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Abstract

Activation of FGFR signaling through mutations, amplifica-
tions, or fusions involving FGFR1, 2, 3, or 4 is seen in multiple
tumors, including lung, bladder, and cholangiocarcinoma.
Currently, several clinical trials are evaluating the role of novel
FGFR inhibitors in solid tumors. As we move forward with
FGFR inhibitors clinically, we anticipate the emergence of
resistance with treatment. Consequently, we sought to study
the mechanism(s) of acquired resistance to FGFR inhibitors
using annotated cancer cell lines. We identified cancer cell lines
that have activating mutations in FGFR1, 2, or 3 and treated
them chronically with the selective FGFR inhibitor, BGJ398.
We observed resistance to chronic BGJ398 exposure in

DMS114 (small-cell lung cancer, FGFR1 amplification) and
RT112 (urothelial carcinoma, FGFR3 fusion/amplification) cell
lines based on viability assays. Reverse-phase protein array
(RPPA) analysis showed increased phosphorylation of Akt
(T308 and S473) and its downstream target GSK3 (S9 and
S21) in both the resistant cell lines when compared with
matching controls. Results of RPPA were confirmed using
immunoblots. Consequently, the addition of an Akt inhibitor
(GSK2141795) or siRNA was able to restore sensitivity
to BGJ398 in resistant cell lines. These data suggest a role for Akt
pathway in mediating acquired resistance to FGFR inhibition.
Mol Cancer Ther; 16(4); 614–24. �2017 AACR.

Introduction
FGFRs play essential roles in mediating cell proliferation,

migration, and survival (1). FGFR belongs to the receptor tyrosine
kinase (RTK) family of proteins that also includes EGFR and
VEGFR family. The FGFR family is comprised of four receptors,
FGFR1, FGFR2, FGFR3, and FGFR4 with 18 known ligands.
Ligand binding leads to dimerization and conformational change
in the receptor, resulting in phosphorylation of tyrosine kinase
domains. The phosphorylated tyrosine residues in turn act as a
docking site for FGFR substrate 2 (FRS2), a vital adapter protein in
the FGFR signaling cascade. Phosphorylation of FRS2 leads to

recruitment of adapter proteins, such as SOS, GRB2, and GAB1,
resulting in the activation of downstream MAPK or PI3K–Akt
pathways.

Deregulation and activation of FGFR signaling has been iden-
tified in multiple cancers that include bladder, lung, biliary,
prostate, and breast (1, 2). FGFR1 amplification has been reported
in 20% of squamous cell carcinoma of the lung (3). FGFR3
mutations are reported in approximately 70% of low-grade
urothelial carcinomas (4). In addition to oncogenic fusions
involving FGFR3 in bladder cancers, FGFR3 fusions have also
been reported in breast, biliary, and prostate cancers (5, 6).

Preclinical studies have shown that FGFR alterations predict
sensitivity to FGFR inhibitors (7, 8). Multiple clinical trials to
evaluate FGFR inhibitors, both selective and nonselective, are
currently in progress. A phase II trial of dovitinib (TKI258), an
FGFR1, FGFR2, and FGFR3 inhibitor, showed activity in estro-
gen receptor–positive (ERþ), FGFR1-amplified breast cancers
(9). However, second-line treatment of dovitinib in FGFR2-
mutated advanced endometrial cancers did not show any
significant activity (10). Lucitanib, an oral, FGFR1/2/3 and
VEGFR inhibitor, has shown activity in FGFR1 and FGF3/4/
19-amplified tumors (11). Also, JNJ-42756493, an oral pan-
FGFR inhibitor, showed significant activity in advanced tumors
with FGFR alterations in a phase I dose escalation study (12). As
studies with other small-molecule inhibitors have illustrated,
despite initial response rates, tumor cells acquire resistance
mechanisms with chronic exposure. Therefore, it is important
to be cognizant of emerging resistance with treatment.
Although FGFR alterations appear to predict sensitivity to
matching inhibitors, little is known about acquired resistance
mechanisms to FGFR inhibition. Consequently, we sought to
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identify mechanisms of acquired resistance to FGFR inhibitors
utilizing a high-throughput proteomic approach. In this article,
we characterize Akt pathway activation in annotated cancer cell
lines with activating FGFR alterations as a mechanism of
acquired resistance to BGJ398, a selective, oral, pan-FGFR
inhibitor.

Materials and Methods
Cell lines, reagents, and antibodies

Human cancer cell lines DMS114 (small-cell lung cancer;
FGFR1 amplification) and RT112 (bladder cancer; FGFR3 fusion
and amplification) were obtained from ATCC and CLS, respec-
tively, during December 2012. All the cell lines (control and
resistant) were authenticated at the University of Arizona Genetic
Core facility (STR profiling) in February 2016. BGJ398 was
purchased from Selleck Chemicals. Akt inhibitor, GSK2141795,
was purchased fromMedChem Express. Inhibitors were prepared
as 10mmol/L stock solutions inDMSO.CellTiter-Glo reagentwas
purchased from Promega Corporation. Lipofectamine 2000 was
obtained from Invitrogen. Control and Akt siRNA were obtained
from Cell Signaling Technology. Antibodies to phospho-FRS2a
(y196), FGFR1,GSK3a, GSK3b, p-GSK3a/b S9/S21, p-GSK3b S9,
p-Akt S473, p-Akt T308, pan-Akt, pMEK1/2, MEK1/2, pERK1/2,
ERK1/2, pYAP-S127, YAP, TSC1, Cyclin B1, and FOXM1 anti-
bodieswere obtained fromCell Signaling Technology. Antibodies
against FGFR3, FRS2a, and GAPDH were obtained from Santa
Cruz Biotechnology. Antibodies to p-FGFR1 (y653/y654) from
EMD Millipore and p-FGFR3 (y724) from Abcam were also
utilized.

Cell culture
DMS114 cell line was cultured in Waymouth's medium

supplemented with 10% heat-inactivated FBS, 1% penicillin
(100 U/mL), and streptomycin (100 mg/mL). Similarly, RT112
cells were grown in RPMI1640 and 2 mmol/L L-glutamine. Cells
were grown as monolayer cultures and maintained in a humid-
ified atmosphere of 5% CO2 in air at 37�C. Cell morphology
was monitored using an EVOS XL Core Cell Imaging System
under a phase-contrast microscope (Life Technologies). Cells
were routinely tested for mycoplasma contamination monthly
using the MycoAlert Plus Mycoplasma Detection Kit (Lonza)
following the manufacturer's protocol. Cells were last tested in
May 2016.

Cell viability and generation of resistance
Cell lines were treated chronically at a fixed concentration

(DMS114; 3 mmol/L) or gradually at increasing concentrations
(RT112) with BGJ398. Control cells were treated with vehicle
DMSO. To assess the development of resistance, cell cultures were
sampled every 4 to 6 weeks and assayed for viability with the
CellTiter-Glo assay (Promega). For viability assays, cells were
seeded (in quadruplicates) in 96-well plates at a density of
2,000 to 3,000 cells per well in a volume of 100 mL. Twenty-four
hours later, media containing BGJ398 or GSK2141795 at various
dilutions or DMSO were added. After 72 hours, CellTiter-Glo
reagent was added and luminescence wasmeasured following the
manufacturer's protocol. Cell viability was evaluated as percent-
age relative to vehicle controls (100%). Viability curves were
plotted using GraphPad Prism software. Upon manifesting resis-
tance, cell lines weremaintained with continued drug exposure at
concentrations that displayed resistance.

Western blots
For immunoblots, cell lysates were isolated and homogenized

in RIPA buffer (10mmol/L Tris-HCl, pH7.5, 150mmol/LNaCl, 5
mmol/L EDTA, 0.5% SDS, 1.0% NP40, 1.0% sodium deoxycho-
late, containing protease and phosphatase inhibitors). Total cel-
lular protein was prepared, mixed with 4� Laemmli's buffer,
boiled at 97�C for 5 minutes, and then separated on SDS-poly-
acrylamide gels. Proteins were transferred onto nitrocellulose
membranes and probed with antibodies described above. After
overnight incubation at 4�C, membranes were blotted for one
hour with HRP-conjugated secondary anti-rabbit/mouse antibo-
dies (1:2,500). Next, bound antibody complexes were detected
and visualized using enhanced chemiluminescence substrate
detection system (Bio-Rad). Blots were stripped and reprobed
with GAPDH antibody to control for loading. The intensity of the
protein bands was quantified by ImageJ software (https://imagej.
nih.gov/ij/).

Reverse-phase protein array
Control and resistant cell lines were plated in 60-mm culture

plates. After 24hours, cellswere lysedusing lysis buffer (1%Triton
X-100, 50mmol/L HEPES pH 7.4, 150 nmol/L NaCl, 1.5mmol/L
MgCl2, 1 mmol/L EGTA, 100 mmol/L sodium pyrophosphate, 1
mmol/L Na3VO4, 10% glycerol, phosphatase and protease inhi-
bitors) and centrifuged at 4�C for 10 minutes at 12,700� g. After
protein concentrations were quantified, the lysate wasmixedwith
4� SDS sample buffer (40% glycerol, 8% SDS, 0.25 mol/L Tris-
HCl pH 6.8), boiled for 5 minutes, and stored at �80�C. Subse-
quently, samples were sent to the Functional Proteomics Core
Facility at MD Anderson for reverse-phase protein array (RPPA)
analysis.

Briefly, cellular proteins were denatured by 1% SDS (with
b-mercaptoethanol) and diluted in five 2-fold serial dilutions
(from undiluted to 1:16 dilution) in dilution buffer (lysis
buffer containing 1% SDS). Serial diluted lysates were arrayed
on nitrocellulose-coated slides (Grace Bio-Labs) by Aushon
2470 Arrayer (Aushon BioSystems). Each slide was probed
with a validated primary antibody plus a biotin-conjugated
secondary antibody. Only antibodies with a Pearson correla-
tion coefficient between RPPA and Western blotting of greater
than 0.7 were used for analysis. The signal obtained was
amplified using a DakoCytomation Catalyzed Signal Amplifi-
cation System (Dako) and visualized by diaminobenzidine
colorimetric reaction. The slides were scanned, analyzed, and
quantified using a customized software MicroVigene (Vigene-
Tech Inc.) to generate spot intensity. Spots from TIFF images
were identified, and the density was quantified by Array-Pro
Analyzer software. Each dilution curve was fitted with a logistic
model (supercurve fitting) developed by the Department of
Bioinformatics and Computational Biology in MD Anderson
Cancer Center (Houston, TX). All the data points were nor-
malized for protein loading and transformed to linear values
for analysis.

RNA sequencing
We used 4 mg of each cell line's total RNA and prepared the

libraries following Illumina's TruSeq Stranded mRNA Sample
Preparation HS (high sample) protocol without modification.
We performed 15 cycles of PCR for amplification of the adapter-
ligated DNA library and assessed the quality of the final DNA
library using the High Sensitivity D1K ScreenTape (TapeStation
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2200; Agilent Technologies). Per manufacturer's protocol, library
peak size was approximately at 260 bp. We prepared indexed
libraries and sent them for 100-bp paired-end sequencing (2 �
100 bp) on an Illumina HiSeq 2000 at Beijing Genomics Institute
(China). All four (DMS114, RT112 controls and respective resis-
tant cells) libraries were pooled and sequenced in one lane. Geo
accession number is GSE92651.

RNAi assay
Resistant DMS114 and RT112 cells were plated for 24 hours

andwere transfectedwith control or Akt-siRNA targeting Akt1 and
Akt2 (60–100 nmol/L) using lipofectamine 2000 following the
manufacturer's protocol (Invitrogen). Cells were harvested after
48hours for protein immunoblot analysis, colony formation, and
invasion assays.

Clonogenic survival assay
Clonogenic survival assay was performed as described previ-

ously with minor modifications (13). Briefly, equal number of
control siRNA- or Akt siRNA–treated cells were allowed to grow in
complete growth media on 60-mm culture plates until visible
colonies were formed (12–14 days). Next, cell colonies were
rinsed with PBS, fixed with 4% paraformaldehyde, stained with
crystal violet solution, washed with water, and air-dried. Visible
colonies were counted manually.

Cell proliferation assay
For cell proliferation assay, resistant cell lines plated on 96

strip–well plate were transfected as described above. Cell viability
was monitored every 24 hours for 5 days using the CellTiter-Glo
assay. Ratios of cell viability for each day relative to day 1 (24
hours after transfection) were plotted.

Cell motility assay
Cell motility assays were carried out with the resistant cells

transfected in 6-well culture plates (14). After 24 hours of
transfection, at approximately 90% confluence, cells were
washed with PBS and a fine scratch in the form of a groove
was made with the help of a sterile pipette tip and immediately
photographed (time 0 hour). Next, cells were supplemented
with complete growth medium and allowed to grow. Migration
of cells from the edge of the groove toward the center was
monitored at 24 hours (�100 magnification). The width of the
scratch was measured at 0 hour and at 24 hours to calculate the
percentage of the gap covered by the cells in a 24-hour time
period.

Transwell invasion assay
DMS114 and RT112 resistant cells were treated with control

and Akt-specific siRNA as described above. Matrigel invasion
assay was performed as described previously (15). Briefly, 48
hours after transfection, equal number of control and Akt
siRNA–treated resistant cells (30,000) were seeded per well in
the Matrigel invasion chambers (Becton Dickinson) and
allowed to invade toward 10% FBS containing media (in the
bottom of the well). Following incubation of the plate for 24
hours, the noninvaded cells were removed, and the invaded
cells at the bottom of the chambers were fixed, stained with
violet, washed, and then counted using an inverted microscope
(�100 magnification).

RNA sequencing analysis
To calculate gene expression, TopHat2 (version 2.0.10) was

used for aligning the FASTQ files to the human reference genome
UCSC build hg19 assembly (16). A UCSC gene annotation file in
GTF format was also used during the alignment. The aligned BAM
file fromTopHat2was fed intoRNASeqQC (version 1.1.7; https://
www.broadinstitute.org/cancer/cga/rnaseqc_download) to gen-
erate alignment metrics. Gene expression for known genes was
calculated as FPKM (fragments per kilobase per million mapped
reads) using CuffLinks (version 2.1.1) from the Tuxedo suite,
whereas the differentially significant genes from a parent and
resistant cell line comparison were found using Cuffdiff (version
2.1.1; ref. 17). The gene annotation file from UCSC was provided
to keep the gene format consistent throughout the pipeline.

Statistical analysis
Descriptive statistics (mean, SD) were used to describe parental

and resistant cell lines in viability curves. To compare differences
in protein phosphorylation between the parent and resistant cell
lines in RPPA, two-sample t test (with equal variances) was
utilized. To adjust P values for multiple comparisons, FDR using
the Benjamini–Hochbergmethodwas employed (18). A cutoff of
FDR <0.05 (q value) was used as a threshold for statistical
significance. Microsoft Excel and R (www.r-project.org; v 2.5.0)
were used for FDR analysis.

Principal component analysis (PCA) was used to explore the
structure of the samples based on protein profiling data in RPPA
(19). The samples were projected onto the principle components
(i.e., PC1, PC2) for each sample, where PC1 and PC2 are the first
two dimensions with the largest variation in the expression data
and are the linear combinations of all proteins' expression. Top
proteins with largest factor loadings on PC1 and PC2 are iden-
tified. Protein expression heatmaps with the imposed two-way
hierarchical clustering (based on average linkage and Euclidean
distance) were generated for each cell line separately. Heatmaps
were generated using MeV 4.9. Statistical analyses for PCA were
performed in R 3.2.

Results
BGJ398 inhibits FGFR signaling pathway

We assessed the levels of FGFR 1 and 3 in DMS114 and RT112
cell lines by RNA sequencing (RNA-Seq) analysis (Supplementary
Table S1).Western blot analysis confirmed that RT112 has FGFR3
expression and no FGFR1, whereas DMS114 has mainly FGFR1
with a small amount of FGFR3 expression (Supplementary Fig.
S1). Next, we assessed the effect of BGJ398 on total and phos-
phorylated forms of FGFR (FGFR1 for DMS114 and FGFR3 for
RT112) and its substrate FRS2 (Fig. 1). Western blots showed
dose-dependent decreases in phosphorylation of FGFR and FRS2
in both the cell lines, demonstrating that BGJ398 (Supplementary
Fig. S2) inhibits FGFR signaling. The levels of total FGFR1/FGFR3
and FRS2 were also significantly decreased in a dose-dependent
manner. On the other hand, TotalMEK and ERKwere not affected
even at higher doses indicating FGFR specificity (Fig. 1).

Development of resistance to BGJ398
We cultured DMS114 and RT112 cell lines, in the presence of

DMSO (vehicle control) or BGJ398 at fixed concentration or
gradually increasing concentrations, chronically to stimulate
acquired resistance. With prolonged exposure, both resistant cell
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lines displayed marked differences in the sensitivity to BGJ398
compared with the corresponding controls (Fig. 2A). Morpho-
logically, resistant cell lines were irregular, elongated with protru-
sions, whereas the control cells were regular and remained in
clusters, as described previously (Supplementary Fig. S3; ref. 20).
Next, we performed Western blots to evaluate the total and
phosphorylated forms of FGFR1/FGFR3 (DMS114/RT112) and
FRS2 in the control and resistant cell lines.Weobserved significant
decreases in pFGFR1or 3, total FGFR1or 3, andpFRS2 inDMS114
and RT112 cell lines compared with controls (Fig. 2B) However,
there was no significant change in total FRS2. Western blotting
data corroborated that BGJ398 continued to block FGFR activity
in both the resistant cell lines (Fig. 2B) without any appreciable
effect on cell viability (Fig. 2A).

RPPAdemonstrates Akt activation in BGJ398-resistant cell lines
To identify differentially phosphorylated proteins in the

BGJ398-resistant cells, we performed RPPA analysis for both
resistant cell lines and their respective DMSO-treated controls.
Heatmaps showed differential expression of proteins between
the resistant and control cell lines (Supplementary Fig. S4;
Supplementary Tables S2 and S3). Using FDR <0.05, we iden-
tified proteins differentially expressed for each of the resistant
cell lines compared with controls (Fig. 3A; Supplementary
Tables S4 and S5). Next, we investigated protein changes that
were common in both DMS114 and RT112 resistant cell lines
(differentially up- or downregulated). Increased levels of pAkt
(T308 and S473), pGSK3b (S9), and pGSK3a/b (S21/S9) were
observed in resistant cell lines compared with the controls (Fig.
3B). However, the levels of phosphorylation significantly var-
ied between the two cell lines, with DMS114 showing markedly
higher levels of Akt and GSK3 phosphorylation compared with
the RT112 cell line (Table 1). Phosphorylated YAP (pYAP-
S127) and TSC1 levels were also significantly higher in the
resistant lines compared with their respective controls (Table
1). Conversely, Cyclin B1 and FOXM1 were downregulated in
the resistant cell lines. PCA revealed that the resistant cell lines
clustered separately from their corresponding control cell lines
(Supplementary Fig. S5). Factor-loading plots for each princi-
pal component (PC) were created to identify the proteins

responsible for group clustering. Data for all proteins in RPPA
were projected in the first two dimensions (PC1 and PC2). As
PC1 seemed to best associate with group clustering, the top 20
proteins for PC1 were determined (Supplementary Fig. S5).
PCA showed Akt phosphorylation (S473 and T308) as PC1 in
both the resistant cell lines.

Validation of RPPA protein changes by Western blot analysis
Next, we performedWestern blots to corroborate pAkt (S473,

T308), pGSK3b (S9), pGSK3a/b (S21/S9), pYAP (S127), and
TSC1 proteins that were upregulated in resistant cell lines
compared with the controls. These were performed with the
same protein extracts used for RPPA. There were increased levels
of phosphorylation of Akt (both S473 and T308), pGSK3b
(S9), and pGSK3a/b (S21/S9) observed in both the resistant
cell lines compared with their matching control cell lines (Fig.
3C). Although there were no appreciable changes in total levels
of these proteins in DMS114, lower levels of total Akt were
observed in resistant RT112 cells. Furthermore, phosphorylated
YAP (S127) and TSC1 protein expression were significantly
higher compared with the corresponding controls. These
changes were concordant with the changes that were observed
in RPPA (Table 1; Fig. 3; Supplementary Tables S4 and S5). In
contrast, Western blot data demonstrated upregulation of
Cyclin B1 and FOXM1 (Fig. 3C) in the resistant cell lines.
Furthermore, decreases in phosphorylation of MEK and ERK
were observed in resistant DMS114 and RT112 cells (Supple-
mentary Fig. S6). Taken together, data from RPPA and Western
blots demonstrated Akt pathway activation in both the resistant
FGFR cell lines as evidenced by increased phosphorylation of
Akt and its downstream substrate GSK3. We reviewed RPPA
data to identify upstream RTKs that could potentially activate
Akt. No significant changes in ERBB2, EGFR, and MET were
observed in DMS114-R (Supplementary Table S4). On the
other hand, lower levels of EGFR and ERBB2 were observed
in RT112-R (Supplementary Table S5). However, RNA-Seq
analysis did not reveal any significant changes in the expression
of EGFR, ERBB2, or MET (Supplementary Table S6). Although
RNA-Seq showed increased EGFR expression in DMS114-R, this
was not statistically significant (q ¼ 0.91).

Figure 1.

BGJ398 inhibits signaling in cell lines
with activating FGFR alterations.
Immunoblot demonstrates the
expression of total/pFGFRs and total/
pFRS2 in DMSO and BGJ398 in treated
cell lines (A) DMS114. B, RT112. Lysates
were prepared from cells exposed to
BGJ398 (at the indicated
concentrations) for 24 hours and
immunoblots performed with the
respective antibodies. Representative
data are shown from three
experimental replicates. Bar graphs
display densitometric analysis of
protein bands using GAPDH as a
control. BGJ398 treatment results in
decreased levels of pFGFR1/pFGFR3
and pFRS2/total FRS2, respectively.
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BGJ398-resistant cell lines are sensitive to Akt inhibitor
GSK2141795

AsAkt pathwaywas activated in the resistant lines,we examined
whether the addition of an Akt inhibitor, GSK2141795 (Supple-
mentary Fig. S2) could potentially restore sensitivity to BGJ398.
Treatment of DMS114-R cell line with GSK2141795 alone
resulted in a significant decrease in cell viability with dose as low
as 100 nmol/L, although increasing doses reduced cell viability
further, with 80% decrease noticed at 3 mmol/L concentration of
GSK2141795 (Fig. 4A). Low doses of GSK2141795 had no effect
on cell viability in the DMS114 control cell line, whereas a high
dose (3 mmol/L) had a mild effect. Although the combination of
BGJ398 (100nmol/L)withGSK2141795 (100nmol/L) produced
a significant reduction in cell viability, this effect was not signif-
icant compared with the use of GSK2141795 as a single agent,
indicating that treatment of Akt inhibitor alone is sufficient to
inhibit the viability of BGJ398-resistant DMS114 cells (Fig. 4A).

Thus, Akt signaling pathway is highly activated in the BGJ398-
resistant DMS114 cell line, and treatment with GSK2141795
inhibits cell viability. Although the RT112-R cells exhibited sen-
sitivity to GSK2141795 in a dose-dependent manner, the IC50

was higher (6 mmol/L). Furthermore, unlike DMS114, the RT112
control cells showed some sensitivity to GSK2141795 albeit
lower than RT112-R (Fig. 4A). In addition, combination treat-
ment ofGSK2141795 andBGJ398didnot have any additive effect
on RT112-R. The disparities in sensitivity to GSK2141795 is
presumably due to differences in the level of activation and
dependence on Akt pathway between the resistant cell lines [there
was nearly a 30-fold increase in Akt (S473) phosphorylation in
DMS114-R compared with RT112-R; Table 1; Supplementary
Table S7]. We performed Western blots to corroborate that
GSK2141795 affects cell viability in resistant FGFR cell lines
through its inhibitory effect on the Akt pathway (Fig. 4B). Resis-
tant lines demonstrated significantly reduced phosphorylation of

Figure 2.

Development of resistance after
chronic exposure to BGJ398. A,
Resistance was induced by chronic
exposure of DMS114 and RT112 cell lines
to BGJ398. Control cells were treated
with DMSO. Panel shows viability
curves performed with CellTiter-Glo
assay. Control and resistant cells were
treated with BGJ398 at different
concentrations as indicated, and viable
cellsweremeasured after 72 hours. The
percentage of viable cells is shown
relative to DMSO vehicle-treated
controls (mean � SD). Assays were
performed in quadruplicates (three
experimental replicates). B, Western
blot analysis was performed with the
lysates from control and resistant cells
to assess FGFR signaling as measured
by pFGFR1/3 and pFRS2 (three
experimental replicates).
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GSK3b (S9) and GSK3a/b (S21/S9), the downstream targets of
Akt. Interestingly, increased phosphorylation of Akt (S473 and
T308) was observed in both the resistant cell lines with
GSK2141795 treatment, likely due to feedback increase in Akt
phosphorylation as described previously (21, 22). Overall, these
results suggest that Akt pathway activation can mediate acquired
resistance to FGFR targeting, and Akt inhibitor treatment can
restore sensitivity.

siRNA-mediated Akt knockdown inhibits growth and
migration of resistant FGFR cancer cells

RNA-Seq analysis showed that Akt1 and Akt2 are the com-
monest isoforms in DMS114 and RT112 cell lines (Supple-
mentary Table S7). Next, we used an Akt siRNA that specifically
inhibited Akt1 and Akt2 expression. We evaluated the effect of
siRNA treatment on the levels of Akt phosphorylation and its
downstream substrates, GSK3b and GSK3a/b. Treatment of

Figure 3.

RPPA reveals Akt pathway activation in BGJ398-resistant cell lines. A, Heatmaps show RPPA proteins that were differentially phosphorylated in resistant and
control (q < 0.05) DMS114 and RT112 cell lines. B, Venn diagram shows proteins that were commonly upregulated (left) and downregulated (right) in both
resistant cell lines C. Western blot analysis to confirm protein changes that were upregulated (left) and downregulated (3) in resistant cell lines (representative
data from three experimental replicates are shown).

Table 1. Protein changes in resistant FGFR cell lines

Cell line Protein Percent change (up/down) P q-value

DMS114 Akt_pS473 3622.68645 1.54E�06 0.00016487
Akt_pT308 2252.07737 6.47E�05 0.00125812
GSK3-alpha-beta_pS21_S9 284.091792 2.50E�07 5.35E�05
GSK3_pS9 187.53704 4.94E�06 0.00026516
YAP_pS127 32.06119 0.01389659 0.04373338
TSC1 31.3146193 0.00084919 0.00586215
Cyclin_B1 �24.410473 0.00499741 0.02088713
FoxM1 �56.218837 0.00027636 0.00295707

RT112 Akt_pS473 123.622596 0.00038911 0.01055472
Akt_pT308 203.350928 0.00126369 0.01890811
GSK3-alpha-beta_pS21_S9 41.1993588 0.00134332 0.01890811
GSK3_pS9 64.2870708 0.00011599 0.00629257
YAP_pS127 76.7742588 0.00493268 0.04129296
TSC1 24.6593776 0.0027762 0.02868744
Cyclin_B1 �28.205219 0.0065222 0.04424411
FoxM1 �36.057898 0.0022811 0.0261498
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each resistant cell line with Akt siRNA resulted in significant
decreases in both the total Akt and pAkt (S473 and T308)
expression compared with their respective siRNA control–trea-
ted cells (P < 0.001; Fig. 5A). Differential levels of total Akt
depletion was observed in DMS114-R (�80%) and RT112-R
(�70%) cell lines. This could potentially be due to variation
in transfection efficiency between these cell lines. No effect
was observed on MEK1/2 phosphorylation, confirming the
specificity of Akt siRNA. Although the levels of both total
GSK3a/b and their phosphorylated forms (S21/S9) were
decreased significantly with Akt siRNA–treated DMS114-R, the
levels of pGSK3a/b (S21/S9) were only moderately decreased
with Akt siRNA in RT112-R compared with control siRNA
cells. Furthermore, we tested whether Akt siRNA treatment
affected cell proliferation, colony formation, cell migration,
and cell invasion in resistant lines (Fig. 5B–D). Cell prolifer-
ation was reduced in resistant cell lines following Akt siRNA
treatment. Consistent with Akt inhibitor treatment, the
observed effect of siRNA was lower in RT112-R in comparison

with DMS114-R cell line. Akt siRNA treatment also significantly
inhibited colony formation, cell migration, and cell invasion in
both resistant cell lines compared with controls (Fig. 5C and D,
P < 0.001).

Discussion
Activation of FGFR signaling pathway due to FGFR gene

amplifications, mutations, or fusions has been identified in
various cancers, such as, lung, bladder, biliary, and breast (1).
While therapeutic strategies targeting FGFR are being explored in
clinical trials, we sought to study acquired drug resistance in
annotated cancer cell lines (23–25). As observed with inhibition
of other oncogenic kinases, such as ALK and BRAF, we hypoth-
esized that oncogenic addiction could lead to reactivation of
downstreamelements of FGFR signaling (26, 27). Also, secondary
resistance can be mediated due to clonal selection of resistant
cells, often present prior to treatment, with observed clonal
divergence across various metastatic sites (28, 29). We applied

Figure 4.

BGJ398-resistant cell lines are
sensitive to Akt inhibitor. A, Viability
curves for control and resistant cells
treated with DMSO vehicle, BGJ398
(varying concentrations as indicated),
and GSK2141795 (at a fixed
concentration: DMS114 0.1, mmol/L;
RT112, 1 mmol/L) for 72 hours. Gray and
black vertical dotted lines denote
3 mmol/L and 0.1 mmol/L (DMS114),
5 mmol/L and 1 mmol/L (RT112) drug
concentrations, respectively, that are
shown in the bar graph below. Bar
graphs show differences in cell
viability in control and resistant cell
lines to BGJ398 and GSK2141795.
Assays performed in quadruplicates
and data are presented as mean � SD
(three experimental replicates).
��, Statistical significant difference,
P <0.001.B,Western blot analysiswas
performed with lysates from resistant
cell lines treated either with vehicle
(DMSO) or GSK2141795 (1 mmol/L) for
24 hours to assess inhibition of Akt
(pAKT) and downstream (pGSK3)
signaling (three experimental
replicates).
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ahigh-throughput proteomics approach to identify candidates for
acquired resistance. Early preclinical work may guide evaluation
of precious clinical tumor specimens from patients participating
in ongoing therapeutic trials.

In this study, we generated two cell lines, DMS114 (small-cell
lung cancer line with FGFR1 amplification) and RT112 (bladder
carcinoma with FGFR3-TACC3 fusion and FGFR3 amplification)
asmanifesting acquired resistance after chronic BGJ398 exposure,
based on viability assays (Fig. 2). To assess the relative activity of
proteins involved in FGFR signal transduction, we performed
proteomic analysis with RPPA. RPPA demonstrated Akt pathway
activation in both the resistant cell lines despite ongoing FGFR
blockade in the presence of BGJ398 (Fig. 3). These results were
corroborated with Western blots. Treatment of the resistant cells

with Akt siRNA or GSK2141795, an oral, competitive, pan-iso-
form Akt inhibitor, currently under evaluation in clinical trials
(30, 31), was able to restore sensitivity of resistant cell lines (Figs.
4 and 5).

Activated FGFR signals primarily through one of three path-
ways: MAPK, PI3K/Akt/mTOR, and phospholipase C-gamma
(PLCg). FGFR preferentially signals through FRS2 to the MAPK
pathway, although depending on the cellular context, other path-
ways, such as p38 MAPK and STAT, could also be activated (1).
ActivatedAkt,mediated byphosphorylation at T308byPDK1and
phosphorylation at S473 by PDK2, regulates multiple down-
stream substrates, including GSK3 a/b, FOXO, PRAS40, and
TSC1/2 (32). Phosphorylation of S9 in GSK3b or S21 in GSK3a
mediated by Akt can potentially lead to reactivation of b-catenin,

Figure 5.

BGJ398-resistant cell lines are sensitive to Akt siRNA knockdown. A, Resistant cells were treated with control siRNA or Akt siRNA (60 nmol/L for 48 hours). Whole-
cell protein lysates were extracted, and immunoblots were performed to assess Akt and downstream proteins. Representative data have been shown (three
experimental replicates). B, Resistant cells were transfected with control or Akt-specific siRNA, and cell proliferation was measured using the CellTiter-Glo assay
(mean � SD; � , P < 0.005). Assays were performed in quadruplicates with four experimental replicates. C, Colonies were stained with crystal violet and counted
after transfection (control or Akt siRNA) of resistant cell lines. Bar graph shows colony counts in control and Akt siRNA–treated resistant cell lines (mean � SD;
� , P � 0.005). Each assay was performed in triplicate with three experimental replicates. D, Left, motility assay was performed after treatment with control
or Akt siRNA (magnification, �100). Bar graphs depict the surface area covered by the cells at 24 hours (mean � SD; � , P � 0.005). Right, invasion assay was
performed using Boyden chamber after treatment with control or Akt siRNA. Bar graphs depict the number of cells that migrated through the Matrigel at 24 hours
(mean � SD; � , P � 0.005). Representative data from three experimental replicates are shown.
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which in turn can increase cyclin D1 and transcription factor
activity leading to cell-cycle progression (33–35). Increased phos-
phorylation of GSK3a at S21 and GSK3b at S9 was observed in
both the resistant cell lines consistent with Akt activation. Fur-
thermore, an increase in phosphorylation of proline-rich Akt
substrate of 40 kDa (PRAS40) at T246 was observed in
DMS114-R. PRAS40 is a crucial mediator of Akt signaling and
its phosphorylation (T246), mediated by Akt, facilitates the
binding of 14-3-3 protein, which disrupts the inhibitory action
of PRAS40 on mTORC1 leading to phosphorylation of down-
stream substrates (e.g., S6 kinase, 4EBP1) and cell growth (36,
37). Accordingly, increased expression of 14-3-3 (z) was observed
in DMS114-R. Overall, data from RPPA substantiated activation
of Akt pathway in cell lines resistant to BGJ398.

Several studies have suggested a reciprocal relationship
between FGFR and othermembers of the RTK family inmediating
acquired resistance to FGFR inhibition. Herrera-Abreu and col-
leagues used parallel RNA interference genetic screens to show
that EGFR activation limits sensitivity to FGFR inhibition in cell
lineswith FGFR3mutations (38). Conversely, activation of FGF2–
FGFR1 pathway has been shown tomediate acquired resistance to
EGFR inhibition in lung cancer (39). Ligand-mediated activation
of ERBB2/3 was shown tomediate resistance to FGFR3 inhibition
(40). Similarly, HGF-mediated ligand activation of MET was
shown to rescue RT112 cells from the effect of FGFR inhibition
by BGJ398, suggesting that compensatory activation of other
members of the RTK family can mediate resistance to FGFR
targeting (41). In contrast, Chell and colleagues identified a
secondary gatekeeper mutation in FGFR3 (V555M) as a mecha-
nism of acquired resistance to ATP-competitive FGFR inhibitors,
AZD4547 andPD173074 (42). In our study, despite differences in
the tissue of origin and the genomic alteration in FGFR, the
resistant cell lines showed activation of Akt pathway, suggesting
secondary activationof bypass signaling as apotentialmechanism
of resistance to FGFR targeting.

Our observation is consistent with what has been previously
described with respect to a prominent role for Akt in FGFR
signaling (43). Hu and colleagues observed that FGFR inhibition
with BGJ398 led to transient inhibition of ERK1/2 phosphoryla-
tion due to negative feedback, whereas the effect on Akt phos-
phorylation was sustained in RT112 and KATOIII cell lines. In
addition, they showed that a constitutively activated form of Akt
(myristoylated Akt) effectively rescued cells from BGJ398 growth
inhibition. Grygielewicz and colleagues evaluated resistance in
SNU-16, an FGFR2-amplified gastric cancer cell line, to FGFR
inhibitors AZD4547, BGJ398, and PD173074. While epithelial–
mesenchymal transition was primarily implicated as mediating
resistance to the FGFR inhibitors, increased levels of pAkt (along
withpSTAT andpERK)were observed in the resistant cell lines and
treatment with pictilisib, a PI3K inhibitor, was able to restore
sensitivity (44). Furthermore, acquired resistance to cetuximab,
an mAb for EGFR, was associated with Akt activation in lung
cancer cell lines, and pharmacologic inhibition of Akt with
the PI3K inhibitor LY294002 enhanced the inhibitory effect of
cetuximab (45). Thus, there is interest in whether Akt or
PI3K inhibitors could overcome resistance in cancers driven by
RTKs. Although there is a breadth of candidate mechanisms of
resistance in preclinical models suggesting a potential role for
combination therapies with FGFR inhibitors, this will depend on
the evaluation of resistance in patient tumor samples in ongoing
clinical trials.

To characterize resistance mechanisms in patients, pretreat-
ment and postprogression tumor biopsies will be needed to
support assays such as RPPA, DNA/RNA-Seq, or patient-derived
xenograft studies. However, tumor specimens are finite and may
not be able to practically support all of these assays. Consequent-
ly, preclinical models are often utilized to provide preliminary
evidence of resistance mechanisms in humans and guide evalu-
ation in precious tumor specimens. In addition to tumor biopsies,
circulating tumor cells or circulating tumor DNA (ctDNA) may
provide a rapid and noninvasive strategy to assess resistance in
cases where tumors cannot be readily biopsied. For example,
using ctDNA and xenograft, secondary NTRK1 mutations were
identified as a resistance mechanism to entrectinib, a pan-TRK
inhibitor, in an advanced colorectal cancer patientwith anNTRK1
fusion (46). Similarly, ctDNA has been successfully utilized to
track clonal evolution and resistance to EGFR inhibition (47).
Identification of resistance mechanisms can potentially reveal
rational targeted therapy combinations. The understanding that
reactivation of MAPK pathway mediates resistance to BRAF inhi-
bition led to the use of combination of BRAF andMEK inhibitors
in melanoma patients harboring BRAF V600 mutations, leading
to improved survival (48). In another example, identification of
PI3K/Akt/mTOR pathway activation as amechanism of resistance
to endocrine therapy led to the evaluation and approval of
combination of everolimus, an mTOR inhibitor, and exemestane
in hormone receptor–positive breast cancer patients (49). Our
study provides preclinical evidence that activation of Aktmediates
resistance to FGFR inhibition, supports the need for further
evaluation of this pathway in patients, and underscores a poten-
tial opportunity for combination therapy.
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