:1.2 and were incubated at 4 °C overnight to allow the formation of co-
valent bonds between the compound and cysteine 477 in the kinase.
FGFR4KWT/FIIN-2, FGFR4KV550L/FIIN-2, and FGFR4KV550L/FIIN-3 complexes
were crystallized using crystallization buffer composed of 0.1 M Hepes (pH
7.5), ∼1.0–1.2 M (NH4)2SO4, and 10 mM Yttrium (III) chloride hexahydrate.
Crystals grew in about 7–15 d at 18 °C, were stabilized in mother liquor by
increasing the glycerol concentration stepwise to 25% (vol/vol), and then
were flash-frozen in liquid nitrogen. Diffraction data were collected at
Beamline X-4C at the National Synchrotron Light Source, Brookhaven Na-
tional Laboratory, Upton, NY. All diffraction data were processed using the
HKL2000 suite (87). All crystal structures were solved using the maximum
likelihood molecular replacement program Phaser in the PHENIX software
suite (88). The crystal structure of WT FGFR2 kinase (PDB ID code 2PSQ) (89)
was used as the search model. The A-loop, the b2–b3 loop, and the kinase
insert region were removed from the search model. Model building was
carried out using Coot (90), and refinements were done using phenix.refine
in the PHENIX suite (88). Data collection and structure refinement statistics
are listed in SI Appendix. Atomic superimpositions were performed using the
lsqkab program (91) in the CCP4 suite (92), and structural representations
were prepared using PyMOL (93).
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EGFR L858R-FIIN-3 Crystallization and Structure Determination. The EGFR
construct spanning residues 696–1022 and bearing the L858R mutation was
prepared, and the protein was expressed and purified as previously reported
(61). The apo-EGFR 696–1022 L858R crystals were prepared in 40% (vol/vol)
PEG400, 150 mM NaCl, 0.1 M Hepes (pH 8.0), 5 mM Tris(2-carboxyethyl)
phosphine, and 0.1 M nondetergent sulfobetaine (NDSB)-211. The com-
pound was incorporated by soaking the crystals in the crystallization reser-
voir solution supplemented with 0.5 mM FIIN-3 for 4–6 h, and then the
complex crystals were flash-frozen in the same solution, which served as
a cryo-protectant. The diffraction data were collected at The Advanced
Photon Source (APS) ID19 at 100 K and were processed using the HKL-3000
program (87). The structure was solved by the difference Fourier method
using the previously reported EGFRL858R/AMP-PnP structure (PDB ID code
2ITV) (61) with PHENIX software (88) and then was refined using Coot (90)
and PHENIX. The inhibitor was modeled into the closely fitting positive Fo-Fc
electron density and then was included in following refinement and fitting
cycles. Topology and parameter files for the inhibitors were generated using
PRODRG (47). Data collection and structure refinement statistics are listed in
SI Appendix.

Cancer Cell Proliferation Assays and Immunoblotting Analysis. NCI-H2077, NCI-
H1581, H520, Kato III, AN3CA, RT112, A2780, 4T1, and SKOV-3 cells were
treated with inhibitors 1 d after being plated at a density of 1,500 cells per
well in 96-well plates. The gatekeeper mutation cell lines were generated by
ectopically overexpressing FGFR1 V561M in either NCI-H2077 or NCI-H1581
cells via lentiviral transduction. Cell survival was assessed at 96 h following the
addition of inhibitor using the Cell-Titer-Glo reagent (Promega) according to
the manufacturer’s instructions. EC50 values were calculated using GraphPad
Prism 5 (GraphPad Software) (Table 2). SKOV-3 cells also were treated in the
presence of FGF or EGF ligand. Proliferation measurements were made after
96 h using a luminometer. Data are shown as relative values: The lumines-
cence of cells with indicated inhibitor dose is compared with that of un-
treated cells (SI Appendix, Fig. S5). For immunoblotting analysis, H1581,
H1581 (FGFR1 V561M), KATO III, RT112, and SKOV3 cells (1 million cells per
well) were seeded and serum-starved for 12 h with either DMSO or the in-
dicated doses of inhibitors. After 12 h of pretreatment, SKOV3 cells were
treated with FGF ligands at 10 ng/mL for another 15 min or were left un-
treated; then all cells were lysed in RIPA. Equal amounts of protein were

analyzed by SDS/PAGE (Fig. 4 and SI Appendix). Primary antibodies used were
as follows: p-FRS2-α (Tyr436, #3861S, and Tyr196, #3864), p-EGFR (Y1068, 1H12,
#2236S), AKT (#9272S), p-AKT (Ser473, #4060S), p-ERK1/2 (T202/Y204, #4370S),
and ERK1/2 (#4695S) were from Cell Signaling Technologies. FRS2 (H-91, sc-
8318) was from Santa Cruz. EGFR (#A300-388A) was from Bethyl Antibodies.

3D Dispersion Assays. For 3D dispersion assays, SKOV-3 cells were allowed to
grow in spheroids by resuspending cells at low density (2,000–4,000 cells∕mL)
and were cultured for 10–14 d in ultra-low-attachment dishes (Corning Inc.).
Spheroids of 40- to 70-μm diameter were selected with sieves as reported
(66). Spheroids were seeded in the central region of a microfluidic device
using standard soft lithography techniques (94, 95). The central region of
the device is flanked by two channels. For our assays, the channel surfaces
were coated with poly-D-lysine and dried and then were loaded at low
pressure with SKOV-3 spheroids suspended in 2.5 mg∕mL type I collagen (30–
50 spheroids∕200 μL). After gel polymerization, medium with or without FGF
or EGF and with or without FIIN-2 or FIIN-3 was added to the channels
flanking the gel region, and the devices were incubated in a humid envi-
ronment at 37 °C with 5% CO2. Images of the spheroids were captured on an
Olympus CKX41 microscope equipped with a QIClick camera (QImaging).

Zebrafish Embryo Study. WT Danio rerio (zebrafish) Tübingen/AB strain em-
bryos were collected from male–female crosses and were incubated at 28 °C.
At 2 h postfertilization (hpf), 15 embryos were placed in each well of a 24-
well plate in 1 mL of E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2,
0.33 mM MgSO4). Vehicle (DMSO) control and stock solutions of FIIN com-
pounds or known FGFR inhibitors were added to the wells at a final con-
centration of 25 μM, except for NVP-BGJ398, which was tested at 5.0 μM. The
treated embryos were incubated at 28 °C until 50 hpf, when the phenotype
of abnormal posterior mesoderm was scored. Results shown were combined
from two independent experiments. Images were captured using Leica Wild
M10 dissecting microscope and a SPOT Insight camera.
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