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Abstract

The FGFR kinases are promising therapeutic targets in mul-
tiple cancer types, including lung and head and neck squamous
cell carcinoma, cholangiocarcinoma, and bladder cancer.
Although several FGFR kinase inhibitors have entered clinical
trials, single-agent clinical efficacy has been modest and resis-
tance invariably occurs. We therefore conducted a genome-wide
functional screen to characterize mechanisms of resistance to
FGFR inhibition in a FGFR1-dependent lung cancer cellular
model. Our screen identified known resistance drivers, such as
MET, and additional novel resistance mediators including
members of the neurotrophin receptor pathway (NTRK), the
TAM family of tyrosine kinases (TYRO3, MERTK, AXL), and
MAPK pathway, which were further validated in additional
FGFR-dependent models. In an orthogonal approach, we gen-
erated a large panel of resistant clones by chronic exposure to

FGFR inhibitors in FGFR1- and FGFR3-dependent cellular
models and characterized gene expression profiles employing
the L1000 platform. Notably, resistant clones had enrichment
for NTRK and MAPK signaling pathways. Novel mediators of
resistance to FGFR inhibition were found to compensate for
FGFR loss in part through reactivation of MAPK pathway.
Intriguingly, coinhibition of FGFR and specific receptor tyro-
sine kinases identified in our screen was not sufficient to
suppress ERK activity or to prevent resistance to FGFR inhibi-
tion, suggesting a redundant reactivation of RAS–MAPK path-
way. Dual blockade of FGFR and MEK, however, proved to be a
more powerful approach in preventing resistance across diverse
FGFR dependencies and may represent a therapeutic opportu-
nity to achieve durable responses to FGFR inhibition in FGFR-
dependent cancers. Mol Cancer Ther; 17(7); 1526–39. �2018 AACR.

Introduction

The FGFRs are transmembrane receptor tyrosine kinases
(RTK) with growing relevance in cancer therapeutics. Focal
amplification of FGFR1 has been identified in as many as
20% of squamous cell lung cancer and approximately 10%
of head and neck squamous cell carcinoma and 10% of
breast cancer patients (1–5). Recurrent mutations, transloca-
tions, or amplifications of FGFR2 have been identified in
endometrial cancer, cholangiocarcinoma, and gastric cancer,

respectively (6–9). Furthermore, mutations and fusions of
the FGFR3 gene have been described in approximately 15%
of invasive bladder cancer, whereas FGFR3 translocations
have been identified in approximately 3% of glioblastoma
multiforme (10–12). FGFR4 alterations have principally been
identified in hepatocellular carcinoma, colorectal cancer, and
rhabdomyosarcoma (13).

Preclinical studies have demonstrated the potential for FGFR
kinases to serve as therapeutic targets across different cancer types,
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and a number of selective FGFR inhibitors have entered clinical
trials (3, 6, 14–16). Despite initial enthusiasm, clinical efficacy of
these compounds as single agents has beenmodest, particularly in
patients with FGFR1 amplification (15). Dramatic but short-lived
responses in patients with urothelial cancer harboring FGFR3

mutations or fusions and cholangiocarcinoma with FGFR2

fusions have been observed more frequently, but resistance
invariably occurs (15–17).

Intrinsic and acquired resistance to FGFR inhibitors has
recently been described in several instances. Rapid acquisition
of resistance to FGFR inhibition has been described in FGFR3-
dependent bladder cancer models, by upregulation of ERBB2/3
(18, 19). Conversely, the FGF2–FGFR1 autocrine pathway has
been shown to drive resistance to gefitinib in EGFR-dependent
non–small cell lung cancer (NSCLC; refs. 20, 21), suggesting an
interplay between the EGFR and FGFR pathways. MET over-
expression has further been shown to confer resistance to FGFR
inhibitors in FGFR1-amplified lung cancer cell lines (22), while
HGF, the ligand for MET, can rescue from anti-FGFR therapy in
gastric and bladder cancer lines dependent on FGFR2 or FGFR3,
respectively (23). Furthermore, reactivation of PI3K signaling
has been found to promote acquired resistance in FGFR2 and
FGFR3-dependent cellular models (24). Several in vitro studies
have moreover described the emergence of gatekeeper muta-
tions that shift the ATP affinitity to the binding site in the
FGFR kinases (25). Gatekeeper mutations have also been
recently described in tumors of patients with FGFR2-translo-
cated cholangiocarcinoma treated with BGJ398, where despite
initial response, tumors rapidly acquired FGFR2 mutations
with marked inter- and intralesional heterogeneity (17). The
suboptimal clinical outcomes with FGFR inhibitors in multiple
contexts underscore the need for upfront rational combination
approaches, which have the potential to overcome intrinsic
resistance and suppress or delay the emergence of acquired
resistance, prolonging the clinical benefit of FGFR inhibitors.

Given that clinical responses to FGFR inhibitors have been
modest particularly in FGFR1-amplified cancers, broadening our
understanding of how FGFR1-addicted tumor cells can overcome
reliance on FGFR is critical to developing more effective thera-
peutic strategies. We therefore performed a genome-wide func-
tional screen to identify genes whose overexpression is sufficient
to confer resistance to FGFR inhibition and performed a high-
throughput gene expression profiling of a large panel of FGFR-
resistant clones to identify pathways enriched in resistance. We
then tested whether coinhibition of the resistance pathways
identified could overcome or delay emergence of resistance to
FGFR inhibitors.

Materials and Methods

Cell lines and chemical reagents

NCI-H2077, RT112, DMS114, and NCI-H520 were cultured
in RPMI media, supplemented with 10% FBS, and penicillin/
streptomycin/L-glutamine (PSG). AN3 CA was cultured in
DMEM, supplemented with 10% FBS and PSG. All cell lines were
cultured at 37�C in a humidified chamber in the presence of
5% CO2. Cell lines were obtained from ATCC or Sigma-Aldrich,
primarily in 2014 and 2016, and were not further authenticated.
Cells were not passaged for more than 6 months and were
routinely monitored in our laboratory for cellular morphology
and microbial presence by microscopic observation. Cell lines

used for open reading frame (ORF) screen, gene expression, and
xenograft studies were tested and confirmed negative for myco-
plasma (MycoAlert PLUS, Lonza).

BGJ398 (26), trametinib (27), LDC1267 (28), LOXO-101
(ARRY-470; ref. 29), imatinib (30), BKM120 (31), AZD8931
(32), and MGCD265 (glesatinib; ref. 33) were purchased from
Selleck. FIIN-3 (34) and Torin2 (35) were a generous gift from
Dr.NathanaelGray atDana-FarberCancer Institute (Boston,MA).

Pooled ORF screen

The ORF pooled barcoded library is derived from the Center
for Cancer Systems Biology (CCSB)–Broad lentiviral expression
library described previously (36) and expresses 17,255 clones
matching 12,429 genes. NCI-H2077 cells were seeded at 3 �

106 cells/well in 12-well plates and were transduced with the
pooled lentiviral library in the presence of polybrene (8 mg/mL)
on day �6 (Fig. 1A). Two plates were seeded for replicate A and
two for replicate B. An additional plate contained wells similarly
transduced with eGFP-expressing lentivirus as a control, and
several wells not transduced (noninfected controls). Plates were
spun at 2,000 rpm for 2 hours at 30�C and incubated overnight. A
sufficient number of cells were infected to have a representation of
1,000 cells per ORF (a 30% infection efficiency and 85% viability
was assumed on the basis of prescreen optimization). On the
following day, an inline assay was set up to determine infection
efficiency in a 6-well plate, and the remaining cells were seeded
in T175 flasks (Rep A, Rep B, eGFP). Transduced cells were select-
ed for with puromycin (1 mg/mL). Infection efficiency was deter-
mined on the basis of the in-line assay on day �1 of the experi-
mental protocol. Cells fromRepA andRep Bflaskswere harvested
on day 0 and split into the following conditions: early time point
sample (ETP; 2 � 107 cells/sample), DMSO (2 � 107 cells),
BGJ398 100 nmol/L (4 � 107 cells), BGJ398 300 nmol/L (4 �

107 cells), FIIN-3 100 nmol/L (4 � 107 cells), and FIIN-3
300 nmol/L (4 � 107 cells). The ETP sample was used to check
library representation prior to treatment. Cells expressing eGFP
were similarly harvested and split into treatment conditions and
were seeded at 4 � 106/flask into T75 flasks. The ETP sample was
centrifuged, resuspended with 0.5 mL of PBS, and stored at
�20�C. Drug was first added on day þ1, and cells were passaged
every 3 to 4 days. For flasks with fewer than 2 � 107 cells
remaining, all cells were reseeded when passaging. On day
þ14, cells were harvested, counted, and stored at �20�C. DNA
was extracted from all samples using the QIAamp DNA Blood
Maxi Kit (Qiagen).

PCR and sequencing were performed as described previously
(37). Samples were sequenced on a HiSeq2000 (Illumina). For
analysis, the read counts were normalized to reads per million
and then log2 transformed. The log2 fold change (LFC) of each
ORF at day þ14 in drug was determined relative to the ETP for
each biological replicate. Counts for every replicate were aver-
aged given the high replicate reproducibility. Candidate med-
iators of resistance to BGJ398 and FIIN-3 were defined as ORFs
that had a LFC greater than or equal to 1.5 following treatment
compared with the ETP sample at both drug concentrations
employed.

ORF screen validation

NCI-H2077 cells were seeded in 96-well plates at a density of
3,000 cells/well and transduced with lentivirus corresponding
to distinct candidate transcripts (Supplementary Methods).
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Day 0:

Withdraw puromycin. 

Day 0:

Harvest early time point (ETP) sample 

to check library representation.

Day 1 to 14:

Day 14:

Harvest cells.

Identify enriched 

ORFs compared to 

ETP sample.

Transduce NCI-H2077

cells with pooled 

genome-wide ORF library

(1 ORF/cell, 1,000 cells/ORF).

Day -6: Day -6 to -1:

Select for transduced 

cells with puromycin.

Treat cells with BGJ398,

FIIN-3, or vehicle (DMSO).

(2 replicates/condition)

A

B

BGJ398 (18) FIIN-3 (2)

EGFR

RET

KIT

SRC

LCK

AKT2

P2RX1

S1PR4

INTU

CLDN8

ABCC3

ARMCX4

FAM107B

KBTBD4

MPP6

PARP3

SLC22A7

UGCG

C

KRAS

HRAS

BRAF

MAP3K8

AXL

TYRO3

MERTK

NTRK1

NTRK2

NTRK3

PDGFRA

PDGFRB

MET

FLT3

BCL2

TLR7

(14)

D

Z-score

-1 8 <

Negative

controls

Validation in NCI-H2077

H2077
RT112
AN3 CA

K
R

A
S

 G
1

3
D

B
R

A
F

 V
6

0
0

E

E
G

F
R

 1
9

d
e

l

H
R

A
S

M
A

P
3

K
8

A
X

L

P
D

G
F

R
A

A
K

T
2

P
A

R
P

3

U
G

C
G

M
E

T

K
IT

 L
5

7
6

P

H
B

E
G

F

N
T

R
K

1

P
D

G
F

R
B

IN
T

U

T
Y

R
O

3

F
L
T

3
L

G

P
D

G
F

B

N
T

F
4

K
IT

L
G

G
A

S
6

F
A

M
1

0
7

B

N
T

R
K

3

K
B

T
B

D
4

B
T

C

N
T

F
3

A
R

E
G

S
1

P
R

4

N
G

F

A
R

M
C

X
4

F
L
T

3

M
E

R
T

K

T
L

R
7

N
T

R
K

2

R
E

T

N
R

G
1

L
C

K

N
R

G
4

S
R

C

H
G

F

M
P

P
6

B
C

L
2

S
C

L
2

2
A

7

P
2

R
X

1

C
L

D
N

8

A
B

C
C

3

e
G

F
P

S
P

A
C

A
3

P
G

A
P

3

S
T

8
S

IA
3

2.5

17,255 ORFs (12,429 genes)

Validated in H2077:

25/34 candidate ORFs (34 genes)

10/13 relevant ligands

62 candidate ORFs (34 genes)

Near genome-wide 

ORF screen
LFC ≥ 1.5 

6-point drug dose 

validation in H2077

(top ORF per gene

and 14 relevant 

ligands tested)

Z-score ≥ 2.5

(BGJ398 or

FIIN-3)

ORFs of interest further validated

 in RT112, AN3 CA, H520, DMS-114

E

F

K
R

A
S

 G
1

3
D

H
R

A
S

M
A

P
3

K
8

B
R

A
F

 V
6

0
0

E
A

X
L

M
E

R
T

K
T

Y
R

O
3

N
T

R
K

1
N

T
R

K
2

N
T

R
K

3

P
D

G
F

R
A

P
D

G
F

R
B

M
E

T
F

LT
3

E
G

F
R

 1
9

d
e

l
e

G
F

P

B
G

J
3

9
8

F
IIN

-3

10
-4

10
-3

10
-2

10
-1

10
0

10
1

0

20

40

60

80

100

120

BGJ398 Concentration (μmol/L)

C
e

ll 
v
ia

b
ili

ty
 

(%
 o

f 
c
o

n
tr

o
l,
 9

6
 h

rs
)

eGFP

KRAS G13D

HRAS

0

20

40

60

80

100

120

FIIN-3 Concentration (μmol/L)

Z-score

-1 8 <2.5

G

C
e

ll 
v
ia

b
ili

ty
 

(%
 o

f 
c
o

n
tr

o
l,
 9

6
 h

rs
)

eGFP

KRAS G13D

HRAS

10
-4

10
-3

10
-2

10
-1

10
0 10

1

Kinase

GPCRs

Cell

polarity

Other

Kinase

GTPase

Other

MAPK TAM NTRK Other RTKs

DMS-114
H520

H2077
RT112
AN3 CA

DMS-114
H520Positive

control

BGJ398

FIIN-3

ORFs meeting validation criteria

Bockorny et al.

Mol Cancer Ther; 17(7) July 2018 Molecular Cancer Therapeutics1528

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/m
c
t/a

rtic
le

-p
d
f/1

7
/7

/1
5
2
6
/1

8
5
8
3
9
2
/1

5
2
6
.p

d
f b

y
 g

u
e

s
t o

n
 2

7
 A

u
g

u
s
t 2

0
2

2



At 48 hours postinfection, cells were subjected to 6-point dose–
response assays with BGJ398 and FIIN-3. eGFP and KRAS G13D
transcripts were added to each batch of validation experiments as
negative andpositive controls, respectively. Following 96hours of
drug exposure, cell viability was assessed using the CellTiter-Glo
Luminescent Cell Viability assay (Promega). Validation studies of
a subset of novel candidates of resistance were similarly per-
formed in four additional cell lines, AN3 CA (FGFR2-mutated
endometrial adenocarcinoma), RT112 (FGFR3-TACC3 translo-
cated and FGFR3-amplificated bladder carcinoma), NCI-H520
(FGFR1-amplified squamous cell lung cancer), and DMS114
(FGFR1-amplified small-cell lung cancer; Supplementary Meth-
ods). All conditions were tested in triplicate, unless otherwise
noted. Drug curves and IC50 values were generated using Graph-
Pad Prism 6 (GraphPad Software).

Immunoblotting

Cells were lysed in RIPA buffer (Roche) containing protease
inhibitors (Roche) and Phosphatase Inhibitor Cocktails I and II
(CalBioChem). Protein concentrations were determined using
Bradford assay (Bio-Rad). Proteins were separated by SDS gel
electrophoresis using NuPAGE 4% to 12% Bis-Tris gels (Life
Technologies) in MOPS buffer. Resolved protein was transferred
to nitrocellulose membranes, blocked in 10% milk, and probed
with primary antibodies recognizing p-FRS2 (3861), AKT (9272S),
p-AKT (4060P), ERK (4695S), p-ERK (4370S; all from Cell Signal-
ing Technology), FRS2 (sc83-18, Santa Cruz Biotechnology), actin
(A5441, Sigma-Aldrich), and vinculin (V9131, Sigma-Aldrich) in
5% milk or BSA as recommended by the manufacturer. After
incubation with the appropriate secondary antibody [Pierce anti-
mouse IgG/IgM (31444, Thermo Fisher Scientific) and anti-rabbit
IgG (31460, Thermo Fisher Scientific)], blots were imaged on film.

High-throughput generation and characterization of resistant

FGFR-dependent cell lines

NCI-H2077 and RT112 cells were seeded in 24-well plates at a
density of 7,500 cells/well and allowed to adhere overnight. Cells
were treated weekly with BGJ398 (1 mmol/L). Once cells resumed
a growth pattern that resembled the parental line, they were
considered resistant to BGJ398 and were seeded into 96-well
plates (4 replicates/resistant clone, seeded at 8,000 cells/well)
and allowed to adhere overnight. Cells were then treated with
BGJ398 for 24 hours; media were then removed and cells were
lysed using TCL Lysis Buffer (Qiagen, 100 mL/well, 30-minute
incubation at room temperature). Lysates were stored at �80�C
and subsequently sent to the Broad Institute (Cambridge,MA) for
gene expression analysis using L1000 profiling platform. Parental

NCI-H2077 and RT112 cell lines were similarly processed and
served as controls.

The L1000 assay is a high-throughput, multiplexed mRNA
expression profiling technique (38). It is based on the direct
measurement of a reduced representation of the transcriptome
(978 "landmark" transcripts) and inference of the portion of the
transcriptome not explicitly measured using an algorithm trained
on several thousands of historicalmicroarray-derived gene expres-
sion profiles. Robust z-score for each individual transcript was
calculated on the basis of quantile-normalized data and subse-
quently utilized to query for enriched pathways.

To query for enrichment of biological pathways in resistant
clones compared with controls, the Database for Annotation,
Visualization and Integrated Discovery (DAVID) was utilized
(39). The top 2,500 upregulated genes in each cluster, as well as
for all clones overall, were entered into DAVID for analysis. All
P valuesof theKyotoEncyclopediaofGenesandGenomespathway
were adjusted bymultiple testing correction (Benjamini–Hochberg
FDR) (40), and signatures with adjusted P<0.05 were considered
statistically significant (Supplementary Methods).

Genomic analysis of resistant NCI-H2077 cells

NCI-H2077 cells were seeded in 10-cm plates and were treated
with BGJ398 starting at 10 nmol/L. Every 1 to 2 weeks, once
treated cells resumed growth rates similar to parental cells, the
drug concentration was increased by 50 to 100 nmol/L. After
about 4 months, resistant cells were maintained in 5 mmol/L of
BGJ398. At that time, genomic DNA was isolated from the
parental and resistant cells using the DNeasy Blood and Tissue
Kit (Qiagen) and sent to the Center for Cancer GenomeDiscovery
at theDana-Farber Cancer Institute (Boston,MA) and the Partners
Laboratory for Molecular Medicine (Cambridge, MA) for analysis
using RNA baits targeting exons of 504 genes and select intronic
regions of 15 genes to detect mutations, translocations, and copy
number variations (Supplementary Methods).

Colony formation assays

Conventional 2D cell culture assays were employed to
assay colon formation. Cells (1 � 105) were seeded in 6-well
plates, allowed to adhere overnight, and then incubated with
media containing vehicle or drug as indicated for 4 weeks.
Media (and drug) were replaced weekly. At 4 weeks, plates were
fixed with 1% paraformaldehyde and then stained with 0.1%
crystal violet as described previously (http://medicine.yale.edu/
lab/kim/resources/protocols/cell/crystal_violet_stain.aspx) to
assess colony formation. Results were quantified using an
ImageJ Colony Area PlugIn (41).

Figure 1.

A genome-wide gain-of-function screen identifies candidate mediators of resistance to FGFR inhibition. A, Schematic overview of the experimental approach.

NCI-H2077 cells were transduced with a genome-wide ORF pooled barcoded library derived from the CCSB-Broad Lentiviral Expression Library. ORF-

expressing cells were selected for, and then treated with BGJ398, FIIN-3, or DMSO as indicated. After 14 days of drug exposure, cells were harvested to assess for

enriched ORFs compared with the ETP sample. B, Scatter plot of LFC for all ORFs following treatment with BGJ398 (first panel) and FIIN-3 (second panel) at

concentrations of 100 nmol/L versus 300 nmol/L, compared with the ETP sample. Replicates were averaged to obtain the LFC for each condition. ORFs associated

with LFC greater than or equal to 1.5 (dashed line) at both drug doses were considered mediators of resistance. Several of the top representative candidates are

indicated. C, Venn diagram outlining candidate resistance genes for BGJ398, FIIN-3, or for both drugs. The number of candidate genes for each group is displayed in

parenthesis. Genes are organized into functional groups (GPCR, G-protein–coupled receptor). D, Summary of primary screening and validation studies. E,

Representative cell viability assay for HRAS wild-type ORF validated for BGJ398 (top) and FIIN-3 (bottom) in NCI-H2077 cells. KRAS G13D and eGFP were used as

positive and negative control, respectively. F, Heatmap displaying normalized IC50 (z-score) for the validation of candidate drivers of resistance to BGJ398

and FIIN-3 in NCI-H2077 cells. Positive control KRASG13D is displayed in red and negative controls in blue. Experimental ORFs are displayed in orange and ligands in

black. G, Heatmap displaying normalized IC50 (z-score) for a subset of candidate resistance genes in NCI-H2077, RT112, AN3 CA, NCI-H520, and DMS-114

cells for BGJ398 (top heatmap) and FIIN-3 (bottom heatmap).
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Xenograft tumor studies

Xenograft studies were approved by the Dana-Farber Cancer
Institute Animal Care and Use Committee. NCI-H2077 xeno-
graft models were established by subcutaneous injection of
0.5 � 106 cells in Matrigel (Corning) into both flanks of nude
mice (NU/NU, #088 Charles River Laboratories) when animals
were 6 to 8 weeks of age. The xenograft studies were powered to
include 5 mice (10 tumors/treatment group) providing 82%
power to detect an underlying difference in progression-free
survival between 70% and 10% at 8 weeks in Fisher exact test
at a one-sided 0.05 level. When tumors reached approximately
200 mm3, as measured by caliper, mice were randomized to
four groups of 5 female mice each, for each cell line: (i) vehicle;
(ii) BGJ398; (iii) trametinib; or (iv) combination treatment. The
animals were randomized to treatment using simple randomiza-
tion by cage. Investigators were not blinded to group allocation.
We employed an initial dose of BGJ398 15 mg/kg once daily
by oral gavage and trametinib 1.5mg/kg once daily by oral gavage
for the initial 3 weeks to assess toxicity as this combination has
not been described previously. Given good tolerance, the dose
of inhibitors was increased by approximately 33% at day 21 to
BGJ398 20 mg/kg once daily and trametinib 2.0 mg/kg once
daily. Caliper measurements were then performed weekly and
continued for 8 weeks.

Statistical analysis

Data are expressed as mean � SD. Statistical significance was
determined using Student t test. Statistical analyses were per-
formed in Prism 6 (GraphPad Software). Significance was set at
P ¼ 0.05.

Results

A genome-wide gain-of-function screen identifies 34 candidate

drivers of resistance to FGFR inhibition

To identify transcripts whose overexpression is sufficient to
drive resistance to FGFR inhibition, we performed a genome-wide
ORF screen using a pooled barcoded lentiviral library (17,255
ORFs; representing 12,429 unique human genes and containing
both wild-type and clinically relevant transcripts of common
somatically altered oncogenes) in the FGFR1-amplified NSCLC
cell line, NCI-H2077 (Fig. 1A). NCI-H2077 was selected for this
screen as it hasmarkedbaseline sensitivity to FGFR inhibitorswith
IC50 for BGJ398 and FIIN-3 of 17 and 3 nmol/L, respectively, and
is suitable to infection with the pooled lentiviral ORF library
(Supplementary Fig. S1A). We sought to identify which ORFs
mediate resistance to two FGFR inhibitors: BGJ398, a first-gen-
eration reversible FGFR inhibitor currently in the clinic, and FIIN-
3, a second-generation covalent inhibitor, to consider whether
resistance mechanisms may vary for reversible versus covalent
FGFR inhibitors (26, 34). BGJ398 is a potent inhibitor of FGFR1-
3, but less so of FGFR4 (Supplementary Table S1). FIIN-3 is
however a potent inhibitor of FGFR1-4. In addition, FIIN-3 targets
previously characterized FGFR gatekeeper mutations, as well as
EGFR with lower potency (Supplementary Table S2; refs. 34, 42,
43). The screen was performed using 100 and 300 nmol/L of
BGJ398 and FIIN-3; doses selected as they were sufficient to
suppress growth in the NCI-H2077 model in near-scale optimi-
zation assays (Supplementary Fig. S1B), while minimizing off-
target effects. The screening library contained KRASG13D, which
has been shown to promote resistance to erlotinib, gefitinib, and

crizotinib in NSCLC (44, 45). Preliminary work from our labo-
ratory prior to the ORF screen showed that KRAS G13D also
induced resistance to FGFR inhibition; therefore, we considered
KRAS G13D as a positive control in the screen (Supplementary
Fig. S1C). The screen was also performed on a smaller scale in
parallel with cells overexpressing eGFP (negative control), to
ensure cells were responding as expected to drug. The screen was
performed in duplicate.

Library representation following 14 days of drug treatment was
compared with ETP representation (Fig. 1A). LFC of normalized
read counts between these two time points was determined.
Replicates were strongly correlated; thus, LFC of replicates A and
B were averaged together (Supplementary Fig. S2A). Candidate
mediators of resistance to BGJ398 and FIIN-3 were defined as
ORFs that had a LFC greater than or equal to 1.5 following
treatment compared with the ETP sample at both drug doses
employed.

Sixty ORFs (corresponding to 32 genes) met this criterion for
BGJ398-treated cells and 33 for FIIN-3 (corresponding to 16
genes), of which only two ORFs (TLR7, BCL6) were unique to
FIIN-3 (Fig. 1B; Supplementary Figs. S2B, S3A, and S3B). Candi-
date resistance genes reflected diverse protein classes (Fig. 1C).
Prominent among these were serine/threonine and tyrosine
kinases, comprising 18 of the 34 genes. Genes from the MAPK
pathway (HRAS, MAP3K8, and BRAF V600E) were the most
effective in inducing resistance to both FGFR inhibitors, and
EGFR was a potent inducer of resistance to BGJ398 (both wild-
type and mutant forms, see Supplementary Figure S3A and S3B).
Mutant EGFR only rescued from FIIN-3 at the lower dose
employed in the screen, which is consistent with the pharmaco-
logic activity of FIIN-3 (Supplementary Tables S1 and S2; ref. 34).
Similarly, RET kinase only rescued from BGJ398 and not FIIN-3,
consistent with the off-target effects of FIIN-3 on RET kinase (34).
Overall, we observed a high overlap between drivers of resistance
for reversible and covalent FGFR inhibitors, with differences
primarily being explained by their pharmacologic activity.

Validation of candidate drivers of resistance to FGFR inhibition

We next validated the candidate drivers of resistance identified
in the screen by expressing individual candidate ORFs in NCI-
H2077 and evaluating their effect on cell viability upon treatment
with BGJ398 and FIIN-3 in 6-point dose–response assays. For
genes represented by multiple ORFs (e.g., EGFR), we validated
only the ORF with the highest LFC in the screen. We recognized
that one limitation of our initial pooled screenmay have been the
inability to identify secreted factors, which may induce resistance
to FGFR inhibition, due to dilution effects. Therefore, we supple-
mented our validation screen with ORFs of key ligands of can-
didate RTKs (e.g., PROS1, GAS6). The IC50 was determined for
each ORF, and the degree of shift in the IC50 for each ORF was
comparedwith eGFP.ORFs associatedwith an SD greater than 2.5
compared with controls for either drug were considered validated
resistance drivers in NCI-H2077. Thirty-five of 47 ORFs met this
criterion and were considered to be validated (Fig. 1D–F). Our
screen confirmed known mediators of resistance to FGFR inhibi-
tors, such as wild-type AKT2 and MET, supporting the biological
relevance of the screening results (19, 22, 46). Both wild-type and
mutant EGFR (exon 19 deletion, L858R, etc.) rescued strongly
from BGJ398 in the initial screen; however, only the top ORF was
validated (EGFR exon 19 deletion, EGFR p.Glu746_Ala750del).
Some of the mediators of resistance identified (AXL, MAP3K8,
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BRAF V600E, SRC, AKT2, HRAS, NTRK1, and NTRK2) have been
previously identified as drivers of resistance to RAF/MEK inhibi-
tion in BRAF-mutantmelanoma, PI3K inhibition in breast cancer,
and ALK and EGFR inhibition in ALK-rearranged and EGFR-
mutated lung cancer, respectively (47–50). Novel resistance
mechanisms to FGFR inhibition identified include members of
the TAM kinase family (TYRO3, AXL, and MERTK), neurotrophic
tyrosine receptor kinases (NTRK1-3), PDGFRA and B, FLT3 and
KIT L576P, aswell as severalMAPK familymembers (KRASG13D,
BRAF V600E, HRAS wild type, and MAP3K8 wild type). As these
are potential targets of existing pharmacologic inhibitors, these
kinases emerged as candidate mediators of resistance whose
blockade in combination with FGFR inhibition might augment
FGFR therapy either by blocking emergence of resistance or by
combating resistance once it develops.

We further evaluated these novel and readily targetable
mechanisms of resistance for their ability to overcome anti-FGFR
therapy in additional FGFR-dependent cellularmodels, including
FGFR1-amplifiedmodels of squamous cell lung carcinoma (NCI-
H520) and small-cell lung cancer (DMS114), FGFR2-mutated
endometrial adenocarcinoma (AN3 CA), and FGFR3-TACC3

translocated bladder cancer (RT112). Cells were transduced with
the ORFs of interest and were subjected to 10-point growth
inhibition assays with BGJ398 and FIIN-3. eGFP-transduced cells
were included as a negative control and KRAS G13D-transduced
cells as a positive control. Members of the MAPK families con-
ferred resistance to FGFR inhibition broadly across different FGFR
dependencies, with HRAS wild-type overexpression conferring
the greatest rescue (Fig. 1G). Activating HRAS mutations have
previously been shown to confer resistance to MET inhibition
(51), and EGFR inhibitor in head and neck carcinoma (52);
however, to our knowledge, HRAS overexpression has not pre-
viously been identified as a resistance mediator. BRAF V600E,
which has also been shown to mediate resistance to first and
newer generation EGFR inhibitors (53, 54), was similarly a
strong mediator of resistance to FGFR inhibition, except for in
DMS-114. MAP3K8 wild type, which has previously been shown
to promote resistance in BRAF-mutant melanoma and ALK-
dependent lung cancer (47, 49), was similarly a generalizable
mediator of resistance to both BGJ398 and FIIN-3 across models,
again with the exception of DMS-114. AXL, TYRO3, and NTRK1
also broadly conferred resistance across the variousmodels tested,

to both BGJ398 and FIIN-3. NTRK1, NTRK2, AXL, and MERTK
have also been reported to promote resistance to EGFR inhib-
ition in EGFR-mutated NSCLC (50, 55). These findings raise the
possibility of shared mediators of resistance to FGFR and EGFR
inhibition in FGFR- and EGFR-dependent lung cancers.

We next explored biochemical effects of overexpression of the
novel resistance genes, including TAMs,NTRK1,HRAS, PDGFRA,
and MET upon FGFR inhibition with BGJ398 in NCI-H2077
(Fig. 2), RT112, and AN 3CA (Supplementary Fig. S4). In
parental NCI-H2077 cells, BGJ398 blunts phosphorylation of
AKT and only transiently suppresses phosphorylation of ERK
with reactivation of ERK appearing within 12 hours (Fig. 2A).
Overexpression of AXL and TYRO3 led primarily to increased
and maintained ERK activation despite FGFR blockade with
BGJ398. PDGFRA overexpression caused sustained activation
of AKT and had no significant effect on pERK (Fig. 2B). Over-
expression of NTRK1, MET, and HRAS led to strong activa-
tion of both ERK and AKT despite FGFR blockade, with HRAS
having the strongest effect on both pAKT and pERK. A similar
pattern of upregulation of ERK activity was observed in RT112
and AN 3CA cellular models following ectopic expression of
candidate resistance mediators. In addition, AKT activity upre-
gulation was noted in RT112, in particular following HRAS and
NTRK1 overexpression (Supplementary Fig. S4).

RAS–MAPK pathway is enriched in resistant FGFR cellular

models

Although our ORF screen identified a group of candidate
kinases whose ectopic overexpression has the capacity to induce
resistance to FGFRblockade in different FGFR-dependentmodels,
these results do not necessarily indicate that a given kinase
endogenously functions to mediate resistance. Therefore, we
performed an orthogonal set of experiments to further identify
candidate genes and pathways whose endogenous expression is
alteredwith acquired resistance to FGFR blockade.We established
a large panel of BGJ398-resistant clones ofNCI-H2077 andRT112
by chronic exposure to high-dose BGJ398 (1 mmol/L) in 24-well
tissue culture plates (Fig. 3A). mRNA from resistant clones and
parental cells was analyzed by a high-throughput gene profiling
method (L1000; ref. 38), and the expression data were queried for
enrichment in resistant clones compared with controls as detailed
above (Supplementary Table S3; ref. 39).

Figure 2.

A subset of validated resistance ORFs reactivate MEK/ERK and/or PI3K signaling. A, Protein lysates from NCI-H2077 cells after treatment with DMSO or

BGJ398 1 mmol/L probed at different time points for keymembers of the canonical FGFR signaling pathway.B,ORF-expressing NCI-H2077 cells after treatment with

DMSO or BGJ398 1 mmol/L for 1 and 24 hours were probed for FRS2, ERK, and AKT activity (BGJ, BGJ398).
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Figure 3.

High-throughput generation and characterization of resistant FGFR-dependent cell lines. A, Schematic overview of the experimental approach. NCI-H2077 and

RT112 were seeded in separate 24-well plates and subjected to weekly treatment with BGJ398 1 mmol/L until resistance. At that time, resistant clones were seeded

in quadruplicate in 96-well plate, and mRNA was isolated for gene expression analysis by the L1000 platform. B, Unsupervised hierarchical clustering of gene

expression profiles of all BGJ398-resistant clones of NCI-H2077 and RT112 and respective DMSO controls. Clustering yielded two large groups of BGJ398-resistant

NCI-H2077 clones, and two additional small clusters with distinct profiles. RT112 formed a single large cluster. C, Pathway enrichment analysis of resistant

clones compared with controls using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. The top 2,500 upregulated genes in each cluster were

used for pathway enrichment analysis. Results were adjusted by multiple testing correction (Benjamini–Hochberg FDR) and signatures with adjusted P <0.05

were considered statistically significant. Five significant results are shown per cluster. D, Supervised analysis of gene expression of resistant clone clusters

identified in B, including several neurotrophin family receptors and their respective ligands, the TAM (TYRO3, MERTK, AXL) family members and their respective

ligands, and positive and negative regulators of MAPK pathway.
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Unsupervised hierarchical clustering of these signatures yielded
two large clusters of FGFR-resistant NCI-H2077 clones, and two
additional small clusters with distinct profiles (Fig. 3B). Clustering
by gene expression also largely matched clone cellular phenotype
(i.e., clones with a similar morphology and similar time to resist-
ance development clustered together; Supplementary Fig. S5A).
Among the enriched pathways in resistant clones of NCI-H2077
compared with controls were four pathways associated with genes
identified in our functional ORF resistance screen, including PI3K
and ERBB pathways, also consistent with prior reports of resistance
to FGFR inhibitors (Fig. 3C; refs. 18, 19, 24). RAS–MAPK pathway
was among the most enriched in NCI-H2077, while neurotrophin
signaling pathway was also significantly upregulated in clusters
2 and 3, providing further support for the NTRK family of kinases
to serve as mediators of FGFR inhibitor resistance. Of note,
resistant clones in cluster 1 displayed an expression pattern dis-
tinct from other clones with a more notable enrichment of the
mTOR signaling pathway (Fig. 3C). This is of particular interest as
mTOR has been reported to be an essential gene in FGFR1-
dependent cellular models and the combination of FGFR and
mTOR inhibitors resulted in a synergistic effect in these models
(56). Supervised analysis of gene expression changes in resistant
clones further highlighted the NTRK and TAM families, as well as
MAPK pathway family members, including both positive and
negative regulators (Fig. 3D; Supplementary Fig. S5B). Of note,
some of the genes that were strong mediators of resistance in the
ORF screen were not overexpressed in the resistant clones (e.g.,
MAP3K8), suggesting that although these genes are able to medi-
ate resistance when overexpressed, they may be less likely to do so
in more physiologic setups, such as chronic drug exposure experi-
ments. Of note, unlike KRAS mutations, MAP3K8 mutations are
a rare event in lung cancer, and MAP3K8 alterations have not yet
been described in bladder cancer.

Unsupervised clustering of RT112 resistant to FGFR inhibition
yielded one large cluster (Fig. 3B). Among the pathways enriched
in resistant clones compared with control, we observed several of

the same pathways identified in resistant NCI-H2077 (RAS–
MAPK, ERBB, PI3K, and NTRK), with RAS and MAPK signaling
pathways being among the most enriched in resistant RT112
clones (Fig. 3C, bottom). These gene expression studies paired
with our functional genetic screen underscore the importance of
RAS–MAPK reactivation in resistance to FGFR inhibition.

Resistant NCI-H2077 cells have a secondary NRAS mutation

and arrest upon inhibition of the RAS–MAPK pathway

We next sought to complement our evaluation of resistance
mechanisms to FGFR inhibitors by investigating whether second-
ary genomic events can induce acquired resistance to FGFR
inhibitors. We addressed this question by generating a separate
set of resistant NCI-H2077 cells with acquired resistance to FGFR
inhibitors. Over severalmonths, a separate set ofNCI-H2077 cells
were maintained in increasing concentrations of BGJ398, such
that populations emerged that were resistant in approximately
5 mmol/L of drug, hereafter referred to as H2077-R (Fig. 4A).
Genomic DNA was isolated from the parental and resistant cells
and Illumina sequencing was performed. Notably, aNRASQ61R
mutation was identified in H2077-R at an approximate 30%
allelic fraction with 148� coverage (Fig. 4B; Supplementary
Fig. S6A). No high-level amplification of known oncogenes was
identified (Supplementary Fig. S6B and S6C). NRAS Q61R is a
known driver of cancer and a strong activator of the MAPK
pathway (57). When treated with trametinib (27), an MEK
inhibitor used to target MAPK pathway signaling, H2077-R cells
were inhibited to a similar degree as NCI-H2077 cells (Supple-
mentary Fig. S6D). However, the combination of trametinib with
a nonlethal concentration of BGJ398 resulted in significant
growth suppression compared with BGJ398 treatment alone,
suggesting a predominance of FGFR signaling through the MAPK
pathway (Fig. 4C).

Despite escalating doses of trametinib, a subset of H2077-R
cells survived even with combination treatment (Fig. 4C), sug-
gesting a cytostatic effect of trametinib, as described previously
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(58). We therefore performed flow cytometry to determine
whether the cells treated with trametinib were predominantly
in the G1 phase, as would be expected if the drug had a cytostatic
effect. As expected, more than 85% of NCI-H2077 and H2077-R
cells were arrested in G1, with 2% or fewer cells in the S-phase,
after treatment with 500 nmol/L drug (Supplementary Fig. S6E).

Upfront coinhibition of FGFR and MEK enhances cellular

response

The findings from our gain-of-function resistance screen and
characterization of resistant clones generated by chronic exposure
to FGFR inhibitors indicated a central role of RAS–MAPK signal-
ing in mediating resistance to anti-FGFR therapy in diverse FGFR-
dependent models. Therefore, we hypothesized that upfront
blockade of MAPK and FGFR may suppress the emergence of
resistance to FGFR inhibitors. To investigate this possibility, we
performed colony formation assays in NCI-H2077 and RT112,
treating with vehicle, FGFR inhibitor (BGJ398 or FIIN-3), MEK
inhibitor (trametinib), or the combination of BGJ398 or FIIN-3
with trametinib for 4weeks.We additionally investigatedwhether
upfront coinhibition of FGFR and novel mediators of resistance
identified in our screen can similarly enhance the effect of anti-
FGFR therapy. For these studies, we used the inhibitors LDC1267
(TAM family; ref. 28), LOXO-101 (NTRK family; ref. 29), imatinib
(PDGFR and KIT; ref. 30), MGCD265 (MET; ref. 33), AZD8931
(pan-ERBB; ref. 32) as well as Torin2 (mTOR; ref. 35), and
BKM120 (PI3K; ref. 31) to explore the effects of PI3K/AKT/mTOR
pathway inhibition (Supplementary Table S4).

Monotherapywith LDC1267, LOXO-101, imatinib,MGCD265,
AZD8931, Torin2, and BKM120 had no appreciable impact on
colony formation in NCI-H2077 and RT112 as compared with
DMSO. BGJ398 and FIIN-3 had a significant impact on colony
formation, with FIIN-3 further reducing colony outgrowth com-
pared with BGJ398, which may be related to its dual FGFR/EGFR
pharmacologic inhibition and underscoring the relevance of
EGFR in the context of resistance to FGFR inhibitors. With the
exception of imatinib, coinhibition of FGFR and an additional
kinase further decreased the outgrowth of cells to varying degrees.
Consistent with prior reports in FGFR-mutant bladder carcinoma,
FGFR2-mutant endometrial cancer and in FGFR1-dependent lung
andhead andneck squamous cell carcinoma,we also notedbroad
andpotent suppression of colony formationwith FGFR inhibitors
combined with either ERBB or PI3K/AKT/mTOR pathway inhi-
bitors (19, 24, 56, 59). However, the addition of trametinib to
FGFR inhibitors yielded the most consistent and dramatic effect
across the models tested, with only sparse colonies detected at 4
weeks (Fig. 5A and B).

We similarly evaluated the capability of BGJ398 plus trameti-
nib to block the emergence of resistance in additional FGFR
dependentmodels (AN3CA,FGFR2-mutated endometrial cancer;
NCI-H520, FGFR1-amplified squamous cell lung carcinoma;
DMS114, FGFR1-amplified small cell lung cancer). Consistent
with our prior observation, dual blockade of FGFR and MEK was
highly effective in preventing the emergence of resistance across
different dependencies and lineages (Fig. 6A).

To assess the efficacy and toxicity of the FGFR and MEK
inhibitor combination in vivo, we performed xenograft studies
using the NCI-H2077 cellular model (Fig. 6B and C; Supplemen-
tary Fig. S7). Tumor-bearingmicewere treatedwith (i) vehicle; (ii)
BGJ398; (iii) trametinib; or (iv) combination treatment. BGJ398
in combination with trametinib retarded tumor progression

compared with FGFR inhibition or trametinib alone and signif-
icantly extended progression-free survival (log-rank test <

0.0001). Importantly, combination therapy was well tolerated,
with no weight loss or behavioral changes observed (Supplemen-
tary Fig. S7).

Next, we sought to determine the mechanisms by which coin-
hibition of FGFR and MEK, or additional RTKs, may prevent the
emergence of resistance. To address this, we performed immuno-
blots to consider ERK and AKT activation inNCI-H2077 cells (Fig.
6D). Dual blockade of FGFR and MEK strongly suppressed ERK
phosphorylation, whereas coblockade of TAMs, NTRKs, PDGFR,
and MET did not significantly affect phosphorylation of either
ERK or AKT at 48 hours. These results support the colony forma-
tion results, which showed superiority of dual blockade with
FGFR and MEK in comparison with dual blockade with FGFR or
an additional RTK, such as PDGFR, TAM, NTRK, or MET. These
findings corroborate the importance of effective RAS–MAPK
signaling suppression in potentiating the effect of FGFR inhibi-
tion and preventing the emergence of resistance.

Together, our genetic and pharmacologic studies provide a
rationale for upfront FGFR–MEK inhibitor polytherapy to
enhance the initial therapeutic response and to suppress or
delay the onset of acquired resistance in diverse FGFR-depen-
dent models.

Discussion

The successful application of anti-FGFR therapy in the clinic
has proven remarkably challenging with only modest efficacy
of single-agent FGFR inhibitor therapy, particularly in FGFR1-
amplified cancers (15, 16). Understanding the mechanisms lead-
ing to drug resistance is critical for the design of novel therapeutic
strategies to improve efficacy. Here, we report the results of an
unbiased genome-wide gain-of-function screen, employing bar-
coded ORFs in a pooled format, to systematically characterize
mediators of resistance to FGFR inhibitors. Some of the potential
drivers of resistance identified in our screen represent proteins or
pathways previously implicated in resistance to FGFR inhibitors,
includingMET, EGFR, andAKT2 (18, 22, 24). Thesefindingsunder-
score the capacity of a functional genomic approach using appro-
priate cellular models to identify biologically relevant resistance
mechanisms. Our screen also identified novel mechanisms of
resistance involving members of the TAM, NTRK, PDGFR, FLT3,
KIT, and RAS–MAPK pathways. Overexpression of wild-type
AXL, TYRO3, NTRK1, and MAPK genes consistently and strongly
promoted resistance across cellular models with diverse FGFR
dependencies and lineages (e.g., FGFR1-amplified lung cancer,
FGFR3-TACC3 fusion bladder cancer, FGFR2-mutated endometrial
cancer), with HRAS wild type having the strongest rescue effect.

MAPK activation was the most generalizable mechanism of
resistance across models to both BGJ398 and FIIN-3, further
supporting the rationale for upfront FGFR–MAPK blockade (Fig.
1G). Our data further suggest that resistance mediated by RTKs is,
in contrast, more context dependent, with significant variability
across different genomic backgrounds and lineages, underscoring
the clinical challenge of rational combination with dual RTK
inhibition. Interestingly, an exception to this context dependence
was AXL (and to a lesser degree TYRO3 and NTRK1), which
appeared to be a more broadly generalizable resistance med-
iator to FGFR inhibition. AXL has been linked to epithelial–
mesenchymal transition, drug resistance, andmetastasis in several
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cancer types, including EGFR-dependent NSCLC, ALK-rearranged
and lung cancer, as well as BRAFmutated melanoma (47, 49, 50,
60, 61). Interestingly, expression profiling of resistant clones
of NCI-H2077 and RT112 showed high upregulation of the TAM
ligands, GAS6 and PROS1. Likewise, NTRK1 overexpression
strongly promoted resistance to FGFR inhibitors in different
FGFR-dependent models, and the neurotrophin signaling path-
way was also enriched in FGFR inhibitor–resistant clones. Bio-

chemical studies revealed that overexpression of these mediators
of resistance results in persistent activation of ERK, despite FGFR
inhibition, supporting a concept in which a subset of RTKs can
promote resistance to FGFR inhibitors by sustaining MAPK acti-
vationwhen FGFR signaling is blocked. Furthermore, gene expres-
sion profiling and DNA sequencing analysis of resistant clones
supported the key role of the RAS–MAPK family in mediating
resistance to anti-FGFR therapy.

A

B
G
J

Tr
am

To
rin

 2
B
K
M
A
ZD

LD
C

LO
X
O
Im

at

M
G
C
D

Tr
am

 +
 B

G
J

To
rin

 2
 +

 B
G
J

B
K
M

 +
 B

G
J

A
ZD

 +
 B

G
J

LD
C
 +

 B
G
J

LO
X
O
 +

 B
G
J

Im
at

 +
 B

G
J

M
G
C
D
 +

 B
G
J

0

20

40

60

80

100

120

D
ru

g
-r

e
s
is

ta
n

t 
c
o

lo
n

ie
s  

(%
 o

f 
c
o
n
tr

o
l,
 a

t 
4
 w

e
e
k
s
)

H2077

******

* *
ns.

***
*** ***

B
G
J

Tr
am

To
rin

 2
B
K
M
A
ZD

LD
C

LO
X
O
Im

at

M
G
C
D

Tr
am

 +
 B

G
J

To
rin

 2
 +

 B
G
J

B
K
M

 +
 B

G
J

A
ZD

 +
 B

G
J

LD
C
 +

 B
G
J

LO
X
O
 +

 B
G
J

Im
at

 +
 B

G
J

M
G
C
D
 +

 B
G
J

0

20

40

60

80

100

120

D
ru

g
-r

e
s
is

ta
n

t 
c
o

lo
n

ie
s
 

(%
 o

f 
c
o
n
tr

o
l,
 a

t 
4
 w

e
e
k
s
)

RT112

***

*

ns.

*

***

**
**

*

B

FIIN
-3

Tr
am

To
rin

 2
B
K
M
A
ZD

LD
C

LO
X
O
Im

at

M
G
C
D

Tr
am

 +
 F

IIN
-3

To
rin

 2
 +

 F
IIN

-3

B
K
M

 +
 F

IIN
-3

A
ZD

 +
 F

IIN
-3

LD
C
 +

 F
IIN

-3

LO
X
O
 +

 F
IIN

-3

Im
at

 +
 F

IIN
-3

M
G
C
D
 +

 F
IIN

-3
0

20

40

60

80

100

120

** * **

D
ru

g
-r

e
s
is

ta
n

t 
c
o

lo
n

ie
s
 

(%
 o

f 
c
o
n
tr

o
l,
 a

t 
4
 w

e
e
k
s
)

** ** **

FIIN
-3

Tr
am

To
rin

 2
B
K
M
A
ZD

LD
C

LO
X
O
Im

at

M
G
C
D

Tr
am

 +
 F

IIN
-3

To
rin

 2
 +

 F
IIN

-3

B
K
M

 +
 F

IIN
-3

A
ZD

 +
 F

IIN
-3

LD
C
 +

 F
IIN

-3

LO
X
O
 +

 F
IIN

-3

Im
at

 +
 F

IIN
-3

M
G
C
D
 +

 F
IIN

-3
0

20

40

60

80

100

120

**
**

ns.

ns.ns.

**

ns.

**D
ru

g
-r

e
s
is

ta
n

t 
c
o

lo
n

ie
s
 

(%
 o

f 
c
o
n
tr

o
l,
 a

t 
4
 w

e
e
k
s
)

H2077 RT112

Figure 5.

FGFR inhibition in combination with

MEK inhibitor hinders the

establishment of drug-resistant

colonies in different FGFR-dependent

models. A, NCI-H2077 and RT112 cells

were treated with DMSO, trametinib

(MEK), Torin2 (mTOR), BKM120

(PI3K), AZD8931 (pan-ERBB),

LDC1267 (TAM), LOXO-101 (NTRKs),

imatinib (PDGFR), MGCD-265 (MET),

BGJ398, FIIN-3, or either BGJ398 or

FIIN-3 in combination with the

abovementioned kinase inhibitors.

Colony formation was assayed by

crystal violet staining at 4 weeks.

DMSO was stained by 1 week. One

representativewell fromaminimumof

three biological replicates is shown

per condition (doses: BGJ398 at 300

nmol/L for NCI-H2077 and 1 mmol/L

for RT112; trametinib at 100 nmol/L;

other tyrosine kinase inhibitors at

1 mmol/L for both cell lines). B,

Quantification of colony formation

in A, shown as a percentage of the

control for NCI-H2077 and RT112.

Mean (3 biological replicates) � SD

shown (� , P < 0.05; �� , P < 0.005;
��� , P < 0.0005, two-sided t test,

comparing combination treatment

with BGJ398 treatment). ns, not

significant (BGJ, BGJ398; Tram,

trametinib; BKM, BKM120; AZD,

8931; LDC, LDC1267; LOXO, LOXO-101;

Imat, imatinib; MGCD, MGCG-265).
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Our screenwas performed in a pooled format, which compared
with arrayed screens greatly facilitates the screening process and
makes the query of a near-genome scale pool of ORFs feasible.
However, one limitation we noted was the inability to detect
ligands as mediators of resistance in the pooled format, likely
secondary to the dilution of ligands coming from only a small
population of cells.We attempted to address this limitation in our
validation studies by including relevant ligand ORFs for the RTKs
identified in the initial pooled screen. In addition, as our discovery
genome-wide screen was performed in an FGFR1-amplifiedmod-
el, there may be additional mechanisms uniquely relevant to
other FGFR-dependent cancers, which were not detected in our
study. For instance, ERBB2/3 was not identified as candidate
mediator of resistance in our screen despite its contribution to
resistance in FGFR3-dependentmodels, but not FGFR1 or FGFR2-
dependent models, based on prior work from our group (62).

We observed a high overlap between drivers of resistance for
reversible and covalent FGFR inhibitors, with differences primar-
ily accounted by different spectrum of pharmacologic activity.
Activating EGFR mutants, for instance, were one of the strongest

mediators of resistance to BGJ398, but only rescued FIIN-3 at low
doses of this inhibitor. EGFR ligands (e.g., BTC, AREG) also
mediated rescue from FGFR inhibition. Our data are consistent
with prior literature demonstrating that the ERBB family can
mediate rescue to FGFR inhibition (18, 23, 34, 62). The converse
has also been shown to be true, with FGFR and FGFR ligands
mediating rescue from EGFR inhibitors in the setting of EGFR-
driven cancers (20, 63–65). These data support the further devel-
opment of dual inhibitors of FGFR and EGFR, such as FIIN-3. Of
further note, the number of candidate mediators of resistance to
FIIN-3 was considerably lower than to BGJ398, and FIIN-3
monotherapy was more efficacious at suppressing colony forma-
tion than BGJ398. These findings can partly be explained by the
additional targets of FIIN-3 (e.g., EGFR, RET); however, they may
also reflect differences due to covalent versus reversible inhibition
of FGFR in hampering resistance emergence. To our knowledge,
this is the first study to consider an effect on resistance emergence
between reversible and irreversible FGFR inhibitors. Further work
is however necessary to investigate whether this is a phenomenon
applicable to additional settings and the mechanism behind it.
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BGJ398 in combination with trametinib hinders the establishment of drug resistance. A, Quantification of colony formation for NCI-H520, DMS114, and AN3 CA

cell lines treated for 4weekswithBGJ398 (BGJ), trametinib (Tram), or combination (BGJþ Tram), shown as a percentage of the control. Mean (3 biological replicates)�

SD shown (� , P < 0.05; �� , P < 0.005; ��� , P < 0.0005, two-sided t test). B, Tumor volume index normalized to pretreatment volume for NCI-H2077 xenografts

treated with the indicated drugs for 8 weeks (n ¼ 5 mice in each treatment group, equivalent to 10 tumors in each group). Mean � SEM shown. C, Progression-
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analysis (P < 0.0001). D, Immunoblot analysis for FRS2, AKT, and ERK activity for NCI-H2077 cells treated for 48 hours with DMSO, BGJ398, or additional kinase
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As previously noted, BGJ398 is a potent inhibitor of FGFR1-3,
but not FGFR4. FGFR4 is structurally distinct from FGFR1-3,
explaining why the majority of advanced clinical stage FGFR1-3
inhibitors (BGJ398, AZD4547, JNJ493) are not potent FGFR4
inhibitors and, conversely, why clinical stage FGFR4 inhibitors
(BLU-554, FGF401) are not potent FGFR1-3 inhibitors (66, 67).
FIIN-3, however, has the unique ability to also inhibit FGFR4with
low nanomolar potency (in addition to FGFR1-3). We did not
explore resistance mechanisms in FGFR4-dependent models in
our work; however, it is plausible that the resistance mechanisms
identified to FIIN-3 are applicable to FGFR4-driven cancers.
Future studies extending validation to FGFR4-dependent models
would be valuable, in particular as to our knowledge, resistance to
FGFR4 inhibitors remains unexplored.

Gene expression profiling of resistant clones ofNCI-H2077 and
RT112 demonstrated enrichment of several pathways associated
with genes identified in our functional ORF screen including RAS,
MAPK, ERBB, PI3K, and NTRK, with RAS–MAPK signaling path-
way being one of the most enriched in both models, supporting
the relevance of the RAS–MAPK family in mediating resistance to
FGFR inhibition. Importantly, some of the differences in expres-
sion profiles of NCI-H2077 and RT112 may be accounted by
differences in heterogeneity in the initial population. Our group
has previously shown that RT112 rapidly becomes resistant to
FGFR inhibition by upregulation of ERBB2/3 expression (19).
However, the elevated ERBB2/3 expression may also represent
selection of a preexisting subclone. NCI-H2077 may represent a
more homogenous population that requires additional muta-
tion acquisition and thereby a longer time period to develop
resistance. On the basis of our data, however, we can only
hypothesize regarding the observed differences, as further char-
acterization of the initial population at the single-cell level
would be required to address the question of upfront hetero-
geneity in the initial populations.

Concurrent upfront blockade of additional RTKs enhanced the
efficacy of FGFR inhibitorsmodestly (Fig. 5A andB). An exception
to this was pan-ERBB inhibition, which yielded quite potent
suppression of colony formation in combination with either
BGJ398 or FIIN-3, in both RT112 and NCI-H2077, which is
consistent with prior reports (19). We furthermore noted dramat-
ic and consistent suppression of colony formation with FGFR
inhibitors combined with PI3K/AKT/mTOR pathway inhibitors
(19, 24, 56, 59). FGFR–MEK coinhibition, however, led to the
most significant decrease of colony formation across FGFR-
dependent models and led to sustained ERK inhibition, suggest-
ing that reactivation of the MAPK pathway is critical to resistance
establishment in FGFR-dependent cancers. Conversely, a recent
study employing a short-hairpin RNA screen in KRAS-mutant
lung cancer identified FGFR1 as a mediator of adaptive resistance
to trametinib and showed that combinatorial blockade of MEK–
FGFR was effective in preventing resistance (68). Similarly, Lee
and colleagues have shown, across a diverse range of oncogenic

dependencies, that MEK inhibition leads to STAT3 activation via
FGFR signaling, leading to drug resistance (64). These data suggest
that dual FGFR–MAPK inhibition may be of value across a broad
range of cancer types.

Here, we show that several RTKs can redundantly reactivate
RAS–MAPK and combined upstream coinhibition only partially
prevents resistance to FGFR inhibitors. However, FGFR inhibition
combined with downstream blockade of MEK provides a more
robust and powerful approach in preventing resistance across
diverse FGFR dependencies and may represent a therapeutic
opportunity to achieve durable responses to FGFR inhibition.
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