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Abstract 

Background: Development of resistance to targeted therapies has tempered initial optimism that precision oncol‑
ogy would improve poor outcomes for cancer patients. Resistance mechanisms, however, can also confer new 
resistance‑specific vulnerabilities, termed collateral sensitivities. Here we investigated anaplastic lymphoma kinase 
(ALK) inhibitor resistance in neuroblastoma, a childhood cancer frequently affected by activating ALK alterations.

Methods: Genome‑wide forward genetic CRISPR‑Cas9 based screens were performed to identify genes associ‑
ated with ALK inhibitor resistance in neuroblastoma cell lines. Furthermore, the neuroblastoma cell line NBLW‑R was 
rendered resistant by continuous exposure to ALK inhibitors. Genes identified to be associated with ALK inhibitor 
resistance were further investigated by generating suitable cell line models. In addition, tumor and liquid biopsy sam‑
ples of four patients with ALK‑mutated neuroblastomas before ALK inhibitor treatment and during tumor progression 
under treatment were genomically profiled.

Results: Both genome‑wide CRISPR‑Cas9‑based screens and preclinical spontaneous ALKi resistance models identi‑
fied NF1 loss and activating  NRASQ61K mutations to confer resistance to chemically diverse ALKi. Moreover, human 
neuroblastomas recurrently developed de novo loss of NF1 and activating RAS mutations after ALKi treatment, lead‑
ing to therapy resistance. Pathway‑specific perturbations confirmed that NF1 loss and activating RAS mutations lead 
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Background
The development of molecular targeted therapies has sig-
nificantly improved survival in a subset of cancer patients 
[1]. However, initial good responses to targeted thera-
pies are frequently followed by resistance development 
[2, 3], preventing curative treatment in most cases using 
single-agent treatments. Once resistance develops, treat-
ment options are often lacking. Intriguingly, some altera-
tions conferring resistance to targeted therapies can also 
lead to new vulnerabilities, specifically in resistant cells, a 
concept termed collateral sensitivity [4].

Anaplastic lymphoma kinase (ALK) is a receptor tyros-
ine kinase frequently altered in cancers, either through 
chromosomal translocations leading to fusion of the ALK 
kinase domain with the amino-terminus of other pro-
teins, or through activating point mutations or focal gene 
amplifications. ALK fusion genes drive tumorigenesis 
across a variety of different malignancies including ana-
plastic large cell lymphoma (ALCL) [5], non-small-cell 
lung cancer (NSCLC) [6] and inflammatory myofibro-
blastic tumor (IMT) [7]. Treatment with small molecule 
inhibitors for ALK, like ceritinib or lorlatinib, can be 
effective in a subset of patients, and ALK inhibitors have 
since entered routine and first-line therapy for many can-
cer entities [8, 9]. As observed with other targeted thera-
pies, resistance to ALK inhibitors frequently occurs in 
ALK-driven cancer. While mechanisms leading to ALK 
inhibitor resistance in cancers with ALK fusion genes 
have been extensively studied [10], the mechanisms in 
tumors containing activating ALK mutations or ALK 
amplifications are largely unknown.

Neuroblastoma, a childhood tumor originating from 
the sympathetic nervous system [11], is a prototypical 
example of a cancer with recurrent ALK mutations. At 
diagnosis, up to 15% of neuroblastomas harbor activat-
ing point mutations or amplifications of ALK, and ALK 
mutations are further enriched upon disease relapse 
[12–20]. Mutated ALK is a driving oncogene in neu-
roblastoma, and neuroblastoma cells have a persistent 
and strong dependency on mutated ALK [21]. Activat-
ing mutations most often occur in the kinase domain, 
leading to increased ALK downstream signaling via the 
PI3K/AKT, RAS/MAPK and JAK/STAT pathways, pro-
moting neuroblastoma cell survival and proliferation 

[14–19, 22–24]. Despite multimodal therapy including 
chemotherapy, surgery, radiation therapy and immuno-
therapy [25], high-risk neuroblastoma, often harboring 
ALK alterations [26], remains very difficult to treat [20, 
27–29].

The initial optimism that ALK inhibitors could improve 
neuroblastoma outcome has been tempered by our 
recent understanding that the second most prevalent 
ALK mutation in sporadic neuroblastoma, ALK F1174L 
is intrinsically resistant to the first-generation ALK inhib-
itor, crizotinib [30, 31]. In contrast, phase I trials with 
the second-generation ALK inhibitor, ceritinib, showed 
clinically relevant responses in a fraction of patients with 
refractory or relapsed neuroblastoma, but the response 
duration was short, indicating early resistance develop-
ment [32]. The third-generation ALK inhibitor, lorlatinib, 
is currently being evaluated to treat relapsed neuroblas-
toma in a phase I/II trial [33], and may soon be intro-
duced into first-line therapy trials. Thus, understanding 
ALK inhibitor resistance mechanisms in neuroblastoma 
is of utmost clinical importance.

Only few mechanisms of ALK inhibitor resistance 
have been detected in preclinical models of neuroblas-
toma so far, most of which were adaptive epigenetic or 
gene expression changes that have not yet been observed 
in patients developing resistance and may not be thera-
peutically actionable [34–36]. Here, we aimed to identify 
clinically relevant genetic mechanisms of ALK resistance 
and collateral sensitivities resulting from such alterations. 
We recurrently detected NF1 loss-of-function mutations 
as well as activating mutations in RAS and its analogues 
in clinical samples from ALK inhibitor-resistant neu-
roblastomas and confirmed the causal contribution of 
these mutations to ALK inhibitor resistance in preclini-
cal models. Moreover, we identified hypersensitivity to 
MEK inhibition as a novel collateral sensitivity specific 
to NF1 loss, which may represent a clinically action-
able therapeutic strategy for ALK-inhibitor resistant 
neuroblastoma.

Methods
Cell lines
The human neuroblastoma cell lines Kelly (#ACC 355, 
female), SH-SY5Y (#ACC 209, female) and LAN-5 

to RAS‑MAPK signaling even in the presence of ALKi. Intriguingly, NF1 loss rendered neuroblastoma cells hypersensi‑
tive to MEK inhibition.

Conclusions: Our results provide a clinically relevant mechanistic model of ALKi resistance in neuroblastoma and 
highlight new clinically actionable collateral sensitivities in resistant cells.

Keywords: Neuroblastoma, CRISPR screening, ALK, Resistance, NF1, NRAS, Trametinib, Lorlatinib, Ceritinib, Collateral 
sensitivity
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(#ACC 673, male) were obtained from DSMZ. NBLW-
R were provided by the university of Chicago on behalf 
of Susan Cohn. All cell lines were cultured in a RPMI 
1640-based medium (Life Technologies, #21875035). For 
NBLW-R this medium was supplemented with 10% fetal 
calf serum (FCS Superior, Sigma, #S0615) and for SH-
SY5Y and Kelly with an additional 1% penicillin/strepto-
mycin (Gibco, #15140122). For LAN-5 the medium was 
supplemented with 20% FCS, 1% penicillin/streptomy-
cin, 1x non-essential amino acids (Roth, #9185.1) and 
1x GlutaMAX (Gibco, #35050061). NF1 knockout single 
cell clones were cultured under the same conditions as 
the respective parental cell line. All cell lines were incu-
bated at 37 °C and 5%  CO2. Lorlatinib-resistant NBLW-R.
L2 and ceritinib-resistant NBLW-R.C1 were generated by 
exposure to increasing concentrations (20 nM to 10 μM) 
of lorlatinib or ceritinib for a time of 3 months. Both cell 
lines were cultured as the parental line and 20 nM lorlat-
inib or 20 nM ceritinib added respectively. SH-SY5Y TR 
were cultured in RPMI 1640, 10% FCS, 1% penicillin/
streptomycin and 5 μg/ml Blasticidin (Invitrogen, #R210–
01). For SH-SY5Y TR  NRASQ61K cells 0.4 mg/ml G418 
(Genaxxon, #M3118.0050) was added as well. Cell line 
identities of SH-SY5Y and LAN-5 cell lines and their 
respective NF1 knockout single cell clones as well as for 
Kelly and SH-SY5Y TR were confirmed by STR profiling 
at the DSMZ. Cell lines were regularly tested for Myco-
plasma using the PlasmoTest kit (InvivoGen, #rep-pt1). 
HEK293FT (female) were purchased from Thermo Fisher 
(#R7007) and cultivated in DMEM (Gibco, #61965026) 
according to manufacturer instructions. For details on 
cell line model generation please see Additional  file  6 
supplementary methods.

Chemicals
Lorlatinib, ceritinib, trametinib, rapamycin and pictilisib 
were purchased from Axon Medchem (#Axon2600, 
#Axon224, #Axon1761, #Axon2069, #Axon1377). Lor-
latinib was given from Pfizer for in vivo studies with the 
NBLW-R. LY3009120 was bought from Selleck Chemi-
cals (#S7842).

CRISPR‑Cas9 knockout screen
For the CRISPR-Cas9-based negative selection screens 
performed in the neuroblastoma cell line SH-SY5Y, the 
human CRISPR knockout library Brunello was used as a 
one-vector system (Addgene, #73179) [37]. The pooled 
plasmid library targeting 19,114 genes with 76,441 sgR-
NAs (average of 4 sgRNAs per gene) was amplified as 
described elsewhere [37]. For details on library amplifi-
cation and lentiviral production of the pooled plasmid 
library please also see Additional file  6 supplementary 
methods. To achieve the integration of one sgRNA per 

cell an MOI of 0.3 was used. To maintain a 1000x repre-
sentation of each sgRNA at the timepoint of transduction 
7 × 36.4*106 SH-SY5Y cells were transduced per T300 
flasks. 24 hours post transduction medium was changed. 
48 hours post transduction puromycin selection medium 
(0.8 μg/ml puromycin, Thermo Fisher, #A1113803) was 
added to the cells and selection stopped after 6 days. Posi-
tively selected cells were expanded for 14 days to perform 
the screen with a ~ 1000x coverage. At  d0 one sample was 
harvest as baseline sample  (t0) and the other samples 
treated in two technical replicates with DMSO, ceritinib 
(0.3 μM, Axon Medchem, #2224) or lorlatinib (0.1 μM, 
Axon Medchem, #2600) for a total of 13 days. Medium 
was changed every third day. Cells were harvested on 
day 13 with a coverage of at least ~500x per condition. 
Genomic DNA (gDNA) was isolated using the ZymoRe-
search Quick-gDNA MidiPrep (ZymoResearch, #D4075). 
PCR amplification and high-throughput sequencing for 
sgRNA quantification are described below. Sequencing 
data was analyzed using MAGeCK-VISPR [38].

Quantification of sgRNAs
To confirm the maintenance of the library representa-
tion after amplification of the pDNA pool, the library 
was amplified by PCR (cycling conditions: 1 × 1 min at 
95 °C, 28 cycles of 30 s at 95 °C, 30 s at 53 °C, 30 s at 72 °C 
and 1 × 10 min 72 °C) using P5 primer mix and P7 A01 
(Additional file 5 Table S5) as described elsewhere [39]. 
After gel extraction using the NucleoSpin Gel and PCR-
Clean Up kit (Macherey-Nagel, #740609.50) the sample 
was also bead purified using the AMPure XP PCR puri-
fication protocol (Beckman coulter, #63880). After qual-
ity control experiments the sample was submitted for 
sequencing using the paired-end 150 MiniSeq Mid Out-
put kit (Illumina, #FC-420-1004) with 10% PhiX. After 
confirmation of library representation, the pDNA pool 
was used for virus production. Genomic DNA of samples 
of the CRISPR/Cas9-based negative selection screen with 
ALK inhibitors was isolated as described above and used 
for PCR to quantify sgRNAs. A total of 26 μg genomic 
DNA per condition were used to perform 12 PCR reac-
tions per sample to maintain a good representation (per 
reaction: 2.2 μg gDNA, 1 μM of primer mix P5, 1 μM of 
specific P7 primer per condition, 50 μl of Ultra II Q5 
Master Mix Polymerase (NEB, #M0544L) and water for a 
total reaction volume of 100 μl). PCR cycling conditions: 
1 × 1 min at 95 °C, 28 cycles of 30 s at 95 °C, 30 s at 53 °C, 
30 s at 72 °C and 1 × 10 min 72 °C. PCR products were gel 
purified using the NucleoSpin Gel and PCR-Clean Up kit 
(Macherey-Nagel, #740609.50). Samples were sequenced 
as a pooled library using a NextSeq 550 sequencer, the 
paired-end 150 High Output kit (Illumina, #20024907) 
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and 10% PhiX. The sequences of the primers used for 
PCR analyses are described in Additional file 5 Table S5.

RT‑qPCR
RNA was isolated with TRIzol™ Reagent (Invitrogen, 
#15596026) according to manufacturer guidelines. To 
determine mRNA expression 1 μg or 500 ng RNA were 
incubated for 10 min at 65 °C with oligo (dT)18 primer and 
transcribed into cDNA using the transcriptor first strand 
cDNA synthesis kit (Roche, #04379012001) (55 °C for 
30 min, 50 °C for 1 hour, 85 °C for 5 min). For qPCR per-
formance on a QuantStudio™3 Real-Time PCR System 
(Applied Biosystems™, #A28567) a 1:4 dilution of cDNA 
was mixed with 5 μl FastStart Essential DNA Green Mas-
ter (Roche, #06402712001) and primers (Additional file 5 
Table S5). Quantitative PCR cycling conditions: 50 °C for 
2 min,95 °C for 10 min, [95 °C for 15 s, 60 °C for 1 min, 95° 
for 15 s] (40 cycles), 60 °C for 1 min and 95 °C for 15 s. For 
each sample technical duplicates were prepared and a 
total of three biological replicates.

Drug treatments and cell viability measurement
For inhibitor treatments the cell lines Kelly, LAN-5 (5000 
cells/well), SH-SY5Y (3000 cells/well), NBLW-R, NBLW-
R.LR, NBLW-R.CR (each 10,000 cells/well) as well as SH-
SY5Y TR and respective model systems were seeded in 
white 96-well plates  24 hours before the inhibitor treat-
ment. Inhibitors dissolved in DMSO were applied using 
a Tecan D300e digital dispenser and each concentra-
tion was added with 3 technical replicates. Cell viabil-
ity assessed after 72 hours (or 10 days for NBLW-R, and 
5 days for NBLW-R.LR or NBLW-R.CR) using the ATP 
quantification assay CellTiter-Glo® (Promega, #G7571) 
according to manufacturer protocol. To determine cell 
numbers during and after 72 hours of inhibitor treatment 
experiments with the live-cell imaging system Incucyte® 
S3 (Sartorius) were performed. Therefore, LAN-5, SH-
SY5Y as well as SH-SY5Y TR and respective model sys-
tems were seeded according to their specific growth rate 
in clear 96-well plates 24 hours before the inhibitor treat-
ment (LAN-5 15,000 cells/well, LAN-5 NF1 KO#1 17,000 
cells/well, LAN-5 NF1 KO#2 17,000 cells/well, SH-SY5Y 
15,000 cells/well, SH-SY5Y NF1 KO#1 19,000 cells/well, 
SH-SY5Y NF1 KO#2 8000 cells/well, SH-SY5Y TR EV 
and respective  NRASQ61K clones 8000cells/well). For each 
well 4 images using a 10x objective were taken and ana-
lyzed using the cell-by-cell module. For each experiment 
at least 3 biological replicates were conducted. Evaluation 
of data and generation of concentration-response curves 
was performed using GraphPad Prism 9.0 and the four-
parameter logistics model.

Perturbation experiments and computational modelling
Respective cell lines were seeded, and serum starved 
for 24 hours. Cells were exposed to different inhibi-
tors, ceritinib (SH-SY5Y: 600 nM, LAN-5: 337 nM), 
lorlatinib (LAN-5: 478 nM), trametinib (SH-SY5Y: 49 
nM, LAN-5: 31 nM), pictilisib (SH-SY5Y: 1 μM, LAN-5: 
31 nM), rapamycin (SH-SY5Y and LAN-5: 100 nM) or 
DMSO for 90 minutes. Subsequently cells were stimu-
lated with 25 ng/ml EGF (R&D systems, #AFL236–200), 
100 ng/ml IGF-1 (R&D systems, #291-G1–200) or PBS 
for 30 minutes. Cells were harvested using cell scrap-
ers on ice and lysed using the Bio-Plex Pro Cell signal-
ing reagent kit (Bio-Rad, #171304006 M). Subsequently 
lysates were incubated with antibody-coated magnetic 
beads as described elsewhere [40]. Beads were specific 
for P-AKT (S473), P-ERK1/2 (Thr202/Tyr204/Thr185/
Tyr187), P-MEK1 (S217/S221) and P-S6K (Thr389). 
Samples were analyzed using the Bio-Plex MAGPIX 
multiplex reader (Bio-Rad). Result files were further 
analyzed using the R package LXB (https:// cran.r- proje 
ct. org/ web/ packa ges/ lxb/ index. html) and a custom 
script to generate MIDAS-formatted files (following 
DataRail [41]). Subsequently perturbation data was 
used for computational modeling using the R package 
STASNet [42] (https:// github. com/ molsy sbio/ STASN 
et).

Western blot for treatment
Samples for western blot analysis of ALK downstream 
signaling during inhibitor treatment were prepared 
the following: cells were seeded, and serum starved 
for 24 hours. SH-SY5Y cells were treated with 49 nM 
trametinib (LAN-5: 31 nM), 600 nM ceritinib (LAN-
5: 337 nM) or DMSO for a total 1 hour which included 
30 minutes of stimulation with 25 ng/ml EGF (R&D 
systems, #AFL236–200) EGF or PBS (Carrier). NBLW-
R cells were seeded, and serum starved for 24 hours, 
then treated with 100 nM of either ceritinib, lorlatinib, 
trametinib or DMSO for 1 hour which included 30 min-
utes of stimulation with 25 ng/ml EGF or PBS. Cells were 
harvested on ice using a cell scraper in cell lysis buffer 
(15 mM HEPES, 150 mM NaCl, 10 mM EDTA, 2% Triton 
X-100, pH 7.5,1xPhosSTOP,1xcOmplete Mini EDTA free 
protease inhibitor, 10 μg/ml Leupeptin, 10 μg/ml Apro-
tinin, 200 μM PMSF, 25 mM NaF) [43]. Determination 
of protein concentration, SDS-PAGE as well as semi-dry 
blots were performed as described in Additional file  6 
supplementary methods.

Illustration tool
Graphical schemes were created with BioRender.

https://cran.r-project.org/web/packages/lxb/index.html
https://cran.r-project.org/web/packages/lxb/index.html
https://github.com/molsysbio/STASNet
https://github.com/molsysbio/STASNet
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Quantification and statistical analysis
GraphPad Prism 9.0 was used to generate concentra-
tion response curves and to perform statistical analyses. 
Statistical tests used are specified in the Figure legends. 
Error bars represent mean ± SD unless otherwise indi-
cated in the figure legends.

For details on plasmid library amplification, lentivirus 
production and transduction, cell line model generation, 
protein lysate preparation and western blot, in vivo stud-
ies, whole-exome sequencing of cell lines, high-through-
put drug screen, droplet digital PCR of NBLW-R cells, 
panel sequencing of tumor samples and panel sequenc-
ing of cfDNA samples, please see Additional file  6 sup-
plementary methods.

Results
A genome‑wide CRISPR knockout screen identifies NF1 
as a mediator of ALK inhibitor sensitivity
To identify genes mediating an ALK inhibitor-resist-
ant phenotype in neuroblastoma cells, we performed 
a genome-wide CRISPR-Cas9-based knockout screen 
in neuroblastoma cells incubated in the presence or 
absence of ALK inhibitors. Prior to screening, we inves-
tigated ALK inhibitor responses of ALK-mutated neu-
roblastoma cell lines harboring MYCN amplifications 
 (KellyALKF1174L, LAN-5ALKR1275Q) or non-amplified 
MYCN (SH-SY5YALKF1174L) (Additional  file  1 Fig. S1) to 
select a cell line and establish suitable ALKi concentra-
tions for screening. The screen was performed in SH-
SY5Y cells transduced with the genome-wide lentiviral 
single guide RNA (sgRNA) Brunello library [39] and with 
lorlatinib or ceritinib concentrations leading to 70 -80% 
reduction of growth for 13 days (Fig.  1a). These sam-
ples were compared to SH-SY5Y cells incubated with 
DMSO as a control. Abundance of sgRNA sequences 
were quantified by next-generation sequencing before 
 (t0) and 13 days after treatment and read count matrices 
were used for MAGeCK-VISPR analysis [38]. Based on 
MAGeCK-VISPR ‘β’ scores, we identified 109 genes with 
significantly enriched gene-targeting sgRNAs (P ≤ 0.01) 
in cells treated with either ALK inhibitor (Fig. 1b). Tech-
nical screen replicates for each treatment showed a high 
correlation (r ≥ 0.98) of normalized counts per sgRNA 
(Additional file  1 Fig. S2a and S2b). According to the 
published literature, some of these genes were members 
of ALK downstream signaling pathways, such as the 
JAK/STAT pathway and Src signaling (Additional  file  3 
Table S3). Most interestingly, all sgRNAs targeting NF1, 
a Ras-GTPase activating protein (Ras-GAP) and negative 
regulator of Ras signaling [44], were among the most sig-
nificantly enriched in cells treated with either ALK inhib-
itor (Fig. 1b and c), suggesting NF1 to be crucial for ALK 
inhibitor response. Thus, loss of proteins modulating 

ALK downstream signaling, and NF1 particularly, may 
lead to ALK inhibitor resistance.

NF1 knockout results in ALK inhibitor resistance
To formally demonstrate that loss of NF1 can cause ALK 
inhibitor resistance in neuroblastoma cell lines, we gen-
erated several neuroblastoma cell line models harboring 
NF1 knockouts. We used the neuroblastoma cell lines 
SH-SY5Y (ALKF1174L) and LAN-5 (ALKR1275Q, MYCN-
amplified), to represent ALK-mutated neuroblastoma 
within a genomic background either with or without 
MYCN amplification. The absence of mutations in ALK 
downstream signaling pathways was verified in these cell 
lines by targeted and exome sequencing. NF1 knockouts 
were introduced using CRISPR-Cas9 targeting exon 1 
or 30. After generating and validating isogenic cell lines 
for NF1 knockout (Fig. 2a), we observed increased RAS/
MAPK signaling as seen by an increased phosphorylation 
of ERK1/2 in NF1 knockout clones (Fig. 2b), in line with 
NF1 function in this pathway [45]. Sensitivity towards 
ALK inhibition was significantly reduced in cells lacking 
NF1, as assessed by treatment of the cells with lorlatinib 
or ceritinib for 72 hours and determination of cell viabil-
ity (Fig. 2c, d, Additional file 1 Fig. S7a and S7b). These 
data demonstrate that loss of NF1 is sufficient to cause 
ALK inhibitor resistance in ALK-mutated neuroblastoma 
cell lines.

NRAS mutations spontaneously arise during resistance 
development to ALK inhibitors
In order to explore de novo mutations occurring during 
development of ALK inhibitor resistance, we cultivated 
NBLW-R neuroblastoma cells (ALKF1174L, MYCN-ampli-
fied) with increasing concentrations of lorlatinib or 
ceritinib for a period of 3 months (Fig.  3a) to generate 
resistant cell lines. Targeted sequencing was performed 
at the end of treatment, detecting recurrent NRAS muta-
tions, c.C181 > A or c.A182 > G, both known to result 
in constitutively active RAS  (NRASQ61K or  NRASQ61R 
respectively) and increased signaling downstream of 
MAPK [46]. In addition, this was validated using drop-
let digital PCR (ddPCR) (Additional file 1 Fig. S3a). Each 
resistant cell line also demonstrated cross-resistance to 
alternative ALK inhibitors in comparison to the paren-
tal line, suggesting structure-independent resistance 
(Fig.  3b, c and Additional file  1 Fig. S3b). Activation of 
NRAS in these models was confirmed by western blot-
ting for phosphorylated ERK1/2 following treatment with 
ALK inhibitors in resistant cells compared to the paren-
tal cell lines as controls. ERK1/2 remained phosphoryl-
ated in the resistant cell models even after treatment 
with higher concentrations of ALK inhibitors (Fig.  3d). 
Maintenance of ALK dephosphorylation after treatment 
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Fig. 1 Genome‑wide CRISPR/Cas9 knockout screens identify genes associated with ALK inhibitor response. a Schematic of CRISPR/Cas9 knockout 
screens in the neuroblastoma cell line SH‑SY5Y. b Overview of screen results. Negative beta scores indicate depletion of sgRNAs targeting 
denoted genes during treatment, whereas positive beta scores indicate enrichment. Significant candidate genes (P < 0.01) with highly abundant 
sgRNAs during treatment are highlighted in red; Pearson correlation coefficient r = 0.896, p < 0.0001 (two‑tailed t‑test). c Histograms depicting the 
abundance distribution of all sgRNAs to their  log2 fold change (mean ALK inhibitor/mean DMSO) for both ALK inhibitors. The enrichment of sgRNAs 
targeting NF1 is shown below, with each colored line representing one of the four sgRNAs targeting NF1. The enrichment of sgRNAs is consistent 
between both ALK inhibitors
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Fig. 2 NF1 knockout leads to ALK inhibitor resistance in neuroblastoma cell lines. a Knockout of NF1 in different ALK‑mutated neuroblastoma cell 
lines using CRISPR‑Cas9 leads to an absence of NF1 protein. b Western blot analysis of total and phosphorylated ERK 1/2 indicates increased RAS/
MAPK signaling in NF1 knockout single‑cell clones. c and d Cell viability of NF1 knockout clones was assessed during ALK inhibitor treatment with 
ceritinib or lorlatinib and indicated decreased cell sensitivity; values represent mean ± SD, n = 3
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Fig. 3 Continuous treatment with ALKis leads to de novo NRAS mutations and ALKi resistance in NBLW‑R a Schematic to illustrate the induction of 
resistance to either lorlatinib or ceritinib in NBLW‑R within 3 months. b and c 10‑day  GI50 of lorlatinib (0.073 μM) and ceritinib (0.109 μM) in NBLW‑R 
parental line and 5‑day  GI50 of lorlatinib and ceritinib in lorlatinib‑resistant NBLW‑R (NBLW‑R.LR (mean of L1, 2 and 3)) and ceritinib‑resistant NBLW‑R 
(NBLW‑R.CR (mean of C1, 2 and 3)). NBLW‑R.LR lorlatinib > 20 μM; NBLW‑R.LR ceritinib > 900 nM; NBLW‑R.CR lorlatinib 14 μM; NBLW‑R.CR ceritinib 
> 1 μM. d and e Immunoblots and ALK immunoassay of cell lysates from NBLW‑R versus NBLW‑R.L2, and NBLW‑R versus NBLW‑R.C1 following 
treatment of cells with indicated ALKi for 1 hour, values represent mean ± SD, n = 3
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was confirmed by immunoassay (Fig. 3e). MRI scans and 
growth analysis in an orthotopic kidney capsule murine 
model revealed that both lorlatinib- and ceritinib-resist-
ant cells formed tumors more quickly than parental 
NBLW-R cells (Additional file 1 Fig. S3c and S3d). In line 
with our in vitro results, lorlatinib or ceritinib treatment 
of mice engrafted with ceritinib-resistant NBLW-R lines 
demonstrated significantly reduced efficacy of lorlatinib 
compared with mice engrafted with parental NBLW-R 
cells (Additional file  1 Figure S3e). These data suggest 
that both NF1 loss and acquisition of activating NRAS 
mutations, either of which can activate MAPK signaling, 
can induce ALK inhibitor resistance.

Expression of mutant NRAS leads to ALK inhibitor 
resistance
To investigate whether the  NRASQ61K mutant, which arose 
in cells spontaneously developing ALK inhibitor resist-
ance, is sufficient to induce ALK inhibitor resistance, we 
generated SH-SY5Y cells inducibly expressing  NRASQ61K 
(tetracycline-dependent). We analyzed NRAS expression in 
two independent clonal cultures as well as an empty vec-
tor control cell clone, using western blotting and RT-qPCR. 
RT-qPCR revealed strong induction of  NRASQ61K by tet-
racycline treatment (Additional file 1 Fig. S4). In line with 
the results of RT-qPCR, western blot experiments revealed 
strong induction of NRAS by tetracycline treatment, 
with western blot being unable to discriminate between 
wildtype NRAS and mutated  NRASQ61K (data not shown). 
However, significant expression of  NRASQ61K was detected 
by mutation-specific RT-qPCR also in the absence of tet-
racycline compared to the empty vector control (Fig. 4a). 
This suggested a significant leakiness of our expression sys-
tem, rendering comparisons of clones in the absence and 
presence of tetracycline less effective. Instead, we com-
pared cells expressing  NRASQ61K to the empty vector con-
trol cells in the absence of tetracycline. While  NRASQ61K 
was clearly expressed in the  NRASQ61K–transfected clones 
in the absence of tetracycline (as detected by mutation spe-
cific RT-qPCR) and was completely absent in the empty 
vector control cells, western blot analysis revealed that 
overall NRAS protein levels did not relevantly exceed base-
line levels in the  NRASQ61K–transfected clones as com-
pared to empty vector control cells (Fig. 4b), which allowed 
us to specifically analyze the effect of the presence of the 
Q61K mutation rather than the effect of excessive NRAS 
expression. Cells expressing  NRASQ61K were significantly 
more resistant to either lorlatinib or ceritinib compared to 
isogenic control cells harboring the empty vector (Fig. 4c). 
This demonstrates that  NRASQ61K mutation is sufficient to 
induce an ALK inhibitor resistant phenotype in neuroblas-
toma cell lines.

NF1 loss‑of‑function mutations and activating RAS 
mutations occur in ALK inhibitor‑resistant relapsed human 
neuroblastomas
In order to investigate the clinical relevance of our 
observations that both NF1 loss and NRAS activation 
were sufficient to induce ALK inhibitor resistance in 
neuroblastoma models, we genomically profiled tumor 
and liquid biopsy samples (whole-exome sequencing 
or a hybrid-capture targeted next-generation sequenc-
ing assay) from four patients with neuroblastomas har-
boring activating ALK mutations before ALK inhibitor 
treatment and during tumor progression under treat-
ment (Fig. 5a, also see Table S1). In line with our obser-
vations in preclinical models, known loss-of-function 
NF1 mutations (NF1 R1276*,  NF1A320fs and  NF1F1593S) 
occurred de novo in two patients after treatment with 
ceritinib (Fig. 5b). In samples from two patients treated 
with lorlatinib we detected de novo NRAS (Fig.  5c) or 
HRAS mutations  (NRASQ61K and  HRASQ61K), associ-
ated with constitutively activated RAS protein of the 
respective isoform [47, 48]. These observations further 
affirm the clinical relevance of NF1 and RAS in ALK 
inhibitor resistance in neuroblastoma.

Loss of NF1 causes increased RAS‑MAPK signaling 
and diminished negative ERK‑RAF feedback
To understand how loss of NF1 alters ALK signaling 
pathways and to potentially identify collateral sensitivi-
ties pointing toward new treatment options for patients 
with disease resistant to ALK inhibitors, we performed 
perturbation experiments and subsequent computational 
modeling of signaling networks using steady-state analy-
sis of signaling networks (STASNet) [42]. NF1 knockout 
cell models and their parental controls were exposed 
to inhibitors targeting ALK, MEK, PI3K or mTOR and 
subsequently stimulated with the growth factors, EGF 
or IGF1. Relative phosphorylation of signaling compo-
nents downstream of ALK was measured using a mul-
tiplexed bead-based ELISA assay (Fig.  6a). As expected, 
NF1 loss was associated with increased RAS-MAPK 
signaling (see also Fig.  2b), in line with the role of NF1 
as a negative regulator of RAS/MAPK signaling [45]. The 
perturbation-response data (Fig. S5) together with a prior 
knowledge network of the signaling topology served as 
input for the STASNet signaling network modeling pipe-
line (Fig.  6b). The output of the modelling procedure 
are quantified signaling interactions and differences due 
to the NF1 knockout. More precisely, STASNet adjusts 
model parameters representing the strength of signaling 
interactions in the signaling network and inhibitor effi-
cacy such that the model simulations fitted the data opti-
mally. We constrained the model parameters of isogenic 
cell line triplets such that they were identical between 
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the isogenic cell lines triplets and allowed divergence of 
parameters between these cell lines only if it was neces-
sary to fit the data, as quantified by a likelihood ratio test. 
This procedure reflected that molecular changes between 
isogenic cell lines were minimal and that we expected 
that most molecule interactions remain quantitatively 

similar. When we inspected the model parameters that 
diverged, we noticed a weakened negative feedback from 
ERK to RAF in all NF1 knockout clones in comparison 
to the parental cell lines (Fig.  6c, red box and Addi-
tional file  1 Fig. S5). Such a negative feedback restricts 
MAPK signaling in parental cells, and consequently EGF 

Fig. 4 Mutated  NRASQ61K causes ALK inhibitor resistance in ectopic expression model. a Ectopic expression of mutated NRAS  (NRASQ61K) 
measured using a mutation specific qPCR without tetracycline treatment; values represent mean ± SD, n = 3. b Western blot analysis of total NRAS 
indicates slightly increased NRAS protein levels in SH‑SY5Y TR  NRASQ61K clones without induction with tetracycline. Note that the antibody is not 
mutation‑specific, but detects both, ectopically expressed mutant NRAS as well as endogenously expressed wildtype NRAS. c Cell viabilities of 
SH‑SY5Y TR  NRASQ61K clones and empty vector control were assessed during ALK inhibitor treatment with ceritinib or lorlatinib indicating an ALKi 
resistant phenotype; values represent mean ± SD, n = 3



Page 11 of 19Berlak et al. Molecular Cancer          (2022) 21:126  

Fig. 5 Mutations in ALK downstream signaling cause ALK inhibitor resistance in ALK‑mutated neuroblastomaa Clinical covariates of the high‑risk 
neuroblastoma cohort (n = 4) before and after development of ALK inhibitor resistance. b Magnetic resonance imaging (MRI) scans and Iodine‑123 
metaiodobenzylguanidine scintigraphy scans (MIBG) of patients whose tumors harbored  ALKR1275Q or  ALKF1174L mutations during treatment with 
ceritinib. After partial remission both, patient 1 and 2, relapsed under ceritinib treatment and de novo NF1 mutations were detected using targeted 
sequencing. Tumor lesions are highlighted by red circles. c MIBG‑ scans of patient whose tumor harbored  ALKR1275Q mutations during treatment 
with ceritinib and lorlatinib. After partial remission the patient relapsed under ALKi treatment and de novo NRAS mutations were detected using 
targeted sequencing. Tumor lesions are highlighted by red circles
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Fig. 6 NF1 knockout cell line models show increased RAS‑MAPK signaling and a weakened ERK‑RAF feedback. a Schematic of perturbation 
experiments performed in NF1 knockout cell lines. b Schematic of computational modeling using STASNet. c Computational modeling of ALK 
downstream signaling using STASNet. Model paths strength shown as a heatmap based on relative values of scaled parameters with separate 
scaling for LAN‑5 and SH‑SY5Y cell lines when those parameter values are found to vary between cell lines. Negative feedback is indicated in blue. 
NF1 knockout models show a weaker ERK‑RAF inhibitory feedback in comparison to the respective parental cell line (red box). d Shown is the 
log‑fold change of phosphorylated MEK level for the parental cell line and NF1 knockout models stimulated with EGF or stimulated with EGF and 
exposed to MEK inhibitor, compared to an unperturbed control, values represent mean ± standard error of the mean, n = 3
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activated MEK only when MEK inhibitors were present 
in parental cell lines, whereas EGF activated MAPK 
signaling efficiently in NF1 knockout cells irrespective 
of MEK blockage (Fig. 6d). Strong negative feedback, as 
we detected in the parental neuroblastoma cell lines, is 
a known resistance mechanism against MEK inhibitors 
since it results in an accumulation of phosphorylated 
MEK leading to reactivation of downstream targets [49, 
50]. Taken together, these results suggest that MAPK 
signaling upon NF1 knockout in neuroblastoma cells har-
boring ALK mutations is associated with loss of negative 
ERK-RAF feedback, leading us to hypothesize that these 
cell lines may be particularly sensitive to MEK inhibitor 
treatment.

Deletion of NF1 in ALK‑mutated neuroblastoma cells 
increases MEK inhibitor sensitivity
To test predictions derived from the computational 
modeling, we investigated MEK inhibitor sensitivity in 
NF1 knockout models and ectopic  NRASQ61K expres-
sion models by performing a small inhibitor screen for 
4 inhibitors of signaling downstream of ALK. Indeed, 
NF1 knockout clones were more sensitive than the 
parental cell line to MEK inhibition by trametinib as 
well as the pan-RAF inhibitor, LY3009120, (Fig.  7a 
and c). In contrast, sensitivity of NF1 knockout clones 
towards the mTOR inhibitor, rapamycin, and the PI3K 
inhibitor, GDC0941, was unaltered or only slightly 
reduced from that in parental cell lines. NF1 knockout 
cells, contrary to cells with ectopic  NRASQ61K, were 
not differentially sensitive (compared with control cell 
lines harboring the empty vector) to any of the drugs 
screened (Fig. 7b, d and Additional file 1 S6a). A high-
throughput screen of 197 drugs was also performed to 
compare drug sensitivities between the LAN-5 NF1 KO 
#1 knockout clone and its parental line, which revealed 
a singular and specific hypersensitivity of the NF1 
knockout clone to different MEK inhibitors that was not 
present in the parental line (Additional file  1 Fig. S7a 
and S7c). Responses to ALK and MEK inhibitors were 
investigated in western blots from all cell lines, detect-
ing low levels of MEK phosphorylation (Ser217/221) 

and an absence of ERK phosphorylation in NF1 knock-
out clones during trametinib treatment (Fig. 7e). These 
results were consistent with our computational mod-
eling data, which indicated a weak or missing ERK-RAF 
feedback (Fig.  6d). Ectopic  NRASQ61K expression (in 
comparison to NF1 knockout clones) was associated 
with elevated MEK phosphorylation after EGF stimu-
lation and ceritinib exposure. MEK phosphorylation in 
ectopic  NRASQ61K expressing clones was comparable 
to levels detected for the empty vector control during 
trametinib treatment (Fig.  7f ), indicating  NRASQ61K 
expression did not alter ERK-RAF feedback. Responses 
of NBLW-R parental and resistant lines to trametinib 
further confirmed that de novo  NRASQ61K acquisition 
seems to have no effect on the ERK to RAF feedback, as 
evidenced by their insensitivity to MEK inhibition and 
strong phosphorylated MEK levels after MEK inhibi-
tor treatment (Fig.  7g). In conclusion, only NF1 loss 
but not the expression of oncogenic  NRASQ61K seems 
to trigger loss of feedback-mediated MEK reactivation 
and leads to increased sensitivity of neuroblastoma cell 
lines harboring ALK mutations to MEK inhibition. Our 
results suggest MEK inhibitor sensitivity is a new vul-
nerability and collateral sensitivity in a subset of ALK 
inhibitor-resistant neuroblastomas (Fig. 7h).

Discussion
Clinical responses to targeted inhibitors often do not 
translate into improved patient cure rates due to frequent 
development of therapy resistance [51, 52]. Improving 
cure rates, therefore, depends on our understanding of 
resistance mechanisms and the development of treat-
ment strategies for therapy-resistant cancers. Here, we 
analyzed ALK inhibitor resistance in neuroblastoma, and 
demonstrated that loss of NF1 or mutation of  NRASQ61K 
can lead to ALK inhibitor resistance. We identified MEK 
inhibitor sensitivity as a collateral sensitivity of ALK 
inhibitor resistance due to NF1 loss in ALK-mutated 
neuroblastoma cells.

To determine mechanisms of ALK inhibitor resistance, 
we first screened preclinical models and subsequently 
analyzed tumor samples or liquid biopsies obtained 

(See figure on next page.)
Fig. 7 NF1 knockout cell line models are sensitive to MEK and pan‑RAF inhibitor treatment. a and b Drug screen of NF1 knockout cell lines and 
ectopic  NRASQ61K expression models. Cell were treated with trametinib (MEKi), rapamycin (mTORi), pictilisib (GDC0941, PI3Ki) or pan‑RAF inhibitor 
LY3009120 for 72 hours and cell viability assessed using CellTiterGlo measurements. Colors indicate log2(FC) of absolute  IC50 values to values of the 
parental or empty vector control cell lines. Red indicates a higher sensitivity in comparison to the parental cell line or empty vector control and blue 
a decreased sensitivity. Respective absolute  IC50 values are shown for each treatment. c and d Respective concentration‑response curves of NF1 
knockout clones and ectopic  NRASQ61K expression models for MEK inhibitor treatment with trametinib; values represent mean ± SD, n = 3. e, f and g 
Western blot analysis of 24‑hour‑serum‑starved NF1 knockout cell lines, ectopic  NRASQ61K expression models and NBLW‑R resistant models exposed 
to DMSO, ceritinib, lorlatinib or trametinib for 1 hour with subsequent stimulation for 30 minutes with EGF or PBS. h Schematic of canonical ALK 
downstream signaling in comparison to signaling in neuroblastoma cell lines with mutated  NRASQ61K or a NF1 knockout
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Fig. 7 (See legend on previous page.)
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from patients before and during ALK inhibitor treat-
ment (before/after initial response and during disease 
progression). Preclinically, we performed two unbiased 
screens. A CRISPR/Cas9 knockout screen using two 
different ALK inhibitors, ceritinib and lorlatinib, deter-
mined genes associated with ALK inhibitor resistance. 
We identified genes encoding proteins regulating sign-
aling downstream of ALK that were modulated by both 
ALK inhibitors, with the most interesting hit being NF1. 
In parallel, we generated resistant cell populations in 
an ALK-mutated neuroblastoma cell line through con-
stant lorlatinib or ceritinib exposure. De novo  NRASQ61K 
mutations arose but NF1 loss was not observed in resist-
ant populations created in the continuous exposure 
resistance model. This in  vitro response is in line with 
our observation that NF1 was lost and activating RAS 
mutations were acquired in samples from patients. The 
underlying determinants for these differences remain to 
be investigated, but our findings clearly suggest that the 
route to MAPK activation can differ.

Some recent publications also mainly reported mecha-
nisms involving epigenetic rewiring or overexpression of 
receptor tyrosine kinases other than ALK, as mechanisms 
rendering neuroblastoma cells independent of ALK sign-
aling [34–36], but their clinical relevance remained elu-
sive to date. These mechanisms should be non-mutually 
exclusive with our observations, as they are driven by 
deregulated gene expression (e.g., BORIS, AXL, PIM1) 
rather than resistance mutations. It will be important to 
investigate different contributions of individual genetic 
and epigenetic mechanisms in future studies. It may be 
reasonable to speculate that some genetic mechanisms 
observed in our study may be a cause of deregulated gene 
expression observed in other studies. In line with our 
results, an independent report suggested NF1 alterations 
were potentially involved in ALK resistance [53] and a 
case report described a de novo  NRASQ61K mutation 
upon development of ALK inhibitor resistance in a lorla-
tinib-treated neuroblastoma [54]. To our knowledge, our 
report is the first to extend these observations and pro-
vide mechanistic evidence for their causal relationship.

NF1 knockout and ectopic  NRASQ61K expression con-
firmed that these alterations can confer ALK inhibi-
tor resistance, independent of cell line context or 
ALK mutation type. Resistance was more pronounced 
against lorlatinib than ceritinib. We believe that the 
ALK specificity and affinity of these two inhibitors may 
cause these differences, with lorlatinib being more spe-
cific for mutant ALK, while ceritinib is known to be 
less specific with more off-target cytotoxic effects [55]. 
Such off-target toxicity of ceritinib may reduce the 
effect of NF1 loss and  NRASQ61K acquisition, compared 
to lorlatinib.

In line with our in vitro data, we detected de novo NF1 
and NRAS or HRAS mutations in neuroblastomas from 
patients treated with the ALK inhibitors, ceritinib or lor-
latinib, at resistance development. Due to limited mate-
rial from the respective tumors, the presence of relevant 
fractions of nonmalignant cells and technical limitations 
of the hybrid-capture panel sequencing analysis, it could 
not be unequivocally determined if a NF1 wildtype allele 
was maintained or lost in the tumors of patients #1 and 
#2 after ALK inhibitor treatment. In addition, it remained 
elusive if the two NF1 mutations detected in the tumor 
of patient #2 after ALK inhibitor treatment occurred in 
two separate clones or in one clone, and in the latter case 
if these mutations occurred in cis or in trans. It will be 
important to extend these findings to prospective studies, 
which will enable measurements of mutation incidence 
and a more detailed analysis of NF1 alterations. Despite 
the small sample size, our observations in four independ-
ent patients provide strong evidence for the clinical sig-
nificance of our preclinical findings, and represents, to 
our knowledge, the first analysis of this sort. Intriguingly, 
all neuroblastomas in patients treated with ceritinib 
acquired inactivating NF1 alterations, whereas neuro-
blastomas in patients treated with lorlatinib acquired 
activating RAS mutations. We believe this unlikely to be 
due to mechanistic differences, but future prospective 
studies investigating such differences may be warranted.

While we report NF1 and RAS mutations in the con-
text of ALK resistance development in neuroblastoma, 
loss-of-function NF1 mutations and activating RAS 
mutations, as well as other RAS-MAPK pathway-acti-
vating mutations have been observed in primary and 
relapsed neuroblastoma independent of ALK inhibitor 
treatment [20, 56, 57]. In contrast to our observations 
of ALK mutations co-occurring with NF1 or activating 
RAS mutations, these mutations were mutually exclu-
sive in neuroblastoma samples from patients not treated 
with ALK inhibitors. This suggests that whereas MAPK 
pathway activation in primary tumors can occur through 
mutually exclusive ways, additional activating alterations 
can rescue the repressed RAS-MAPK activity in the pres-
ence of ALK inhibitors. It is reasonable to speculate that 
this re-activation might also occur through other muta-
tions that affect MAPK activity, which should be tested in 
future trials.

Our findings are in line with reports of RAS-MAPK 
signaling reactivation through the loss of NF1 as a mech-
anism of resistance to other targeted therapies, including 
EGFR inhibition in lung cancer [58], BRAF inhibition in 
melanoma [59], BCR-ABL inhibition in chronic myeloid 
leukemia [60] and endocrine therapies in advanced breast 
cancer [61]. In contrast, activating  NRASQ61K mutations 
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have mainly been reported as arising in the context of 
BRAF inhibitor resistance in melanoma [62–64].

A yet often underappreciated strategy builds on the 
hypothesis that resistance mutations induce new vulner-
abilities, depicted collateral sensitivities, and uses these 
new vulnerabilities to design serial combination thera-
pies, thereby taking advantage of the process of resist-
ance development rather than trying to counteract it. 
We perturbed and computationally modeled signaling 
networks in our NF1 knockout models to identify new 
vulnerabilities and potential new treatment options. We 
were able to show that NF1 loss shifts signaling down-
stream from ALK from a broader distribution among 
the JAK/STAT, AKT/PI3K and RAS/MAPK pathways 
towards stronger signaling exclusively along the RAS-
MAPK axis. Most importantly, modeling indicated that 
ERK-RAF feedback was weakened, which led us to pre-
dict MEK inhibitor sensitivity as a new collateral sensitiv-
ity that was confirmed in our small inhibitor screen in the 
NF1 knockout cell line model. Most treatment-naïve neu-
roblastoma cells are only intermediately sensitive to MEK 
inhibitors [65], in line with the failure of MEK inhibitors 
in clinical trials to treat neuroblastoma [66]. Our NF1 
knockout models were, contrastingly, hypersensitive to 
MEK inhibitor treatment. Phosphorylated MEK and ERK 
1/2 levels decreased during trametinib treatment in NF1 
knockout clones, whereas phosphorylated MEK levels 
increased in the respective parental lines, likely maintain-
ing sufficient ERK activity for cell proliferation. The latter 
was also observed for our ectopic  NRASQ61K expression 
model and ALK inhibitor-resistant NBLW-R cell popula-
tions. In this context, phosphorylated MEK levels during 
MEK inhibitor treatment correlate with the strength of 
the ERK to RAF feedback. Cell lines less responsive or 
resistant to MEK inhibitors have previously been shown 
to possess strong inhibitory ERK to RAF feedback that is 
abrogated upon MEK inhibition to result in even higher 
levels of phosphorylated MEK and reactivation of the 
pathway [49, 50]. Cell lines sensitive to MEK inhibitors, 
however, show only a weakened or absent negative ERK 
to RAF feedback, which we propose as the mechanistic 
reason for MEK inhibitor sensitivity in neuroblastoma 
cell lines lacking NF1. Accordingly, we recently demon-
strated in work available on the bioRxiv preprint server 
that the strength of ERK to RAF feedback correlates 
with the level of MEK inhibitor sensitivity in neuroblas-
toma cell lines [65]. Surprisingly, even though NF1 and 
 NRASQ61K mutations both increase RAS/MAPK signal-
ing, thereby conferring ALK inhibitor resistance, cells 
harboring these alterations respond differently to MEK 
inhibitor treatment. This appears to be due to the differ-
ent strengths of ERK to RAF feedback. The mechanism 
by which NF1 loss abrogates ERK to RAF feedback in 

neuroblastoma cells harboring ALK mutations remains 
elusive, but this will not prevent a rapid translation of 
this collateral sensitivity into the clinic. However, further 
investigation of the mechanism in the future may help to 
develop new ways of overcoming the feedback reactivat-
ing of the RAS/MAPK pathway in NF1 wild type neuro-
blastomas to render them sensitive to MEK inhibitors in 
general.

Conclusion
Our study identifies NF1 loss and activating RAS muta-
tions as bona fide clinically relevant causes of ALK 
inhibitor resistance in ALK-driven neuroblastoma and 
establishes reactivation of signaling downstream from 
the RAS-MAPK pathway as a mechanism of ALK inhibi-
tor resistance. Extending the concept of collateral sensi-
tivities, we identified MEK inhibitor hypersensitivity as a 
new vulnerability after NF1 loss in ALK-mutated neuro-
blastoma cells. This presents a potential treatment option 
for patients with neuroblastomas that have lost NF1 and 
are resistant to ALK inhibitors, with the potential to 
impact clinical practice and future clinical trial design.
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