












1124 | CANCER DISCOVERY�DECEMBER  2012 www.aacrjournals.org

Guagnano et al.RESEARCH ARTICLE

 Figure 4.       FGFR1  amplifi cation in breast, lung, and osteosarcoma cancer cells is associated with response to NVP-BGJ398. A, box-plot showing  FGFR1  copy 
number expressed as log 2  ratio for the 541 cell lines clustered according to cancer type. B, scatter plot of breast, lung, and osteosarcoma cancer cell lines 
showing the correlation between DNA copy number and transcript expression of  FGFR1 . Cell lines are colored according to response to NVP-BGJ398. C, effect 
of NVP-BGJ398 on FGFR downstream signaling as measured by FRS2 Tyr-phosphorylation and Erk1/2 activation. α-Actinin and total Erk1/2 protein levels are 
shown as a loading control. DMSO, dimethyl sulfoxide. D, stable G292 cell lines expressing short hairpin RNA (shRNA) under the control of a doxycycline (Dox)-
inducible promoter were generated via lentiviral infection and puromycin selection. Western blot analysis shows effi cient FGFR1 knockdown, p-FRS2 and p-Erk 
inhibition with shRNA1237 and shRNA1425, as compared with 2 nontargeting shRNAs (NT sh1 and NT sh2). β-Tubulin Western blot analysis is shown as a loading 
control. E and F, effect of FGFR1-targeting as compared with nontargeting shRNAs on monolayer cell proliferation (E) and anchorage-independent cell growth 
assays (F) of G292 cells. For monolayer cell proliferation assay, cell growth was monitored at the indicated days after cell seeding, whereas endpoint measure-
ments are given for the soft agar assay (day 15 after cell seeding). G,  FGFR1  copy number in a panel of 17 primary human osteosarcoma samples was analyzed 
by quantitative real-time PCR. Data are shown as average with SEM ( n  ≥ 2). Br, breast; Ch, chondrosarcoma; CN, copy number; Co, colorectal; En, endometrial; 
ERK, extracellular signal-regulated kinase; Es, esophagus; Ew, Ewing sarcoma; Ga, gastric; Gl, glioma; HL, hematopoietic and lymphoid tissue; HN, head and neck; 
Ki, kidney; Li, liver; Lu, lung; Me, melanoma; Ms, mesothelioma; Nb, neuroblastoma; Os, osteosarcoma; Ov, ovarian; Pa, pancreas; Th, thyroid; UT, urinary tract.   
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 FGFR1  mRNA within the breast, lung, and osteosarcoma line-
ages ( Fig. 4B ). Statistical analysis using the Fisher exact test 
showed that  FGFR1  amplifi cation was signifi cantly associated 
with response to NVP-BGJ398 when all the cell lines were 
considered ( P  = 4.8 × 10 −4 ) and in particular in the breast, 
lung, and osteosarcoma subsets ( P  = 1.5 × 10 −5 ). A require-
ment of FGFR1 activity for proliferation has been previously 
shown for  FGFR1 -amplifi ed breast and lung cancer cell lines 
( 5, 6 ). Because  FGFR1  amplifi cation in osteosarcoma associ-
ated with sensitivity to an FGFR inhibitor has not previously 
been reported, we sought to further assess the role of FGFR1 
as a cancer driver in this indication with an independent 
approach. To this end, lentivirus expressing doxycycline-
inducible short hairpin RNAs (shRNA) targeting FGFR1 was 
introduced into G292 cells. Although infection with viruses 
expressing 2 nontargeting shRNAs had no effect on the pro-
tein expression levels and cell growth, the viruses directing the 
expression of 2 shRNAs targeting FGFR1 led to a signifi cant 
decrease in FGFR1 protein expression, FRS2 tyrosine phos-
phorylation, and extracellular signal-regulated kinase (ERK) 
phosphorylation. In parallel, the FGFR1 shRNA–containing 
viruses suppressed G292 cell proliferation in both monol-
ayer and anchorage-independent conditions ( Fig. 4D–F ). The 
functional relevance of  FGFR1  amplifi cation in the osteosar-
coma cell line led us to investigate  FGFR1  copy number levels 
in a panel of primary human osteosarcoma samples. Consist-
ent with  FGFR1  amplifi cation in 1 of 7 osteosarcoma cell lines 
within the CCLE, we identifi ed 1 of 17 primary osteosarcoma 
samples as  FGFR1  amplifi ed ( Fig. 4G ). Interestingly, both the 
G292 cell line and the primary tumor sample showed similar 
levels of amplifi cation, with about 5 copies of the  FGFR1  gene 
in both cases.  

 These results reveal for the fi rst time that  FGFR1  amplifi ca-
tion occurs in osteosarcoma, confi rm its prevalence in breast 
and lung cancer cells, and show that FGFR1 is required for 
cancer cell growth in these settings. Hence,  FGFR1  amplifi ca-
tion is a predictor of sensitivity to an FGFR inhibitor in these 
3 lineages.   

  FGFR2  Amplifi cation Is Associated with 
Response to NVP-BGJ398 in Cell Lines 
and Primary Human Tumors 

  FGFR2 -amplifi ed cell lines were also enriched in the “FGFR 
genetic alteration” and “GeneSets” positive clusters. Analysis 
of single-nucleotide polymorphism (SNP) 6.0 array data across 
the CCLE revealed a high level of  FGFR2  amplifi cation (log 2  
ratio ≥1) in cell lines of gastric lineage, as previously shown ( 8 ), 
but also in a colon cancer line ( Fig. 5A ). Gene amplifi cation in 
these cell lines was correlated with striking  FGFR2  transcript 
overexpression when specifi c Affymetrix probesets (211401_s_
at_) that detect  FGFR2  C-terminal splice variants in addition 
to the canonical  FGFR2  form were used ( Fig. 5B ). These data 
are consistent with previously published results showing that 
breast and gastric cancer cells with  FGFR2  amplifi cation over-
express the more oncogenic FGFR2-c3 variant ( 30 ). In addi-
tion, by means of quantitative real-time PCR (qRT-PCR), we 
confi rmed that NCI-H716 colon cancer cells also overexpress 
this specifi c C-terminal–truncated  FGFR2  isoform and that 
only cell lines with  FGFR2  amplifi cation showed signifi cant 
 FGFR2-c3  expression (Supplementary Fig. S4A).  

 In keeping with the high levels of  FGFR2  gene expression, 
 FGFR2 -amplifi ed gastric (KATOIII and SNU16) and colon 
(NCI-H716) cancer cell lines showed strong baseline activity 
of the FGFR pathway, which was modulated upon NVP-
BGJ398 treatment ( Fig.  5C ), and were dependent on FGFR 
signaling for proliferation, as evident from the low nanomo-
lar IC 50  for NVP-BGJ398 (Supplementary Table S2). 

 In agreement with inhibition of  in vitro  proliferation, NVP-
BGJ398 also effectively inhibited growth of SNU16 tumor 
xenografts in a dose-dependent manner when administered 
orally to rats on a daily schedule ( Fig.  5D ). Tumor growth 
inhibition was correlated with inhibition of FGFR2 tyrosine 
phosphorylation in tumor tissue ( Fig. 5E ), which was almost 
completely abolished 3 hours after dosing and recovered at 
24 hours after dosing, in line with the pharmacokinetic pro-
fi le of the compound ( 25 ). 

 A statistical analysis by Fisher exact test showed a signifi -
cant association between  FGFR2  amplifi cation and response 
to NVP-BGJ398 across the CCLE ( P  = 1.9  × 10 −4 ), as well as 
when restricted to the gastric and colon cancer lineages 
( P  = 1.6 × 10 −4 ). To further test the predictive value of 
 FGFR2  genomic amplifi cation, we interrogated a collection 
of 49 human primary gastric tumors for which SNP6.0 copy 
number and Affymetrix expression data had been gener-
ated. Two primary tumors showing  FGFR2  copy number 
4 or more and  FGFR2  transcript overexpression were selected 
for  in vivo  antitumor effi cacy testing in mice ( Fig. 6A ). Oral 
treatment with NVP-BGJ398 on a daily schedule led to sub-
stantial tumor growth inhibition leading to tumor stasis 
and regression at daily doses of 15 mg/kg or more ( Fig. 6B 
and C ). Pharmacodynamic effects were evaluated in the 
GAM033 tumor model; at the 15-mg/kg dose, NVP-BGJ398 
completely suppressed FGFR2 tyrosine phosphorylation 3 
hours after dosing ( Fig.  6D ), in line with the pharmacoki-
netic profi le of the compound ( 25 ).  

 Thus,  FGFR2 -amplifi ed cell lines are sensitive to NVP-
BGJ398  in vitro  as well as when grown  in vivo  as human 
tumor xenografts. Hence, we envision that human gastric 
tumors harboring  FGFR2  amplifi cation will be responsive 
to NVP-BGJ398 in the clinic. Interestingly, in addition 
to confi rming the incidence of this genetic alteration 
in gastric cancer, we also found  FGFR2  amplifi cation in 
1 of 22 esophageal tumors, which offers a novel potential 
clinical opportunity for an FGFR inhibitor (Supplementary 
Fig. S4B).   

  FGF19  Amplifi cation in Liver Cancer 
Correlates with Response to NVP-BGJ398 

 Approximately 47% of the cell lines responsive to NVP-
BGJ398 did not harbor FGFR genetic alterations. Among 
those, the gene encoding for the FGF19 ligand was found 
to be amplifi ed (log 2  ratio ≥1) in the liver cancer cell lines 
HUH7, HEP3B, and JHH7 ( Fig. 7A ), as previously reported 
( 12 ). The analysis of the CCLE SNP6.0 data revealed 49 addi-
tional cell lines with  FGF19  copy number gain across vari-
ous cancer types (Supplementary Fig.  S5A, top). However, 
among the  FGF19 -amplifi ed cell lines, only 3 liver cell lines 
showing concomitant expression of β-Klotho were sensitive 
to NVP-BGJ398, with the exception of a breast and a lung 
cancer cell line (MDAMB134 and DMS114) that harbor 
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 Figure 5.       FGFR2  amplifi cation in gastric and colon cancer cell lines is associated with response to NVP-BGJ398. A, box-plot showing  FGFR2  copy number 
expressed as log 2  ratio for the 541 cell lines grouped according to cancer type. B, scatter plot of gastric and large intestine cancer cell lines showing the 
correlation between  FGFR2  DNA copy number and transcript expression. C, effect of NVP-BGJ398 on FGFR downstream signaling as measured by FRS2 
Tyr-phosphorylation and Erk1/2 activation. α-Actinin and total Erk1/2 protein levels are shown as a loading control. D, SNU16 tumor xenograft–bearing nude 
rats received NVP-BGJ398 at the indicated doses or vehicle for 14 consecutive days ( n  = 6 per group). The changes over time in tumor volume are shown. 
Statistical analysis was conducted by 1-way ANOVA–Dunnett versus vehicle control (*,  P  < 0.001). E, tumor tissues were recovered 3 and 24 hours after 
dose treatment and analyzed for FGFR2 Tyr-phosphorylation by Western blot analysis. Total FGFR2 Western blot analysis was conducted to monitor equal 
loading. Pharmacodynamic analysis of tumors treated with 15 mg/kg NVP-BGJ398 was not feasible due to insuffi cient material. Br, breast; Ch, chondrosar-
coma; Co, colorectal; En, endometrial; Es, esophagus; Ew, Ewing sarcoma; Ga, gastric; Gl, glioma; HL, hematopoietic and lymphoid tissue; HN, head and neck; 
Ki, kidney; Li, liver; Lu, lung; Me, melanoma; Ms, mesothelioma; Nb, neuroblastoma; Os, osteosarcoma; Ov, ovarian; Pa, pancreas; Th, thyroid; UT, urinary tract.   
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 FGFR1  amplifi cation ( Fig. 7A  and Supplementary Fig. S5A, 
bottom). Accordingly, the Fisher exact test showed a statis-
tically signifi cant association between  FGF19  copy number 
and response to NVP-BGJ398 for the liver cancer lineage 
( P  = 0.01), but not when the correlation was tested across all 
lineages ( P  = 0.2).  

 The 3 sensitive liver cancer cell lines showed constitutive 
FRS2 Tyr-phosphorylation, which was abolished upon treat-
ment with NVP-BGJ398 at doses of 50 nmol/L ( Fig. 7B ). In 
hepatocytes and liver cancer cells, FGF19 has been shown 
to signal through FGFR4 ( 31 ). In line with these fi ndings, 
we found that the 3 cell lines expressed signifi cantly high 
levels of  FGFR4  mRNA ( Fig. 7A ), and conditional silencing of 

FGFR4 with 3 different shRNAs in the JHH7 cell line, previ-
ously shown to require FGF19 for survival, led to signifi cant 
inhibition of cell proliferation ( Fig. 7C and D ). 

 Thus, these results suggest that whereas most cancers 
with 11q13 amplifi cation may not respond to FGF19/FGFR4 
inhibitors, the subset of  FGF19 -amplifi ed liver cancer with 
concomitant expression of β-Klotho may provide a suitable 
niche indication for this therapeutic modality.    

 DISCUSSION 

 In this study, we have identifi ed patient selection strategies 
for NVP-BGJ398, a novel selective pan-FGFR kinase inhibitor 
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 Figure 7.       FGF19  amplifi cation in liver cancer cell lines is associated with response to NVP-BGJ398. A, scatter plot showing the correlation between 
 FGF19  copy number and transcript expression of  FGF19 ,  FGFR4 , and  β-Klotho  ( KLB ) in liver cancer cell lines. B, effect of NVP-BGJ398 on FGFR down-
stream signaling as measured by FRS2 Tyr-phosphorylation and Erk1/2 activation by Western blot analysis after 40 minutes of FGFR inhibitor treatment. 
Expression of α-actinin indicates equal loading. C, effect of 3 different shRNAs targeting FGFR4 in JHH7 cells upon induction with doxycycline (Dox), 
compared with a nontargeting shRNA. FGFR4 expression and FRS2 Tyr-phosphorylation are shown in doxycycline-induced and noninduced cell lines. 
Western blot analysis shows α-actin as a loading control. D, effect of FGFR4 downregulation on monolayer cell proliferation assays at day 7 after cell 
seeding.   
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currently in phase I clinical trials in patients with cancer. To 
guide patient selection and to maximize the likelihood of 
patient benefi t and successful clinical proof-of-concept for 
this novel targeted anticancer modality, we have analyzed the 
sensitivity of more than 500 cell lines from the CCLE to NVP-
BGJ398 in cell viability assays and intersected response data 
with information on gene expression and genomic altera-
tions. We show that NVP-BGJ398 inhibits proliferation of 
about 6% of the cancer cell lines tested at concentrations that 
are consistent with its mechanism of action and in line with 
its highly selective nature. Furthermore, the integrative analy-
sis of the CCLE has revealed “FGFR genetic alteration” as the 
top predictor for response to NVP-BGJ398 among more than 
50,000 input features containing genomic, lineage, and gene 
set features. 

 Indeed, among the 541 cell lines in the CCLE with phar-
macologic drug sensitivity data, 37 harbored an FGFR 
genetic alteration and 17 of them were sensitive to NVP-
BGJ398; this represents 53% of the total cell lines respond-
ing to the drug (17/32). Gene amplifi cations were most 
prevalent (10/17) and involved  FGFR1 ,  FGFR2 , and, sur-
prisingly, also  FGFR3 , followed by sequence variations in 
 FGFR2  and  FGFR3  (6/17) and chromosomal translocations 
affecting  FGFR1  and  FGFR3  (3/17). High-resolution SNP6.0 
array data across the CCLE subjected to analysis with the 
GISTIC algorithm revealed that the  FGFR1  locus lies in 
a focal peak region of amplifi cation, whereas  FGFR2  was 
found in a GISTIC peak when the analysis was restricted to 
the gastric cancer cell lines ( 32 ). In this setting, NVP-BGJ398 
response was associated in a statistically signifi cant manner 
with both  FGFR1  amplifi cation and  FGFR2  amplifi cation. 
These data confi rmed the fi nding of  FGFR1  and  FGFR2  
copy number alterations in breast, lung, and gastric cancer 
cell lines as previously reported ( 5, 6 ,  9 ), but it also revealed 
the occurrence of these genetic lesions in additional cancer 
types, such as osteosarcoma and colon, respectively. In this 
context, among the 7 osteosarcoma lines in the CCLE, the 
one harboring  FGFR1  amplifi cation (G292) was signifi cantly 
growth suppressed under both monolayer and soft-agar 
conditions upon inducible knockdown of FGFR1 by 2 
distinct shRNAs, consistent with the notion that amplifi ed 
 FGFR1  confers cancer dependence. In addition, and for the 
fi rst time, we report  FGFR1  amplifi cation in 1 of 17 pri-
mary osteosarcomas, suggesting that this may be another 
potential indication for an FGFR inhibitor. Similarly, NCI-
H710, the only colon cancer cell line with high level  FGFR2  
amplifi cation, was sensitive to NVP-BGJ398. In line with 
the notion that  FGFR2  is a driver oncogene when its locus 
is aberrantly amplifi ed, we selected human primary gastric 
tumors for the presence of  FGFR2  copy number altera-
tions and confi rmed them to be exquisitely responsive to 
the selective FGFR inhibitor NVP-BGJ398, whereas models 
with normal  FGFR2  DNA copy number were insensitive 
to the drug (data not shown). In agreement with previous 
analyses of  FGFR2  copy number alterations conducted by 
FISH ( 8, 9 ) or Southern blot ( 11 ), we have found high level 
amplifi cations (copy number > 10) of  FGFR2  by means of PCR 
in 5% of gastric tumors among a total of 147 specimens as 
well as in 1 of 22 esophageal tumors, which has not previously 
been reported, thus providing additional new  opportunities 

for the therapeutic application of an FGFR inhibitor. Inter-
estingly, we also identifi ed  FGFR3  copy number gains in 
3 of the bladder cancer cell lines that were inhibited by 
NVP-BGJ398 (log 2  ratio 1 for RT112 and RT112/84 and 
log 2  ratio 0.94 for RT4), which may account for the signifi -
cantly high  FGFR3  transcript expression in these cell lines 
(Supplementary Fig. S5B). Taken together, these data sup-
port the evaluation of NVP-BGJ398 in cancer types selected 
upon the presence of  FGFR  gene amplifi cation. 

 Genomic predictors of drug sensitivity also revealed 
 FGFR2  and  FGFR3  mutation among the top 3 most sig-
nifi cant features. The viability of 6 of 9 FGFR-mutated 
cell lines was pharmacologically inhibited by NVP-BGJ398; 
they belong to the endometrial and multiple myeloma lin-
eages and showed constitutive FGFR pathway activation 
(Supplementary Fig. S2), in line with the notion that these 
mutations result in receptor kinase activation ( 17 ,  19 ,  21 ). 
Notably, most endometrial  FGFR2- mutated cell lines also 
carried mutations affecting either PTEN or PIK3CA (Sup-
plementary Table S4), suggesting that the activation of this 
pathway does not confer resistance to an FGFR-inhibitory 
therapy in this cancer type. Of note, we observed constitutive 
AKT phosphorylation in the endometrial cancer cell lines, 
which was not affected by NVP-BGJ398 treatment (Sup-
plementary Fig.  S2). Therefore, phosphoinositide 3-kinase 
inhibitors may provide opportunities for combination ther-
apy with NVP-BGJ398 in these specifi c settings. 

 Interestingly, 54% ( n  = 20) of the FGFR genetically altered 
cell lines were not NVP-BGJ398-sensitive. It is likely that at 
least in some of these cell lines, additional genetic alterations 
bypass FGFR dependency. For instance, 1 cell line (A375) had 
a  BRAF  V600E  mutation, and 10% ( n  = 2) of the cell lines showed 
amplifi cation of other oncogenes (JIMT1  HER2  amplifi ca-
tion and NCI-H1703  PDGFRα  amplifi cation), whereas 20% 
( n  = 4) harbored  KRAS  mutations (Supplementary Table S4), 
and  KRAS  mutation was revealed by the predictive model as 
one of the genomic predictors for NVP-BGJ398 insensitivity 
(data not shown). Thus, we are currently exploring whether 
hypothesis-driven concomitant targeting of other genetically 
altered molecular pathways will synergize with NVP-BGJ398 
in these settings. Alternatively, and in the case of the breast 
and lung  FGFR1 -amplifi ed cell lines that did not respond 
to NVP-BGJ398, it is plausible that one of the other genes 
found in the GISTIC peak ( LETM2 ,  WHSC1L1 ) may have 
become the driver gene. It is also noticeable that none of 
the  FGFR4 -amplifi ed cell lines in our data set responded to 
the FGFR inhibitor, thus indicating that FGFR4 is not a 
driver oncogene in those settings. 

 Conversely, several cell lines that displayed sensitivity to 
NVP-BGJ398 did not harbor FGFR genetic lesions. Three 
of them, belonging to the liver cancer type, showed copy 
number gain for the FGFR4 ligand, FGF19, and  FGF19  
amplifi cation was statistically signifi cantly associated with 
response to NVP-BGJ398 when the analysis was restricted 
to liver cancer cell lines. Furthermore, by conditional 
knockdown of FGFR4, we showed dependency on this 
RTK in the JHH7 cells, thus supporting the concept of 
an FGF19/FGFR4 autocrine loop as the oncogenic driver 
in liver cancer with  FGF19  amplifi cation. In line with the 
notion that this autocrine loop is only functional in the 
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presence of the coreceptor β-Klotho, which is essential for 
high affi nity interactions of FGF19 with FGFR4 ( 33 ), we 
showed that only 3 liver cancer cells with  FGF19  amplifi ca-
tion and concomitant β-Klotho expression responded to 
NVP-BGJ398. This suggests that β-Klotho depicts another 
critical determinant for patient selection, which has not 
been analyzed previously. Consequently,  FGF19  amplifi ca-
tion was not associated with NVP-BGJ398 response in other 
cancer types most likely due to the lack of or low β-Klotho 
expression. This is in line with a recent study ( 12 ) showing 
that  FGF19  amplifi cation correlated with increased expres-
sion and with sensitivity to FGF19 blockage only in liver 
cancer cell lines. 

 Taken together, we have not detected FGF/FGFR genetic 
abnormalities in 37.5% ( n  = 12) of NVP-BGJ398–sensitive 
cell lines. Most of these cell lines were GeneSet signature– 
positive or expressed high levels of either of the FGFRs and 
FGF ligands and generally showed constitutive activation 
of the FGFR pathway and modulation upon NVP-BGJ398 
treatment (Supplementary Fig.  S2), suggesting that FGFR 
dependency could be the result of intrinsic upregulation of 
components of the FGF signaling system leading to con-
stitutive pathway activation. It will be interesting in future 
studies to address the underlying mechanisms resulting in 
FGF/FGFR induction in the absence of gene copy number 
gain or activating mutations of the receptors. It is plausible 
that epigenetic modulations or genetic alterations on other 
pathways ultimately leading to FGF/FGFR elevated expres-
sion and/or activation may have occurred. For example, it has 
recently been discovered that FGFR4 overexpression occurs in 
alveolar rhabdomyosarcomas with PAX3/7–FKHR transloca-
tion and that FGFR4 is a downstream target of the oncogenic 
fusion protein ( 34 ). 

 In summary, by leveraging the integration of the CCLE 
annotation and compound sensitivity data, we have identi-
fi ed genetic alterations in various members of the FGF/FGFR 
system that confer cancer dependence and thus represent 
suitable predictive biomarkers to guide patient selection for 
treatment with selective FGFRs targeting agents, such as the 
novel pan-FGFR kinase inhibitor NVP-BGJ398. Based on 
these data, a phase I clinical trial with NVP-BGJ398 is being 
conducted in patients with cancer bearing FGFR genetic 
alterations ( 35 ).   

 METHODS  

  Compound and Antibodies  
 NVP-BGJ398 has been identifi ed and synthesized in the Global 

Discovery Chemistry Department at NIBR (Novartis) as described 
( 25 ). For  in vitro  studies, 10 mmol/L stock solutions were prepared 
in 100% dimethyl sulfoxide (DMSO). For  in vivo  studies in rodents, 
NVP-BGJ398 was formulated in acetic acid/acetate buffer pH 4.6/
PEG300 1:1. 

 Antibodies used for Western blot analysis were anti-S473P-Akt 
(#9271), anti-Akt (#9271), anti-T202P/Y204P-Erk1/2 (#9101), anti-
Erk1/2 (#9102), anti-Y196P-FRS2 (#3864), anti-Y653/654P-FGFR 
(55H2; #3476) from Cell Signaling; anti-Flg (M2F12) FGFR1 (#sc-
57132), anti-Bek (C-17) FGFR2 (#sc-122), anti-FGFR4 (C-16; #sc-
124), anti-FRS2 (H-91; #sc-8318) from Santa Cruz; anti-FGFR2 
(α-isoforms; MAB6841) from R&D Systems; anti-FRS2/SNT-1 

(#05-502), anti-phospho-Tyrosine, clone 4G10 (05-321), anti-α-actinin 
(#05-384) from Millipore; and anti-β-tubulin (# T4026) from Sigma.   

  In Vitro Compound Profi ling  
 Biochemical  in vitro  kinase assays, cellular FGFR autophosphor-

ylation assays, and BaF3 cell proliferation assays were conducted as 
described ( 25 ).   

  High-Throughput Cell Line Profi ling 
and Manual Cell Proliferation Assays  

 Cell lines were obtained from American Type Culture Collec-
tion, Deutsche Sammlung von Mikroorganismen und Zellkulturen 
(DSMZ)  and Health Science Research Resources Bank (HSRRB) and 
cultured in RPMI or Dulbecco’s modifi ed Eagle’s medium plus 10% 
FBS (Invitrogen) at 37°C 5% CO 2  using automated processing. Cell 
line identities were confi rmed using a 48-variant SNP panel and 
comparing them with previous cell line tests. A detailed descrip-
tion of the high-throughput cell viability assays can be found in 
the report of Barretina and colleagues ( 26 ). In brief, assays were 
automated and conducted with an ultra–high-throughput screen-
ing system. Cell lines were dispensed into tissue culture–treated 
1,536-well plates in a fi nal volume of 5 μL and a concentration of 
250 cells per well, were allowed to adhere, and were cultured for 12 
to 24 hours. Prediluted compounds were transferred to the cells, 
resulting in a fi nal concentration range of 8 μmol/L to 2.5 nmol/L 
in more than 8 steps and a uniform DMSO concentration of 0.4%. 
The cell–compound mixture was incubated for 72 to 84 hours, 
and cell growth was analyzed by determination of the cellular ATP 
content (Cell Titer Glo; Promega) using a luminescence plate reader 
(ViewLux; PerkinElmer). On all plates, wells containing vehicle 
only and the positive control MG132, a proteasome inhibitor, at 
1 μmol/L were included. Raw values were percentage normalized 
on a plate-by-plate basis such that 0% was equivalent to the median 
of vehicle wells and −100% equivalent to the median of the positive 
control. Quality of cell response to the positive control (MG132) 
was measured using a standard  Z ′ factor ( 36 ). In general, nearly all 
responses were more than 0.5, indicating a robust assay window. All 
dose–response data were reduced to a fi tted model using a propriety 
decision tree method that is based on the NIH Chemical Genom-
ics Center  assay guidelines ( 26 ). Fitted models were assessed with 
a standard χ 2  test that was also used to determine which model to 
use. All data were manually reviewed as well. Parameters derived 
form the models include IP, the infl ection point of the curve; cross-
ing point (CP), the concentration in which the fi tted curve crosses 
−50%; and  A  max , the maximal activity value reached within a model. 

 For manual cell proliferation assays, cells were seeded in 96-well 
plates at a density of 10 3  to 10 4  cells per well in a volume of 100 μL. 
Media containing compound dilutions or DMSO was added 24 hours 
thereafter. After 72 hours or 7 days, Cell Titer Glo was added as done 
earlier. The concentration of compound providing 50% of prolifera-
tion inhibition (IC 50 ) was determined using XLfi t (idbs).   

  Generation of Stable Cell Lines with Hairpin shRNAs  
 Hairpin shRNAs were cloned in pLKO-Tet-On vector to produce 

replication-incompetent lentiviruses as described previously ( 37 ). 
Upon lentiviral infection, stable cell lines were generated by selec-
tion with puromycin (1.5 μg/mL) for 5 days. For monolayer cell 
proliferation assays, cells were seeded in 96-well plates and shRNAs 
were induced with doxycycline. Cell proliferation was evaluated by 
methylene blue staining or Cell Titer Glo as done earlier. For soft-
agar assays, cells were dispensed in 96-well plates in growth medium 
containing 0.6% agar on a layer of solidifi ed media containing 1% 
agar. shRNAs were induced with doxycycline, and colony formation 
was evaluated 14 days after plating with Resazurin staining. 
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 shRNA sequences were as follows:

   FGFR1-sh1: GCCAAGACAGTGAAGTTCAAA, FGFR1-sh2: GAAT-
GAGTACGGCAGCATCAA, NT-sh1: GGATAATGGTGATTGA-
GATGG, NT-sh2: AGAAGAAGAAATCCGTGTGAA. 

   FGFR4-sh13: GCCGACACAAGAACATCATCA, FGFR4-sh14: GCT-
GGAGAGCTGCTATGCTAA, FGFR4-sh15: TCCATGATCGTC-
CTGCAGAAT, NT-sh3: CAACAAGATGAAGAGCACCAA.      

  Genomic Analysis of Cell Lines and Primary Tumors  
 A detailed description can be found in the report of Barretina and 

colleagues ( 26 ); see also ( 32 ). In brief, DNA copy number was meas-
ured using high-density SNP arrays (Affymetrix SNP6.0) and normal-
ized to copy number estimates (log 2  ratios; with log 2  ratio 0 being 
equal to 2N normalized copies) using a Gene-Pattern pipeline ( 38 ) 
and hg18 Affymetrix probe annotations. Sample-specifi c and recur-
rent copy number changes were identifi ed using the GISTIC algo-
rithm ( 39 ). mRNA expression levels were obtained using Affymetrix 
U133 plus 2.0 arrays according to the manufacturer’s instructions. 
The microarray data accession number in GEO is GSE36139.   

  FGFR2-c3 Isoform mRNA Expression  
 The primers to specifi cally monitor expression of the FGFR2-c3 

isoform were designed for TaqMan assay: FGFR2-F: CTTGGATC-
GAATTCTCACTCTCACA, FGFR2-R: CCTGACCAACTTTTC-
CCAGTTTCT, probe: CCAATGAGATCTGAAAGTTT. For internal 
control, β-actin primers and probe (ABI catalog number: 4326315E) 
were mixed with those of FGFR2. The qRT-PCR thermal cycles were 
run at 95°C for 15 seconds, 56°C for 25 seconds, and 68°C for 45 sec-
onds using TaqMan Universal PCR Master Mix (ABI catalog number 
4304437).   

  FGFR1 PCR from Human Primary 
Osteosarcoma DNA Samples  

 Seventeen genomic DNA samples from osteosarcomas were 
acquired from the Peter MacCallum Cancer Institute, (Melbourne, 
Australia; ref.  40 ). The primers used for  FGFR1  copy number deter-
mination by SYBR green PCR assays were: FGFR1-F: GCATCATAAT-
GGACTCTGTGGTG, FGFR1-R: GTGGTTGATGCTGCCGTACTC. 
LINE1 was used as the reference: LINE-F: AAAGCCGCTCAACTA-
CATGG, LINE-R: TGCTTTGAATGCGTCCCAGAG. The assay was 
carried out using ABI SYBR Green PCR Master Mix (catalog number: 
4309155) as described previously ( 40 ).   

  FGFR2 PCR from Human Primary Tumor DNA Samples  
 One hundred and thirteen genomic DNA samples from gastric 

or esophageal cancer specimens were acquired from Asterand, Indi-
vumed, Cytomyx, and Bio Serve. Fifty-six samples from gastric tumors 
were from PrognoGen Biotechnology Co., LTD, who conducted the 
copy number analysis by PCR according to Novartis protocols. The 
primers to quantify  FGFR2  locus copy number were designed for SYBR 
green assays: FGFR2-F: GTGTGTCTGGCAAGCTGTGT, FGFR2-R: 
AGACTCTGGCTTTCGCTGAG. Quantifi cation using LINE1 as a 
reference was conducted as described earlier for  FGFR1 .   

  Xenograft Rodent Models and Antitumor Effi cacy Studies  
 The experimental procedures involving animal studies strictly 

adhered to the Association for Assessment and Accreditation of 
Laboratory Animal Care International guidelines as published in the 
Guide for the Care and Use of Laboratory Animals, and to Novartis 
Corporate Animal Welfare policies. The study with the human pri-
mary gastric model GAM033 was conducted at CrownBio Inter-
national R&D center. The studies with the human primary gastric 

model CHGA010 and the cell line–derived xenograft SNU16 were 
conducted at Novartis facilities. All primary tumor samples were 
obtained from patients at the time of surgery, with informed writ-
ten patient consent, and the study was approved by the local ethical 
committee. Tumor cells, or tumor fragments in the case of primary 
tumors, were implanted subcutaneously in rodents. Treatment with 
NVP-BGJ398 or vehicle control started when average tumor size 
was at least 100 mm 3  and tumor volumes were monitored at the 
indicated times over the course of treatment. Data are presented as 
mean ± SEM. Comparisons between groups and the vehicle control 
group were done using 1-way ANOVA followed by Dunnett tests. The 
level of signifi cance is indicated for each experiment. At the end of 
treatment, tumors were excised and snap-frozen in liquid nitrogen. 
Frozen tissues were pulverized using a swing mill (RETSCH MM200), 
and tumor powder was lysed in standard protein lysis buffer for 
further Western blot analysis.    
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