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Fibroblast growth factor receptor 1 (FGFR1) is recurrently mutated at p.N546 in neuroblastoma. We examined whether mutant FGFR1 is
an oncogenic driver, a predictive biomarker, and an actionable vulnerability in this malignancy. FGFR1 mutations at p.N546 were
associated with high-risk disease and rapid tumor progression, resulting in dismal outcome for these patients. Ectopic expression of
FGFR1N546K induced constitutive downstream signaling and IL-3–independent growth in Ba/F3 cells, indicating oncogene-addicted
proliferation. In FGFR1N546K;MYCN transgenic mice, neuroblastoma developed within the first days of life, with fatal outcome within 3
weeks, reflecting the devastating clinical phenotypes of patients with FGFR1-mutant, high-risk neuroblastoma. Treatment with FGFR
inhibitors impaired proliferation and pathway activation in FGFR1N546K-expressing Ba/F3 and patient-derived FGFR1N546K-mutant
neuroblastoma cells and inhibited tumor growth in FGFR1N546K;MYCN transgenic mice and in a chemotherapy-resistant, patient-derived
xenograft mouse model. In addition, partial regression of FGFR1N546K-mutant tumor lesions occurred upon treatment with the FGFR
inhibitor futibatinib and low-intensity chemotherapy in a patient with refractory neuroblastoma. Together, our data demonstrate that
FGFR1N546K is a strong oncogenic driver in neuroblastoma associated with failure of current standard chemotherapy and suggest
potential clinical benefit of FGFR-directed therapies in patients with high-risk mutant FGFR1.
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Fibroblast growth factor receptor 1 (FGFR1) is recurrently mutated at p.N546 in neuroblastoma. We examined whether 
mutant FGFR1 is an oncogenic driver, a predictive biomarker, and an actionable vulnerability in this malignancy. FGFR1 
mutations at p.N546 were associated with high-risk disease and rapid tumor progression, resulting in dismal outcome for 
these patients. Ectopic expression of FGFR1N546K induced constitutive downstream signaling and IL-3–independent growth 
in Ba/F3 cells, indicating oncogene-addicted proliferation. In FGFR1N546K;MYCN transgenic mice, neuroblastoma developed 
within the first days of life, with fatal outcome within 3 weeks, reflecting the devastating clinical phenotypes of patients with 
FGFR1-mutant, high-risk neuroblastoma. Treatment with FGFR inhibitors impaired proliferation and pathway activation 
in FGFR1N546K-expressing Ba/F3 and patient-derived FGFR1N546K-mutant neuroblastoma cells and inhibited tumor growth in 
FGFR1N546K;MYCN transgenic mice and in a chemotherapy-resistant, patient-derived xenograft mouse model. In addition, 
partial regression of FGFR1N546K-mutant tumor lesions occurred upon treatment with the FGFR inhibitor futibatinib and low-
intensity chemotherapy in a patient with refractory neuroblastoma. Together, our data demonstrate that FGFR1N546K is a strong 
oncogenic driver in neuroblastoma associated with failure of current standard chemotherapy and suggest potential clinical 
benefit of FGFR-directed therapies in patients with high-risk mutant FGFR1.
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Austria, Norway, the United Kingdom, France, Italy, and the 
United States, and identified mutations at this position in 19 
cases (Figure 1 and Supplemental Figure 1; supplemental mate-
rial available online with this article; https://doi.org/10.1172/
JCI189152DS1). The prevalence of  FGFR1N546 mutations was 
approximately 1% at diagnosis (n = 2 of  239 patients in the Ger-
man cohort) and 2% at relapse (n = 2 of  73 patients in the German 
cohort). Mutations led to asparagine-to-lysine substitution in 16 
of  the tumors (p.N546K) and asparagine-to-aspartic acid substi-
tution in 3 cases (p.N546D), both predicted to be activating (Sup-
plemental Figure 2A and Supplemental Table 1) (15, 26). Muta-
tions at other positions of  FGFR1 were not found in the cohort 
from which we had complete sequencing information available (n 
= 312). We also observed that the mutated FGFR1N546 allele was 
expressed at the RNA level in affected tumors (n = 6 of  19 tumors 
analyzed) (Figure 2A). FGFR1N546 mutations were found predom-
inantly in International Neuroblastoma Staging System (INSS) 
stage 4/INRG Staging System stage M tumors and high-risk dis-
ease, as defined by INRG (n = 14 of  19 cases),  and occurred 
in combination with MYCN amplification in 8 of  18 tumors (not 
analyzed, n = 1) (Supplemental Table 1).

In 6 patients, the FGFR1N546 variant was detected at the time of  
diagnosis, whereas it occurred only at relapse or progression in 5 
other cases (not analyzed at diagnosis, n = 8) (Figure 1 and Supple-
mental Table 1). Survival of  patients with FGFR1N546-mutant high-
risk tumors was poor: all but 1 of  these patients have died (2-year 
overall survival [OS] = 0.408 ± 0.136, and survival was significant-
ly inferior to that of  patients with tumors bearing mutant ALK, the 
most frequently altered receptor tyrosine kinase in this malignancy 
(Figure 2B) (27). The prevalence of  the risk factors age, stage, and 
MYCN status did not differ between FGFR1N546- and ALK-mutant 
high-risk neuroblastoma (Supplemental Figure 2B).

Survival of  patients with FGFR1N546-mutant non–high-risk dis-
ease appeared to be better than that of  high-risk patients (2-year 
OS = 0.800±0.179; P = 0.304), but inferior to that of  ALK-mu-
tant non–high-risk patients (Figure 2B); however, this finding 
was limited by the small number of  non–high-risk patients with 
mutant FGFR1 and the short follow-up of  some of  these patients. 
The difference in survival between patients with FGFR1- and 
ALK-mutant neuroblastoma was also evident after exclusion of  
patients with ALK-mutant tumors who had been treated with 
ALK inhibitors (Supplemental Figure 2C). Most of  the patients 
with FGFR1N546-mutant neuroblastoma had rapid disease progres-
sion shortly after detection of  the mutation despite therapy (Sup-
plemental Figure 1); median survival was 270 (range, 66–1,798) 
days after detection of  mutated FGFR1N546, and this did not dif-
fer significantly between patients in whom mutations occurred in 
tumors at diagnosis or only at relapse (1-year OS = 0.333±0.192 
vs. 0.200±0.179, respectively; P = 0.76) (Figure 2C). Similarly, sur-
vival did not differ between high-risk patients with ALK mutation 
in whom mutations occurred at diagnosis or only at relapse (P = 
0.280) (Figure 2C), which was, however, significantly longer than 
that of  patients with FGFR1-mutant neuroblastoma after detec-
tion of  mutated FGFR1 (median survival 1,108 days vs. 270 days, 
respectively; P < 0.001). Together, these data suggest FGFRN546 
mutations contribute to chemotherapy resistance and poor out-
come in neuroblastoma.

Introduction
 Neuroblastoma is a malignant pediatric tumor of the developing sym-
pathetic nervous system, representing 8% of childhood malignancies 
(1). Roughly 50% of patients have excellent outcome with no or limited 
treatment, owing to frequent occurrence of spontaneous regression or 
maturation of the tumor into benign ganglioneuroma (2, 3). By con-
trast, the 50% of patients is at high risk to die from disease, with long-
term survival still being below 50% despite intense multimodal treat-
ment strategies (4, 5). According to the International Neuroblastoma 
Risk Group (INRG), patients are classified as high risk if they have 
metastatic disease and are older than 18 months at diagnosis, or if their 
tumor cells bear genomic amplification of the proto-oncogene MYCN 
(6, 7). On the molecular level, high-risk tumors are defined by the 
presence of telomere maintenance mechanisms, which are invariably 
absent in low-risk neuroblastoma (8, 9). In addition, mutations in genes 
related to RAS/MAPK pathway activation, such as the RAS family 
genes themselves or anaplastic lymphoma kinase (ALK), are associated 
with inferior outcome when occurring in combination with telomere 
maintenance mechanisms (10). In patients with relapsed or refractory 
ALK-mutated neuroblastoma, ALK inhibitors (e.g., crizotinib, lorlati-
nib, ceritinib) have shown promising antitumor activity (11–13), and 
their potential therapeutic value in first-line therapy is being evaluated 
(4). However, targeted treatment options for patients with tumors bear-
ing alterations in genes other than ALK are still limited.

We and others have found that mutations at codon 546 of the 
fibroblast growth factor receptor 1 (FGFR1) gene, affecting the tyro-
sine kinase domain, recur in high-risk neuroblastoma (10, 14–20), and 
that their presence tends to be associated with worse survival (15). The 
impact of mutant FGFR1 on neuroblastoma pathogenesis, however, 
has remained unclear (15, 20). FGFR1 belongs to the family of FGFR 
transmembrane receptor tyrosine kinases consisting of 2 or 3 extracel-
lular domains, 1 transmembrane domain, and 2 tyrosine kinase subdo-
mains (21–23). Binding of FGF ligands activates various downstream 
pathways, such as RAS/MAPK, PI3K/AKT, and STAT signaling, 
thereby regulating distinct cellular processes, including proliferation, 
differentiation, survival, and migration. Dysregulation of FGFR sig-
naling by point mutations, amplification, or translocations of FGFR 
genes contributes to tumorigenesis in various solid tumors (21), such 
as lung cancer, breast cancer, bladder carcinoma, cholangiocarcinoma, 
and glioblastoma (24, 25). Several selective FGFR inhibitors have been 
developed, therefore, and entered clinical trials in recent years, and 
erdafitinib, pemigatinib, infigratinib, and futibatinib have been approved 
by the FDA for adult patients with cancer with FGFR-altered tumors.

Here, we set out to determine the association of  mutant FGFR1 
with clinical neuroblastoma phenotypes, its transforming capacity in 
vitro, and its potential role as an oncogenic driver in neuroblastoma 
pathogenesis in vivo. We also evaluated whether mutated FGFR1 
may represent an actionable alteration in neuroblastoma, both exper-
imentally in vitro and in vivo, and in a patient with relapsed disease, 
to develop more efficacious treatment options in children with this 
deadly malignancy.

Results
Patients with FGFR1N546-mutated neuroblastoma have poor outcome. To 
determine the association of  FGFR1N546 mutations with clinical 
variables and outcome in neuroblastoma, we screened sequenc-
ing data obtained from patients in Germany, the Netherlands, 
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and control Ba/F3 cells in the presence of  IL-3. By contrast, we 
found a significantly higher number of  viable Ba/F3 FGFR1N546K 
cells in comparison with all control cells after withdrawal of  IL-3 
(Figure 3A), which points toward the transforming potential of  
this variant. Of  note, proliferation of  FGFR1N546K-expressing Ba/F3 
cells was completely abrogated by introduction of  the kinase-dead 
mutation p.D623A (Figure 3A), indicating that activation of  the 
kinase-domain is essential for the oncogenic effect.

We next generated 3 distinct IL-3–independent, FGFR1N546K- 
expressing Ba/F3 cell lines and analyzed FGFR pathway activa-
tion, using immunoblot analysis of  downstream targets. Protein 
expression of  FGFR1 was detected in all FGFR1-transduced Ba/
F3 cells, whereas significant levels of  FGFR1 phosphorylation 
occurred only in the 3 IL-3–independent FGFR1N546K cell lines (Fig-

FGFR1N546K is an oncogenic driver in Ba/F3 cells. Previous studies 
have shown that the p.N546K variant leads to enhanced tyrosine 
kinase activity of  FGFR1 in Rat-1 and neuroblastoma cells, and 
that FGFR1N546K may confer oncogenic properties in vitro (20, 26). 
To validate the transforming capacity of  mutant FGFR1N546K, we 
generated Ba/F3 cells stably expressing FGFR1WT and FGFR1N546K. 
We also generated Ba/F3 cells with stable expression of  FGFR1 
bearing a kinase-dead mutation (FGFR1D623A), both in the FGFR1WT  
and FGFR1N546K background, to test whether FGFR1N546K leads 
to constitutive activation of  the kinase domain of  FGFR1 (26). 
Because proliferation of  parental Ba/F3 cells is dependent on 
IL-3 (28, 29), we evaluated the transforming capacity of  mutated 
FGFR1 by determining cell counts in its presence and absence. As 
expected, cell counts did not differ between FGFR1N546K-transduced 

Figure 1. Clinical courses of patients with FGFR1N546 mutated neuroblastoma. Swimmer plot illustrating the course of disease of 19 patients with FGFR1N546- 
mutated neuroblastoma. Light grey rectangles indicate missing data (not available; NA).
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Supplemental Figure 3, A–C). In line with these observations, we 
found that phosphorylation of  FGFR1 and its downstream targets 
decreased in IL-3–independent FGFR1N546K cells upon treatment 
with futibatinib or erdafitinib in a dose-dependent manner (Figure 
4C and Supplemental Figure 3D).

Targeted FGFR1N546K expression leads to neuroblastoma development 
in vivo. To determine whether FGFR1N546K drives the development 
of  neuroblastoma, we generated an R26-LSL-FGFR1N546K transgenic 
mouse model in which an FGFR1N546K transgene is integrated into 
the ROSA26 locus and expressed after Cre-loxP-mediated recom-
bination (Supplemental Figure 4A). To direct expression of  the 
transgene to cells of  the developing sympathetic nervous system, 
FGFR1N546K transgenic mice were crossbred with mice bearing a 
Th-IRES-Cre transgene, which express Cre recombinase under con-
trol of  the tyrosine hydroxylase (Th) promoter (33). In R26-LSL-FG-
FR1N546K/wt;Th-IRES-Cretg/wt mice, the stop cassette flanked by loxP 
recombination sites is removed in cells of  the neural crest during 
early development, leading to ectopic FGFR1N546K expression driven 
by the CAG promoter (Supplemental Figure 4A).

Macroscopic inspection of the abdominal cavity in 16 R26-LSL-
FGFR1N546K/wt;Th-IRES-Cretg/wt mice sacrificed within the first days of  
life revealed neuroblastoma formation in all cases, which was validated  

ure 3B). Accordingly, we found intense phosphorylation of  the 
downstream targets FRS2, ERK, AKT, and STAT3 in IL-3–inde-
pendent FGFR1N546K cells, whereas phosphorylation of  these pro-
teins was substantially lower in all cytokine-dependent cells (Figure 
3B). Together, these data indicate the variant p.N546K constitu-
tively activates the tyrosine kinase domain of  FGFR1, leading to 
induction of  FGFR signaling by phosphorylation of  downstream 
targets and consecutive autonomous cell proliferation, which is in 
line with previous reports (20, 26).

Treatment of  FGFR1N546K Ba/F3 cells with FGFR inhibitors down-
regulates FGFR pathway activity and impairs cell proliferation. Because 
various small-molecule FGFR inhibitors have been developed and 
are in clinical use for adult patients with tumors bearing FGFR 
alterations, we next asked whether FGFR1N546K is a potential ther-
apeutic target. We examined effects of  the clinically approved 
FGFR inhibitors futibatinib and erdafitinib in IL-3–independent 
FGFR1N546K and control Ba/F3 cells (30–32). Cell viability of  IL-3–
independent FGFR1N546K-expressing cells was significantly reduced 
in comparison with parental cells after treatment with futibatinib 
or erdafitinib for 72 hours, whereas no effect was observed in IL-3–
dependent cells bearing FGFR1N546K, WT FGFR1, or FGFR1D623A 
in the presence or absence of  p.N546K (Figure 4, A and B, and 

Figure 2. Patients with FGFR1N546-mutated neuroblastoma have a poor outcome. (A) Allelic fractions of FGFR1N546 mutations (mut.) in DNA and 
RNA-Seq data obtained from 6 of the FGFR1N546-mutated tumors. (B) OS of patients at high risk (top) and those not at high risk (bottom) with 
FGFR1N546-mutated neuroblastoma and patients with tumors bearing single nucleotide variants in the ALK kinase domain (27). Survival curves were 
estimated according to the Kaplan-Meier test and compared with log-rank test. (C) OS after first-time detection of mutant FGFR1N546 (top) or mutant 
ALK in high-risk patients (bottom) at diagnosis (blue) or relapse/progression (progr.) (red). Survival curves were estimated according to Kaplan-Meier 
and compared with a log-rank test.
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in human neuroblastoma (14, 27, 37). In contrast to FGFR1N546K 
transgenic mice, we did not detect any tumors in Th-ALKF1174L mice 
beyond the age of  4 weeks by MRI imaging or by macroscopic or 
histological inspection of  the adrenal glands (Supplemental Figure 
6A). We also did not observe macroscopic tumors in the adrenal 
glands of  Th-ALKF1174L mice sacrificed at the age of  14 days (n = 
3 mice) (Supplemental Figure 6B); however, histological examina-
tion revealed neuroblastoma in situ in 2 of  4 adrenal glands in these 
animals, similar to the findings in older FGFR1N546K transgenic mice 
(Supplemental Figure 6C).

Co-expression of  FGFR1N546K and MYCN drives aggressive disease in 
murine neuroblastoma. Because FGFR1 mutations occurred in com-
bination with MYCN amplification in almost half  of  the tumors of  
patients, we sought to reproduce this genotype in a murine model. 
We mated R26-FGFR1-N546KN546K/wt;Th-IRES-Cretg/wt mice with an 
established Th-MYCN neuroblastoma mouse model (38) to assess 
the effect of  FGFR1N546K and MYCN co-expression on tumor devel-
opment and progression. We found that ectopic co-expression 
of  FGFR1N546K and MYCN resulted in development of  multifocal 
abdominal tumors within the first days of  life with 100% penetrance 
(Figure 6A and Supplemental Table 3), leading to death of  the ani-
mals at the age of  17–21 days (Figure 6B and Supplemental Table 
3). Both histology and PHOX2B staining of  the tumors indicated 
they corresponded to neuroblastoma (Figure 6C). Expression of  
both the mutant FGFR1 transcript and FGFR1 protein in the tumor 
was validated by RNA-Seq and Western blot analysis, respectively 
(Figure 6D and Supplemental Figure 7, A and B).

Because we had observed more aggressive disease courses in 
patients with FGFR1-mutant high-risk neuroblastoma than in those 
with ALK mutations, we compared the phenotype of  FGFR1N546K; 
Th-MYCN mice with that of  Th-ALKF1174L;Th-MYCN mice, a well-es-

by histological examination (Figure 5, A and B, and Supplemen-
tal Table 2). By contrast, no abdominal tumors were detected in 35 
R26-LSL-FGFR1N546K/wt;Th-IRES-Cretg/wt mice at the age of 4 weeks by 
MRI, which suggested early FGFR1N546K-driven neuroblastomas do not 
develop an aggressive phenotype but undergo spontaneous regression 
within the first weeks after birth (Figure 5, A and B). Two of these 
mice developed neuroblastoma beyond the age of 4 weeks, as detect-
ed by MRI (Supplemental Table 3). In 1 mouse, the tumor partially 
regressed over time, whereas in the other, disease progressed to fatal 
outcome (Supplemental Figure 4, B and C). Histological assessment 
and expression of paired-like homeobox 2B (PHOX2B) confirmed 
that both tumors were neuroblastoma, and FGFR1 expression was 
validated by immunofluorescence (Supplemental Figure 4, D and E).

By contrast, absence of  neuroblastoma was validated by mac-
roscopic inspection of  the abdominal cavity in the remaining 33 
animals (Supplemental Table 3). We noted, however, that adrenal 
glands of  R26-FGFR1-N546KN546K/wt;Th-IRES-Cretg/wt mice without 
visible tumors that were sacrificed at the age of  13–21 weeks con-
tained microscopic clusters of  neuroblasts in 4 of  9 cases (Supple-
mental Figure 5A, Supplemental Table 3), resembling neuroblas-
toma in situ (34). In addition, we noted that long-term survival of  
R26-FGFR1N546K/wt;Th-IRES-Cretg/wt mice was limited by the develop-
ment of  papillomas at the tail, mouth, and genitals, as well as sar-
comas (Figure 5C, Supplemental Figure 5, B–F, and Supplemental 
Table 3). The development of  these tumors is likely due to low-level 
expression of  tyrosine hydroxylase in murine skin and muscle (35, 
36), leading to expression of  the FGFR1N546K transgene also in these 
tissues and consecutive development of  papillomas and sarcomas.

We next compared the phenotype of  R26-FGFR1N546K/wt;Th-
IRES-Cretg/wt mice with that of  mice transgenic for ALKF1174L, repre-
senting 1 of  the most common tyrosine receptor kinase mutations 

Figure 3. FGFR1N546K drives cytokine-independent proliferation of Ba/F3 cells and renders them sensitive to pharmacological FGFR inhibition. (A) 
Relative cell counts of viable Ba/F3 cells transduced with different vectors (empty vector, FGFR1 WT, FGFR1D623A, FGFR1D623A;N546K, FGFR1N546K) normalized to 
parental Ba/F3 cells. Analyses were performed with 10 ng/mL IL-3 in culture medium and after withdrawal of IL-3 after 144 hours. Average numbers (±SD) 
of 6 independent experiments are shown. P values were calculated in pair-wise comparisons to Ba/F3 parental cells using a 1-sided Wilcoxon rank-sum 
test and adjusted for multiple testing using the Benjamini–Hochberg method. (B) Levels of total and phosphorylated proteins of the FGFR pathway in 
IL-3–dependent Ba/F3 cells (parental, empty vector, FGFR1 WT, FGFR1D623A, FGFR1D623A;N546K, FGFR1N546K) and 3 IL-3–independent FGFR1N546K-transduced Ba/
F3 cell clones (blue). IL-3–independent FGFR1N546K-transduced BA/F3 cells shown in different blue tones correspond to cells from 3 independent experi-
ments labelled in light blue in (A). Antibodies against total and phosphorylated FGFR1, the adaptor protein FRS2, and the downstream targets AKT, ERK, 
and STAT3 were used. β-actin served as loading control.
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tablished murine neuroblastoma model corresponding to a recur-
rent genotype in human neuroblastoma (38, 39). The combined 
expression of  mutant ALK and MYCN also resulted in tumor for-
mation with 100% penetrance, whereas heterozygous expression 
of  the MYCN transgene alone led to macroscopic tumor devel-

opment in 3% of  the cases (n = 2 of  67 mice) only, as described 
previously (Supplemental Tables 3 and 4) (38, 39). In comparison 
with FGFR1N546K;Th-MYCN mice, neuroblastomas developed later 
in Th-ALKF1174L;Th-MYCN mice, which led to death at the age of  
6–8 weeks, indicating FGFR1N546K might have a stronger oncogenic  

Figure 4. FGFR1N546K renders Ba/F3 cells sensitive to pharmacological FGFR inhibition. (A) Relative cell viability of IL-3–dependent Ba/F3 cells (parental, 
empty vector, FGFR1 WT, FGFR1D623A, FGFR1D623A;N546K, FGFR1N546K) and 3 IL-3–independent FGFR1N546K-transduced Ba/F3 cell clones (blue) after treatment 
with various concentrations (conc.) of futibatinib (in μM: 0.0001, 0.001, 0.01, 0.0398, 0.0631, 0.1, 1, 10, and 100) and DMSO as control for 72 hours. Mean 
cell viabilities ± SD of 3 (FGFR1 WT, FGFR1D623A, FGFR1D623A;N546K, FGFR1N546K) or 4 (parental, empty vector, FGFR1N546K IL-3–independent cells) independent 
experiments conducted in triplicate each are plotted. (B) IC50 of futibatinib in IL-3–dependent Ba/F3 cells and 3 IL-3–independent FGFR1N546K-transduc-
ed Ba/F3 cell clones, derived from 3 (FGFR1 WT, FGFR1D623A, FGFR1D623A;N546K, FGFR1N546K) or 4 (parental, empty vector, FGFR1N546K IL-3–independent cells) 
independent experiments consisting of triplicates each. P values were calculated in pair-wise comparisons to Ba/F3 parental cells using a 1-sided Wilcoxon 
rank-sum test and adjusted for multiple testing using the Benjamini–Hochberg method. (C) Levels of total and phosphorylated proteins of the FGFR path-
way in IL-3–dependent Ba/F3 cells (parental, empty vector, FGFR1 WT, FGFR1D623A, FGFR1D623A;N546K, FGFR1N546K) and 3 IL-3–independent FGFR1N546K transduc-
ed Ba/F3 cell clones (blue) after treatment with DMSO or 10, 50, or 100 nM futibatinib (experiment was conducted 3 times).
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potential than ALKF1174L (Figure 6B, Supplemental Figure 7, C and 
D, and Supplemental Table 4). The aggressive tumor phenotype 
observed in FGFR1N546K;Th-MYCN mice thus resembled that of  
FGFR1N546-mutant neuroblastoma in high-risk patients.

FGFR1N546K;MYCN- and ALKF1174L;MYCN-driven neuroblastomas 
differ in their molecular profiles. To determine the molecular basis 
of  the distinct phenotypes observed in FGFR1N546K-, FGFR1N546K;-
MYCN-, and ALKF1174L;MYCN-driven neuroblastomas, we generat-
ed RNA-Seq data from tumors of  these 3 subtypes (Supplemental 

Table 5). Unsupervised analysis of  expression data by t-distributed 
stochastic neighbor embedding revealed that these 3 genetically 
defined neuroblastoma types formed distinct clusters (Supplemen-
tal Figure 8A). We then determined differentially expressed genes 
between FGFR1N546K- and FGFR1N546K;MYCN-driven neuroblas-
tomas, followed by gene set enrichment analysis (40–42), which 
uncovered enrichment of  cell cycle– and proliferation-associated 
and adrenergic gene sets in the latter (Supplemental Figure 8, B and 
C, and Supplemental Table 6). By contrast, cell cycle and prolifer-

Figure 5. FGFR1N546K drives neuroblastoma development in a transgenic mouse model. (A) Images of abdominal cavities of R26-LSL-FGFR1N546K/wt;Th-
IRES-Cretg/wt mice sacrificed at the ages of 7 and 21 days, showing tumors between the kidneys (top). Arrows point to the tumor boundaries. Kidneys (K) 
and tumors (indicated by asterisks) were prepared for better visualization of the tumors (bottom). (B) H&E and PHOX2B and Ki67 immunohistochemical 
staining of tumor sections obtained from R26-LSL-FGFR1N546K/wt;Th-IRES-Cretg/wt mice at the ages of 7 (left) and 14 (right) days; scale bar: 50 μm. (C and D) 
OS (C) and neuroblastoma-specific (NB-specific) survival (D) of R26-LSL-FGFR1N546K/wt;Th-IRES-Cretg/wt (blue), Th-MYCNtg/wt (red), and Th-ALKF1174L/wt (yellow) 
mice. Although OS was reduced in FGFR1N546K transgenic mice in comparison with the other groups, due to development of papillomas and sarcomas 
(FGFR1N546K vs. MYCNtg, P < 0.001; FGFR1N546K vs. ALKF1174L, P < 0.001; MYCNtg vs. ALKF1174L, P = 0.106), neuroblastoma-specific survival of FGFR1N546K transgen-
ic mice was worse only in comparison with ALKF1174L mice (P = 0.049), but did not differ from that of MYCNtg mice (P = 0.226). Survival of ALKF1174L compared 
with MYCNtg mice was not significant (P = 0.394). Survival curves were estimated according to Kaplan-Meier test and compared with a log-rank test.
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We validated reduced protein levels of  MKI67 and cleaved 
caspase 3 in FGFR1N546K;MYCN-driven neuroblastoma by immuno-
histochemistry (Figure 7D and Supplemental Figure 9A), as well 
as elevated levels of  BCL2 by immunohistochemistry and Western 
blot analysis (Figure 7E, Supplemental Figures 7B and 9B). We also 
evaluated apoptotic DNA fragmentation by TUNEL staining and 
found only few positive cells in FGFR1N546K;MYCN-driven tumors, 
whereas TUNEL-positive cells were abundant in ALKF1174L;-
MYCN-driven neuroblastomas (Supplemental Figure 9, C and D). 
Together, these data suggest the aggressive growth of  tumors bear-
ing FGFR1N546K may be due to impaired mechanisms of  cell death 
when compared with ALKF1174L-driven tumors, which is in line with 
the poor response to chemotherapy observed in patients.

FGFR inhibition impairs tumor growth and prolongs survival in 
FGFR1N546K;MYCN transgenic mice. We next asked whether tar-
geting mutated FGFR1 with FGFR inhibitors might impair 
FGFR1N546K-driven tumor growth in vivo. To this end, we geno-
typed R26-FGFR1-N546KN546K/wt;Th-MYCNtg/wt;Th-IRES-Cretg/wt 
mice at the age of  10–13 days and confirmed tumor development 
by MRI at the age of  14–15 days. We then immediately started 

ation gene sets were depleted, and both adrenergic and mesenchy-
mal gene sets were enriched in FGFR1N546K;MYCN in comparison 
with ALKF1174L;MYCN-driven neuroblastomas (Supplemental Figure 
8, D and E) (43, 44).

Because these data unexpectedly suggested that ALKF1174L, in 
combination with MYCN, triggers a higher proliferation rate of  the 
tumor cells than FGFR1N546K;MYCN, we examined differentially 
expressed genes of  these 2 tumor types in more detail (Supplemen-
tal Table 7). Indeed, we found that proliferation-associated genes, 
such as Mki67, Ccnb1, Ccnd1, Top2a, and Pcna, were expressed at 
higher levels in ALKF1174L-driven tumors (Figure 7A). We spec-
ulated, therefore, that the more aggressive growth of  tumors in 
FGFR1N546K;MYCN mice was due not only to increased proliferation 
but also to a shifted balance between pro- and anti-apoptotic sig-
nals in the malignant cells, leading to impaired cell death in these 
tumors. In line with that notion, we observed that the anti-apop-
totic genes Bcl2 and Bcl2l1 were significantly upregulated, whereas 
pro-apoptotic Casp3, Bax, Bid, and Bcl2l11 were downregulated in 
FGFR1N546K;MYCN-driven tumors (Figure 7, B and C, Supplemental 
Figure 8F, and Supplemental Table 7).

Figure 6. Concurrent expression of FGFR1N546K and MYCN promotes aggressive neuroblastoma in murine models. (A) Axial T2-weighted MRI scans of an 
R26-FGFR1N546K/wt;Th-IRES-Cretg/wt;Th-MYCNtg/wt mouse that developed neuroblastomas at the adrenal glands (left) and the pelvic sympathetic trunk (right).  
(B) OS of R26-FGFR1N546K/wt;Th-IRES-Cretg/wt;Th-MYCNtg/wt, Th-ALKF1174L/wt;Th-MYCNtg/wt, and R26-LSL-FGFR1N546K/wt;Th-MYCNtg/wt mice. Survival of all groups 
differed significantly from each other in pairwise comparisons (P < 0.001 each). Survival curves were estimated according to Kaplan-Meier tests and compared 
with log-rank tests. (C) H&E (top) and PHOX2B immunohistochemical (bottom) staining of an adrenal tumor obtained from an R26-FGFR1N546K/wt;Th-IRES-
Cretg/wt;Th-MYCNtg/wt mouse at the age of 21 days, and of an adrenal tumor obtained from a Th-ALKF1174L/wt;Th-MYCNtg/wt mouse at the age of 49 days; scale bar: 
50 μm. (D) FGFR1 transcript levels in tumors obtained from R26-FGFR1N546K/wt;Th-IRES-Cretg/wt;Th-MYCNtg/wt mice and from Th-ALKF1174L/wt;Th-MYCNtg/wt mice  
(n = 11 each), as determined by RNA-Seq. Box plots show the median, first, and third quartiles; the whiskers represent the minimum and maximum values 
within ±1.5 times the interquartile range. Comparisons between groups were performed using a 2-tailed Wilcoxon rank-sum test.
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Figure 7. FGFR1N546K;MYCN-driven and ALKF1174L;MYCN-driven tumors differ in the expression of proliferation-associated and apoptotic markers. 
(A–C) Expression levels of genes associated with proliferation (Mki67, Ccnb1, Ccnd1, Top2a, and Pcna (A); anti-apoptotic genes (Bcl2 and Bcl2l1) (B); and 
pro-apoptotic genes (Casp3, Bax, and Bid) (C) in tumors of R26-FGFR1N546K/wt;Th-IRES-Cretg/wt;Th-MYCNtg/wt and Th-ALKF1174L/wt;Th-MYCNtg/wt mice, as deter-
mined by RNA-Seq. Box plots show the median, first, and third quartiles; the whiskers represent the minimum and maximum values within ±1.5 times 
the interquartile range. Comparisons between groups were performed using a 2-tailed Wilcoxon rank-sum test. (D) H&E and PHOX2B, Ki67, and cleaved 
caspase 3 (CC3) immunohistochemical staining of tumor sections obtained from a Th-ALKF1174L/wt;Th-MYCNtg/wt mouse (56 days old; top) and from an 
R26-FGFR1N546K/wt;Th-IRES-Cretg/wt;Th-MYCNtg/wt mouse (20 days old; bottom); scale bar, 50 μm. (E) BCL2 immunohistochemical staining of tumor sections 
obtained from of Th-ALKF1174L/wt;Th-MYCNtg/wt (top) and R26-FGFR1N546K/wt;Th-IRES-Cretg/wt;Th-MYCNtg/wt (bottom) mice; scale bar: 100 μm.
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Figure 8. Futibatinib impairs tumor growth and prolongs survival in FGFR1N546K;MYCN transgenic mice. (A) Temporal changes of relative tumor diameters 
in R26-FGFR1N546K/wt;Th-IRES-Cretg/wt;Th-MYCNtg/wt mice treated with 5 mg/kg futibatinib (light green), 30 mg/kg futibatinib (dark green), or control sub-
stance (0.5% CMC-Na; blue). Growth curves of individual tumors are shown on the left; mean and range of the relative tumor diameter changes are shown 
on the right. (B) OS of R26-FGFR1N546K/wt;Th-IRES-Cretg/wt;Th-MYCNtg/wt mice treated with 5 mg/kg, or 30 mg/kg futibatinib, or control. Survival of mice 
treated with 5 mg/kg futibatinib was significantly longer than that of control mice (P < 0.001), whereas survival of mice treated with 30 mg/kg futibatinib 
was not significantly prolonged, due to toxicity (P = 0.47). (C) Axial T2-weighted MRI scans of an R26-FGFR1N546K/wt;Th-IRES-Cretg/wt;Th-MYCNtg/wt mouse 
treated with 5 mg/kg futibatinib at the indicated ages. (D) H&E and PHOX2B, Ki67, and CC3 immunohistochemical staining of tumor sections obtained 
from R26-FGFR1N546K/wt;Th-IRES-Cretg/wt;Th-MYCNtg/wt mice treated with control (top) or 5 mg/kg futibatinib (bottom); scale bar, 50 μm. (E) Absolute vol-
umes of tumors obtained from R26-FGFR1N546K/wt;Th-IRES-Cretg/wt;Th-MYCNtg/wt mice, subcutaneously reimplanted into NSG mice and treated with 10 mg/
kg futibatinib (n = 11) or control (n = 9) after reaching a volume of 0.08–0.2 cm3. Growth curves of individual tumors are shown on the left; mean and range 
of tumor volumes are shown on the right.
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To compensate for the limitations caused by gavage and/
or futibatinib toxicity in mice of  very young age and small 
size, we reimplanted tumor specimens obtained from R26-LSL- 
FGFR1N546K/wt;Th-MYCNtg/wt;Th-IRES-Cretg/wt mice in immuno-
compromised NSG mice, thus enabling evaluation of  the ther-
apeutic efficacy of  FGFR inhibition in older mice with higher 
body weight at the start of  treatment. Here, we found that treat-
ment with futibatinib at an increased dose of  10 mg/kg almost 
completely abrogated tumor growth and significantly prolonged 
survival of  the mice (Figure 8E, Supplemental Figure 11, A and 
B, and Supplemental Table 9). We again observed, however, 
that mice had to be sacrificed due to weight loss without having 
reached the maximum tumor volume, both in the futibatinib- 
and the control-treated cohorts, supporting the notion that the 
procedure of  gavage or the solvent may be associated with stress 
and reduced food intake.

FGFR inhibition has antitumor activity in human FGFR1N546K- 
mutant neuroblastoma models. We next examined the antitumor  
activity of  pharmacological FGFR inhibition in human 
FGFR1N546K-mutant neuroblastoma models. Exposure of  a human 
FGFR1N546K-mutant, MYCN-amplified cell line to futibatinib led 
to both dose-dependent reduction of  cell viability and decreased 
phosphorylation of  FGFR1 and its downstream targets (Supple-
mental Figure 11, C–E), similar to results in Ba/F3 cells (Figures 
3 and 4). Likewise, we observed dose-dependent reduction of  cell 
viability in a patient-derived, MYCN-amplified organoid model 
upon exposure to erdafitinib or futibatinib, whereas this model 
was largely resistant to cytotoxic agents used in neuroblastoma 
therapy (Supplemental Figure 11F).

treatment with futibatinib, which has been used at a broad dos-
ing range (0.5–50 mg/kg body weight per day) in previous mouse 
experiments (32, 45–47).

At a daily dose of  30 mg/kg, we observed reduction in tumor 
size in all treated mice (n = 4) (Figure 8A and Supplemental Figure 
10, A–C), whereas control mice had rapid tumor progression, as 
expected (Supplemental Figure 10, A, B, and D). Tumor response 
in futibatinib-treated mice, however, was not accompanied by pro-
longed survival (Figure 8B and Supplemental Table 8), which was 
probably due to impaired tolerability of  the compound and/or the 
administration procedure; mice developed weight loss (>10% of  the 
body weight) and reduced condition (measured by various param-
eters defined in the score sheet we used) over treatment. Therefore, 
we lowered the dose of  futibatinib to 5 mg/kg/day, which resulted 
in partial tumor remission or decelerated tumor growth, and sig-
nificantly prolonged survival of  the treated cohort in comparison 
with the control cohort (Figure 8, A–C, and Supplemental Table 
8). We again noted, however, that futibatinib- and control-treated 
mice concordantly showed weight loss and reduced condition, sug-
gesting the oral gavage procedure itself  may cause these symptoms, 
which may limit the feasibility of  oral drug administration, particu-
larly in mice of  this young age (48).

Histological analysis of  treated tumors revealed impaired pro-
liferation as compared with controls, as indicated by reduction in 
MKI67-positive cells (Figure 8D and Supplemental Figure 10E). 
We also observed focal enrichment of  TUNEL-positive cells, indi-
cating apoptotic DNA fragmentation; however, we did not observe 
increased fractions of  cleaved caspase 3–positive cells by immuno-
histochemistry (Figure 8D and Supplemental Figure 10, E–G).

Figure 9. Futibatinib abrogates tumor growth in an FGFR1N546K-mutant, patient-derived xenograft model. (A) Absolute volumes of individual tumors 
(left) and mean and range of tumor volumes (right) of an FGFRN546K-mutant, patient-derived xenograft mouse model, treated with control (10% DMSO + 
90% [20%] Captisol in 0.9% NaCl); n = 13) or 20 mg/kg futibatinib (futibatinib diluted in 10% DMSO + 90% [20%] Captisol in 0.9% NaCl); n = 13). (B) OS 
of mice bearing an FGFRN546K-mutant, patient-derived xenograft, treated with control or 20 mg/kg futibatinib. Survival curves were estimated according 
to Kaplan-Meier test and compared with a log-rank test. (C) H&E and PHOX2B and Ki67 immunohistochemical staining of tumor sections obtained from 
patient-derived xenograft tumors treated with a control substance (top) of 20 mg/kg futibatinib (bottom); scale bar, 100 μm.

https://doi.org/10.1172/JCI189152
https://www.jci.org/articles/view/189152#sd
https://www.jci.org/articles/view/189152#sd
https://www.jci.org/articles/view/189152#sd
https://www.jci.org/articles/view/189152#sd
https://www.jci.org/articles/view/189152#sd
https://www.jci.org/articles/view/189152#sd
https://www.jci.org/articles/view/189152#sd
https://www.jci.org/articles/view/189152#sd
https://www.jci.org/articles/view/189152#sd
https://www.jci.org/articles/view/189152#sd
https://www.jci.org/articles/view/189152#sd
https://www.jci.org/articles/view/189152#sd
https://www.jci.org/articles/view/189152#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2026;136(7):e189152  https://doi.org/10.1172/JCI1891521 2

Futibatinib treatment was tolerated well by immunodeficient NOG 
mice over 21 days. We did not observe body weight loss of  more 
than 10% or symptoms potentially related to hyperphosphatemia, 
such as diarrhea, muscle cramps, or lethargy, in 2 test mice used to 
determine the tolerability of  10 mg/kg futibatinib (Supplemental 
Figure 12E). Phosphate blood levels after 2 weeks treatment were 
within the reference range (Supplemental Figure 12F).

Because our previous results suggested dose-dependent anti-
tumor effects of  futibatinib, we asked whether higher doses may 
enhance growth inhibitory effects in this model. Because treatment 
was well tolerated at 10 mg/kg futibatinib daily, we treated a sec-
ond cohort of  mice at 20 mg/kg/day (Figure 9A). We found that 
the increased dose improved the growth-inhibitory effect of  futiba-
tinib and survival of  mice over the treatment period of  40–42 days 
(Figure 9B and Supplemental Figure 12G). Treatment with 20 mg/
kg futibatinib led to body weight loss in some animals (Supplemen-

We also evaluated the antitumor effect of  FGFR inhibition in 
a non–MYCN-amplified, FGFR1N546K-mutated, chemotherapy-resis-
tant, patient-derived xenograft (PDX) model that had been gener-
ated at the time of  relapse from patient 8 (Figure 1; ITCC-P4_s15_
NB0675; ref. 49). The patient had stage 2A disease at diagnosis 
but had a metastatic relapse with pleural metastases and did not 
respond to relapse therapy. Tumors were implanted subcutaneously 
in immunodeficient NOD/Shi-scid/IL-2Rγnull (NOG) mice after 
confirmation of  the FGFR1N546K mutation (Supplemental Figure 
12, A and B). Mice were randomized into treatment and control 
groups, and treatment with futibatinib at 10 mg/kg/day or con-
trol substance was started when tumors had reached a volume of  
0.08–0.2 cm³. In line with the results from the murine re-implanta-
tion experiment, we observed that treatment with futibatinib at this 
dose led to deceleration of  tumor growth and prolonged survival in 
comparison with control mice (Supplemental Figure 12, C and D). 

Figure 10. Futibatinib shows clinical benefit in a patient with FGFR1-mutated neuroblastoma (NB). (A) Schematic timeline of the clinical course of a 
patient with FGFR1N546K-mutated neuroblastoma that progressed under multiple lines of treatment and therefore was treated with a combination of 
futibatinib, cyclophosphamide, and topotecan. (B) Computed tomography (CT) scans of the tumor region in patient shown in (D) on day 15 after start of 
futibatinib/cyclophosphamide/topotecan (day 380 after diagnosis) and on day 87 (day 442 after diagnosis), demonstrating a partial regression of the 
tumor. (C) Absolute volumes of individual tumors (left) and mean and range of tumor volumes (right) of the patient-derived xenograft mouse model, 
treated with cyclophosphamide/topotecan alone (blue) or in combination with 20 mg/kg futibatinib (green). (D) OS of mice bearing the patient-derived 
xenograft, treated with cyclophosphamide/topotecan alone (blue) or in combination with 20 mg/kg futibatinib (green). Survival curves were estimated 
according to Kaplan-Meier test and compared with a log-rank test. MIBG, metaiodobenzylguanidine.
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In the patient, futibatinib treatment in combination with cyclo-
phosphamide and topotecan was tolerated well in general. After 
3 weeks of  therapy, phosphate levels increased to 7.2 mg/dL 
(hyperphosphatemia grade 3; ref. 50), resulting in the need for a 
drug holiday until blood phosphate levels had decreased to normal. 
Phosphate intake was then restricted to 600–800 mg/day, accompa-
nied by treatment with phosphate-binding medication (sevelamer 
400 mg 3 times a day), which maintained normal phosphate levels 
with continued futibatinib treatment (Supplemental Figure 13E). 
Although additional experience is required, this case and results 
from the PDX model suggest addition of  an FGFR inhibitor to a 
chemotherapy backbone may be tolerable and delay disease pro-
gression in patients with FGFR1N546K-mutated neuroblastoma.

Discussion
Despite advancements over recent years (4, 8, 10, 15, 16, 37, 
51), the genetic determinants of  poor clinical outcome in neu-
roblastoma have remained incompletely understood, which has 
impaired implementation of  molecularly guided therapies. Here, 
we demonstrate that mutations of  FGFR1 at codon 546, resulting 
in an amino acid exchange from asparagine to lysine or aspartic 
acid, are associated with chemoresistance and fatal disease pro-
gression in patients with high-risk neuroblastoma. We show that 
ectopic expression of  FGFR1N546K results in cellular transformation 
in vitro and neuroblastoma development in genetically engineered 
mice. Expression of  transgenic FGFR1N546K in combination with 
MYCN elicited highly aggressive murine tumors with dysregulat-
ed homeostasis of  apoptotic cell death, corresponding to the che-
motherapy-resistant and fatal phenotypes observed in patients. 
Importantly, we also demonstrate that pharmacological inhibition 
of  FGFR1N546K by clinically available FGFR-directed compounds 
results in growth inhibition, both in vitro and in vivo. Clinical ben-
efit of  FGFR inhibition in combination with low-intensity chemo-
therapy was also observed in a patient with relapsed neuroblasto-
ma that was resistant to multimodal treatment. Together, our data 
demonstrate that FGFR1N546K is a prognostic variable associated 
with treatment resistance and devastating outcome, and a strong 
oncogenic driver in neuroblastoma pathogenesis that potentially 
provides a target for therapeutic interventions.

Mutations at codon 546 of  FGFR1 have been occasional-
ly reported in neuroblastoma (10, 15, 16, 20) and in other tumor 
entities, such as pediatric low-grade glioma (26, 52–54); however, 
their pathogenetic, prognostic, and potential therapeutic relevance 
in neuroblastoma have remained unclear. In general, FGFR1N546 
mutations are rare in neuroblastoma, with a prevalence of  approx-
imately 1% at diagnosis in this and a previous study (15) and 2% 
at relapse. In line with our results, a trend toward inferior outcome 
for patients with FGFR1N546K-mutant tumors was observed in a pre-
vious study when compared with patients with FGFR1WT tumors 
(15). Other studies reported that ectopic expression of  FGFR1N546K 
in neuroblastoma and other cells led to transformation and down-
stream pathway activation (both in line with our observations in 
Ba/F3 cells), and increased colony formation (20, 26). In con-
trast to our findings, however, ectopic expression of  FGFR1N546K in 
neuroblastoma cell lines conferred resistance to pharmacological 
FGFR inhibition (20). The discrepant results may be due to a lack 
of  FGFR1N546K addiction in established neuroblastoma cell lines 

tal Figure 12H). After a 2-day drug holiday, however, treatment was 
restarted at the same dose level and was then well tolerated.

We found that treatment with 20 mg/kg futibatinib substantial-
ly reduced the number of  MKI67-positive cells in the tumor when 
compared with control and treatment with 10 mg/kg futibatinib 
(Figure 9C and Supplemental Figure 13A). However, we again 
did not observe more cleaved caspase 3–positive cells or increased 
fractions of  TUNEL-positive cells (Supplemental Figure 13, B and 
C). Together, the results obtained from murine and human models 
treated with futibatinib demonstrate that pharmacological inhibi-
tion of  FGFR effectively impairs growth of  FGFR1N546K-mutated 
neuroblastoma and that the antitumor effect is dose dependent.

Addition of  futibatinib to low-intensity chemotherapy has clinical benefit 
in a patient with FGFR1N546K-mutated neuroblastoma. Finally, we evalu-
ated the tolerability and efficacy of futibatinib in combination with 
chemotherapy in a patient with FGFR1N546K-mutant neuroblastoma 
with progressive disease despite multiple prior lines of therapy (Sup-
plemental Table 10). The patient was initially diagnosed at the age 
of 2 years and 11 months with MYCN nonamplified, locoregional 
L2 neuroblastoma harboring an FGFR1N546K mutation. The patient 
received 2 cycles of induction chemotherapy (cyclophosphamide/
topotecan and ifosfamide/carboplatin/etoposide) with no response 
to treatment (stable disease by INRC). Surgery was performed after 
these 2 cycles, and the presence of the mutation was confirmed in 
the surgical specimen. The patient then received a third cycle of che-
motherapy (cyclophosphamide/doxorubicin/vincristine [CAV] per 
trial ANBL1531 [Clinical Trials.gov NCT03126916]), followed by 
clinical observation. Mediastinal nodal and intraabdominal disease 
progression occurred 184 days after initial diagnosis. The patient then 
received multiple rescue therapies, including chemotherapy (1 cycle 
CAV; 2 cycles of irinotecan/temozolomide/dinutuximab, per trial 
ANBL1221; and 1 cycle of cisplatin/etoposide, per trial ANBL1531 
[Clinical Trials.gov NCT017767194]) and 131I-metaiodobenzylguan-
idine therapy in combination with vorinostat. However, tumor pro-
gression occurred again under treatment, consistent with refractory 
disease. Considering the presence of mutated FGFR1, the patient 
was then treated with cyclophosphamide (250 mg/m2) and topotecan 
(0.75 mg/m2) daily for 5 days in a 28-day cycle in combination with 
futibatinib (8 mg) daily in an outpatient setting (Figure 10A). After 3 
months of this combination therapy, a decrease of tumor diameter 
was observed on computed tomography scans (Figure 10, A and B), 
followed by stable disease for 5 months of therapy (n = 9 cycles). After 
this period, tumor progression occurred again, and the patient eventu-
ally succumbed to disease 3 months later (OS = 699 days).

To experimentally test the added antitumor activity of  futiba-
tinib in combination with cyclophosphamide/topotecan over the 
chemotherapy backbone alone, we administered the combination 
therapy to mice bearing the FGFR1N546K-mutant PDX (Figure 9), 
which was derived from patient 8 (Figure 1 and Supplemental Fig-
ure 1) with a similar history of  chemotherapy-resistant neuroblasto-
ma. Whereas cytotoxic treatment with cyclophosphamide/topote-
can alone had moderate antitumor efficacy in this model, addition 
of  futibatinib almost completely abrogated tumor growth and led to 
survival of  all mice over the treatment period (Figure 10, C and D, 
and Supplemental Figure 13D), thus supporting the potential rel-
evance of  FGFR1 inhibition in a treatment concept for refractory 
FGFR1N546K-mutant neuroblastoma.
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regarding their antitumor effect (65, 66). The impact of  single-agent 
erdafitinib on recurrent and refractory pediatric tumors with FGFR 
alterations is being investigated in the Molecular Analysis for Ther-
apy Choice (MATCH) phase 2 trial (ClinicalTrials.gov identifier 
NCT03210714). However, only 1 patient with neuroblastoma has 
been recruited to date, and partial responses have been reported 
only in patients with gliomas or glioneuronal tumors, leaving the 
benefit to patients with neuroblastoma unclear (67). The RAG-
NAR trial (ClinicalTrials.gov identifier NCT04083976) is another 
ongoing, phase 2, histology-agnostic trial investigating the efficacy 
and safety of  erdafitinib in pretreated patients older than 6 years 
(68). In contrast to erdafitinib and other FGFR inhibitors, futibati-
nib binds irreversibly to FGFR family members, and on-target resis-
tance mutations may develop less frequently (32, 69). Futibatinib 
is being assessed in the Targeted Agent and Profiling Utilization 
Registry (TAPUR) phase 2 clinical trial for advanced solid tumors 
with FGFR alterations in children aged 12 years or older (Clini-
calTrials.gov identifier NCT02693535) and the European Proof-of-
Concept Therapeutic Stratification Trial of  Molecular Anomalies 
in Relapsed or Refractory Tumors (ESMART) trial (ClinicalTrials.
gov identifier NCT02813135). However, inclusion of  patients with 
neuroblastoma in such trials is limited by age eligibility criteria and 
the low FGFR1 mutation frequency, which hampers evaluation of  
neuroblastoma-specific effects within clinical studies.

In patients with cancer, monotherapy with tyrosine kinase 
inhibitors often results in drug resistance, which may be overcome 
by combining tyrosine kinase inhibitors with other anticancer drugs. 
In our study, we found preliminary preclinical and clinical evidence 
that combination of  the FGFR inhibitor futibatinib with low-inten-
sity chemotherapy may be tolerable and enhance the antitumor effi-
cacy of  cytotoxic treatment in FGFR1N546K-mutant neuroblastoma. 
The additional benefit of  FGFR inhibition over chemotherapy alone 
in the patient reported in this study is supported by the patient’s 
prior chemotherapy resistance, including nonresponse to the same 
chemotherapy backbone (topotecan/cyclophosphamide) in first-line 
treatment and disease progression upon a similar cytotoxic regimen 
(irinotecan/temozolomide) plus the anti-GD2 antibody dinutux-
imab at relapse. In line with this notion, we also found significantly 
improved efficacy of  cyclophosphamide/topotecan after addition 
of  futibatinib in an FGFR1-mutant PDX mouse model. However, 
because our findings on combination treatment are based on results 
from a single PDX mouse model and 1 patient only, further studies 
are required to assess the efficacy and tolerability of  FGFR inhib-
itors in combination with chemotherapy in FGFR1-mutant neuro-
blastoma. Alternatively, it is tempting to speculate that combination 
of  FGFR inhibition with drugs that target downstream signaling of  
mutant FGFR1, such as BCL2 or AKT, may improve therapeutic 
efficacy in FGFR1-mutant neuroblastoma.

Taken together, our data suggest consideration of  pharmaco-
logical FGFR inhibition as a therapeutic strategy in the treatment 
of  patients with FGFR1N546K-mutant, high-risk neuroblastoma, par-
ticularly in light of  the poor outcome for these patients. Our study, 
however, also illustrates a major dilemma of  pediatric oncology: 
although our results support the notion that FGFR-directed thera-
pies may benefit patients with FGFRN546K-mutated neuroblastoma, 
their rarity may prevent inclusion of  sufficient numbers of  such 
patients in clinical trials and, thus, approval of  FGFR inhibitors 

bearing WT endogenous FGFR1, as opposed to the FGFR1N546K- 
expressing cellular and murine models used in our study.

p.N546K is the predominant amino acid substitution in 
FGFR1-mutant neuroblastoma; however, the variant p.N546D also 
recurs in this malignancy. Although experimental data on the trans-
forming capacity of  this variant are not available, to our knowledge, 
one might expect molecular and phenotypic effects that are similar 
to FGFR1N546K, because this variant has been predicted to be activat-
ing, and because patients had similar clinical courses (55–61). In 
support of  this notion, a phase I first-in-human study of  futibatinib 
reported partial response in a patient with glioblastoma harboring 
the FGFR1N546D variant (55).

We found that rapid disease progression occurred after detection 
of  FGFRN546K in most patients with neuroblastoma, suggesting that 
these tumors are largely resistant to common chemotherapies. Con-
sistent with that observation, we noted few antitumor effects of  cyto-
toxic agents in human FGFR1-mutant neuroblastoma organoid and 
PDX models. In addition, elevated BCL2 levels and fewer apoptotic 
cells occurred in FGFR1N546K;MYCN as compared with ALKF1174L;-
MYCN-driven murine tumors. It has been reported that FGFR path-
way activation by FGF2 can induce BCL2 in other cancer entities 
(62, 63). Given that BCL2 is an actionable target in human malignan-
cies, further studies are warranted to elucidate the impact of  mutant 
FGFR1 on BCL2 expression and apoptosis in neuroblastoma.

We observed that survival of  mice with FGFR1-mutated neuro-
blastoma was substantially shorter than that of  mice with ALK-mu-
tated neuroblastoma, indicating a stronger oncogenic potential of  
mutant FGFR1, which is in line with the aggressive phenotypes 
observed in patients with FGFR1-mutant tumors. It must be con-
sidered, though, that FGFR1N546K expression under control of  the 
strong CAG promotor after Cre-mediated recombination might 
differ from Th-ALKF1174L expression, both in terms of  temporal 
and spatial control. These factors may influence not only the tim-
ing of  transgene activation but also overall expression dynamics, 
and more studies are needed, therefore, to compare the oncogenic 
potential of  mutant FGFR1 and ALK.

Treatment of  high-risk neuroblastoma remains challenging, 
with disease in some patients being nonresponsive to current ther-
apeutic strategies, especially at relapse (4). Identification of  action-
able targets, therefore, is important to develop more efficacious 
therapies and to improve outcome for affected patients. ALK is the 
most frequently mutated receptor tyrosine kinase in neuroblastoma, 
and several clinical trials have demonstrated that pharmacological 
inhibition of  mutant ALK may benefit children with neuroblasto-
ma (12, 13, 64). It is thus tempting to speculate that mutant FGFR1 
may also serve as a therapeutic target in neuroblastoma, a notion 
that is supported by both the preclinical and clinical data presented 
in this study. We observed antitumor activity of  FGFR inhibition 
in various neuroblastoma models, independent of  potentially con-
founding factors, such as MYCN amplification, thus reinforcing the 
idea of  pharmacological FGFR inhibition as a therapeutic concept 
in FGFR1N546-mutant neuroblastoma.

Several selective FGFR inhibitors have entered clinical trials 
in recent years, and erdafitinib, pemigatinib, infigratinib, and futi-
batinib were recently approved by the FDA for treatment of  adult 
patients. First results from clinical trials on FGFR inhibitors in 
children with cancer have reported promising preliminary data 
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gy, University Hospital Cologne, Germany). A detailed description 
can be found in Supplemental Methods.

RNA-Seq. RNA isolation from fresh-frozen tissue was per-
formed with TRIzol (Ambion). RNA concentration was measured 
by Qubit Assay (Invitrogen), and quality was assessed by 2100 
Bioanalyzer (Agilent). mRNA-Seq (paired end, 2 × 100 bp, 50 M 
reads) was conducted by the Cologne Center for Genomics accord-
ing to standard procedures. Quantification of  RNA-Seq data was 
carried out using Kallisto (version 0.44.0). Differential gene expres-
sion analysis was performed as described in other reports (41, 42).

TUNEL assay. TUNEL staining was performed according to 
the manufacturer’s instructions, using the In Situ Cell Death Detec-
tion Kit, TMR red (Roche) (see Supplemental Methods).

In vivo experiments. Mice were genotyped at the age of  10 days 
and weekly MRI was performed starting at the age of  13–15 days 
to evaluate tumor diameters. All mice with tumors were includ-
ed in the treatment cohorts. Mice were randomized into treatment 
groups. For intervention trials, animals were treated with 5 and 30 
mg/kg futibatinib dissolved in 0.5% sodium carboxymethyl cellu-
lose (CMC-Na) with 10% DMSO or in the solvent without futibati-
nib as control. Futibatinib was administered by gavage daily (max-
imum volume per dose, 10 mL/kg). Blinding of  investigators was 
not performed. Reimplantation of  murine tumors was performed 
in female NOD-SCID mice (Charles River Laboratories) (Supple-
mental Methods).

Generation of  patient-derived cell lines. STA-NB-1.2 cells are 
low-passage cultures derived from a patient with INSS stage 3, 
MYCN-amplified, high-risk neuroblastoma after chemotherapy at 
St. Anna Children’s Cancer Research Institute (Vienna, Austria) 
(Supplemental Methods).

Organoid model. Organoid generation and culturing, as well as 
drug screens, were performed as previously described (71).

Generation of  subcutaneous PDX model. The establishment and 
characterization of  PDX mouse models was performed as previous-
ly described (72, 73). The mice were administered daily futibatinib 
10 mg/kg via oral application. Placebo control mice were treated 
with a corresponding vehicle alone (administered orally with 10% 
DMSO/90% Captisol [20%] in sodium chloride). Chemotherapy 
treatment was performed as follows: topotecan was administered 
on days 1–5 of  a 21-day cycle at a dose of  0.05 mg/kg, cyclophos-
phamide was administered on day 1 of  the cycle at a dose of  20 
mg/kg (74). Futibatinib was then also administered daily at a dose 
of  20 mg/kg. To avoid potential toxicities of  chemotherapy with 
futibatinib, we chose a low-intensity regimen of  cyclophosphamide 
and topotecan.

Figure generation. Figures were generated using Adobe Illustrator 
(RRID:SCR_010279; version 27.6), BioRender (RRID:SCR_018361; 
2023), GraphPad Prism (RRID:SCR_002798; 9.5.1), Integrative 
Genomics Viewer (version 2.17.3), and R (version 4.2.2) with pack-
ages ggplot2 (version 3.5.0), maftools (version 2.18.0), and Rtsne 
(version 0.17).

Statistics. Statistical analyses were carried out with R (version 
4.2.2) and Prism (9.5.1). Disease-specific survival was calculated 
as the time from diagnosis to death from disease or the last fol-
low-up. Survival curves were estimated according to Kaplan-Meier 
tests and compared with the log-rank test. Box plots mark the medi-
an, first, and third quartiles; their whiskers represent the minimum 

for this cancer type. To solve this dilemma, novel drug approval 
strategies may warrant consideration.

Methods
A detailed description of  the Methods is given in the Supplemental 
Methods.

Sex as a biological variable. Sex was not considered as a biological 
variable.

Patients. We included all patients with tumors with confirmed 
FGFR1N546 mutations. Informed consent was obtained from patients’ 
legal guardians. Patients had been registered and treated according 
to different trials. Informed consent for the off-label use of  futibati-
nib was obtained from the patients’ legal guardians. Further infor-
mation on the patients can be found in the Supplemental Methods.

Site-directed mutagenesis. Site-directed mutagenesis was per-
formed according to the manufacturer’s instructions, using the Q5 
Site-Directed Mutagenesis Kit (New England Biolabs) (see Supple-
mental Methods).

Bacterial transformation. Transformation of  Electrocomp E. coli 
(Invitrogen) was performed via standard protocols by electropora-
tion (Micropulser, BIO-RAD). Plasmid isolation was performed 
according to the QIAGEN plasmid kits.

Stable virus transduction. Virus transduction was performed 
using standard methods, as described previously (70) (Supplemen-
tal Methods).

Cell lines. Cell lines were cultured according to standard proce-
dures (Supplemental Methods). All cells were incubated at 37°C 
and 5% CO

2 and were negatively tested on Mycoplasma.
Cytokine independence assay. Ba/F3 cells were seeded at 1 × 105 

cells/mL and cultured with 10 and 0 ng/mL IL-3. Cell numbers 
and viability were measured after 144 hours using a Cedex XS Cell 
Analyzer.

Western blot. Immunoblotting was performed using standard 
procedures. A detailed description can be found in the Supplemen-
tal Methods.

Cell viability assay. Ba/F3 cells were plated and treated in 96-well 
plates (10,000 cells/well) using a Biomek 400 automated liquid 
handler. Viability was measured by CellTiter-Glo assay (Promega) 
after 72 hours. Luminescence was measured by SpectraMax i3x 
after 15 minutes to quantify viable cells.

Genetically engineered mouse model. The R26-LSL-FGFR1N546K 
genetically engineered mouse line was generated by Taconic Biosci-
ences and crossbred with the established Th-MYCN and Th-IRES-
Cre mouse lines (33, 38). Genotyping PCR was performed accord-
ing to standard protocols with primers indicated in Supplemental 
Table 11. For OS analyses, animals that succumbed to disease or 
had to be sacrificed due to termination criteria were recorded as 
events. Mice were euthanized when they reached termination cri-
teria defined in the score sheet. A detailed clinical and line-specific 
score sheet assessing body weight, general condition, behavior, and 
clinical signs and tumor-related parameters was used to evaluate 
termination criteria. 

MRI. MRI was performed as described previously (70).
Histopathology and immunohistochemistry. Tumors and organs 

were harvested and fixed in 4% PBS-buffered FFPE. FFPE tissue (3 
μm sections) was deparaffinized and treated according to standard 
protocols of  the routine diagnostics pipeline (Institute for Patholo-
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