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Abstract Treatment of high-risk neuroblastoma typically incorporates multiagent chemo-
therapy, surgery, radiation therapy, autologous stem cell transplantation, immunotherapy,
and differentiation therapy. The discovery of activating mutations in ALK receptor tyrosine
kinase (ALK) in ∼8% of neuroblastomas opens the possibility of further improving outcomes
for this subset of patients with the addition of ALK inhibitors. ALK inhibitors have shown ef-
ficacy in tumors such as non-small-cell lung cancer and anaplastic large cell lymphoma in
which wild-type ALK overexpression is driven by translocation events. In contrast, ALK mu-
tations driving neuroblastomas are missense mutations in the tyrosine kinase domain yield-
ing constitutive activation and differing sensitivity to available ALK inhibitors. We describe a
case of a patient with relapsed, refractory, metastatic ALK F1174L-mutated neuroblastoma
who showed no response to the first-generation ALK inhibitor crizotinib but had a subse-
quent complete response to the ALK/ROS1 inhibitor lorlatinib. The patient’s disease re-
lapsed after 13 mo of treatment. Sequencing of cell-free DNA at the time of relapse
pointed toward a potential mechanism of acquired lorlatinib resistance: amplification of
CDK4 and FGFR1 and aNRASQ61K mutation. We review the literature regarding differing
sensitivity of ALK mutations found in neuroblastoma to current FDA-approved ALK inhibi-
tors and known pathways of acquired resistance. Our report adds to the literature of impor-
tant correlations between neuroblastoma ALK mutation status and clinical responsiveness
to ALK inhibitors. It also highlights the importance of understanding acquired mechanisms
of resistance.

[Supplemental material is available for this article.]

INTRODUCTION

Neuroblastoma is the most common extracranial solid tumor in children and most often aris-
es from precursor sympathoadrenal cells of the neural crest (Stiller and Parkin 1992).
Successful treatment of patients with high-risk neuroblastoma remains a major challenge,
and metastatic neuroblastoma is a leading cause of childhood cancer–related death,
despite the use of multimodal dose–intensive chemotherapy, surgery, radiation therapy,

Corresponding author:
bladle@jhmi.edu

© 2021 Liu et al. This article is
distributed under the terms of
the Creative Commons
Attribution-NonCommercial
License, which permits reuse and
redistribution, except for
commercial purposes, provided
that the original author and
source are credited.

Ontology term: neuroblastoma

Published by Cold Spring Harbor
Laboratory Press

doi:10.1101/mcs.a006064

| RESEARCH REPORT
C O L D S P R I N G H A R B O R

Molecular Case Studies

Cite this article as Liu et al. 2021 Cold Spring Harb Mol Case Stud 7: a006064 1 of 15

mailto:bladle@jhmi.edu
http://www.molecularcasestudies.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


131I-metaiodobenzylguanidine (MIBG) therapy, immunotherapeutic strategies, and autolo-
gous hematopoietic stem cell transplantation (Cohn et al. 2009; Smith et al. 2010; Park
et al. 2013). Genomic amplification of MYCN, chromosome alterations of 1p deletion, 11q
aberration, and unbalanced gain of 17q are associated with poor prognosis in neuroblasto-
ma (Attiyeh et al. 2005; Bagatell et al. 2009; Schleiermacher et al. 2012). The discovery that
∼8% of neuroblastomas harbor activating mutations in ALK receptor tyrosine kinase (ALK)
opened the possibility of using ALK inhibitors as new treatment strategies (Chen et al.
2008; George et al. 2008; Janoueix-Lerosey et al. 2008; Mossé et al. 2008; De Brouwer
et al. 2010; Bresler et al. 2014). Although translocation events up-regulate wild-type (WT)
ALK expression in ALK-driven tumors such as anaplastic large cell lymphoma (ALCL)
(Tsuyama et al. 2017) or non-small-cell lung cancer (NSCLC) (Choi et al. 2010), ALKmutations
in neuroblastomamost often occur in the tyrosine kinase domain and result in its constitutive
activation. Eighty-five percent of ALK mutations in neuroblastoma are found in one of three
hotspot residues in the tyrosine kinase domain—amino acids F1174, F1245, and R1275
(Pugh et al. 2013). Thesemutations inherently confer variable resistance to clinically available
ALK inhibitors, with F1174 mutations reported as the most resistant to the first-generation
ALK inhibitor crizotinib. Herewepresent a case of a child with relapsed, refractory,metastatic
ALK F1174L-mutated neuroblastoma, treated with the third-generation ALK /ROS1 inhibitor
lorlatinib, who achieved a durable complete response lasting 13 mo. Upon subsequent re-
lapse, next-generation sequencing revealed potential resistancemechanisms that had arisen
in the tumor.

RESULTS

The patient initially presented at 37 mo of age with a large facial mass, and initial imaging
and diagnostic studies led to a diagnosis of metastatic, high-risk neuroblastoma. She had
no significant past medical history, and no pertinent family history suggestive of an underly-
ing cancer predisposition syndrome. Biopsy of the facial mass yielded tumor cells that
stained positive for chromogranin, synaptophysin, and neuron-specific enolase. The stains
for CD45, CD99, cytokeratin, myogenin, and S100 were negative. The International
Neuroblastoma Pathology Classification was poorly differentiated, unfavorable histology.
Initial sites of MIBG-avid disease included a large 7.7-cm left facial mass, a 2.8-cm right pa-
rietal bone metastasis, and a 1.5-cmmass centered in the right laminae of the T7 and T8 ver-
tebrae (Fig. 1A,B) with a corresponding Curie score of 3 (Yanik et al. 2013). Bilateral posterior
iliac crest bone marrow biopsies showed almost complete replacement of normal hemato-
poiesis with a uniform population of small round blue cells consistent with neuroblastoma.
Initial molecular diagnostic studies revealed no evidence of MYCN amplification, no loss
of heterozygosity (LOH) of Chr 1p, and no unbalanced LOH at Chr 11q. The DNA ploidy in-
dex was 1.385 (favorable). Urine catecholamine to urine creatinine ratios were significantly
elevated for both vanillylmandelic acid (VMA) and homovanillic acid (HVA).

Initial therapy included induction chemotherapy with six cycles of chemotherapy accord-
ing to the schema of Children’s Oncology Group (COG) Study ANBL0532, including autol-
ogous stem cell collection. Using International Neuroblastoma Response Criteria (INRC)
(Park et al. 2017), a partial response (PR) was achieved, with complete response (CR) of
the thoracic spine primary tumor, PR of metastatic sites with measurable tumor remaining
in the face and parietal bone (Curie score of 2). Minimal disease (MD) remained in the
bone marrow. A course of therapeutic MIBG resulted in a continued PR with CR of the facial
tumor but residual MIBG avidity in the parietal bone, MD in the bone marrow, and a Curie
score of 1. Consolidation therapy included a single autologous hematopoietic stem cell
transplant using a busulfan/melphalan preparative regimen. The patient was treated with
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post-transplant external beam radiation to the left facial tumor (3060 cGy), parietal bone
(3060 cGy), and thoracic spine (2160 cGy). Restaging postradiation therapy showed an over-
all CR (CR 1, Fig. 1C,D). Postconsolidation therapy with the anti-disialoganglioside (anti-
GD2) monoclonal antibody dinutuximab, cytokines, and isotretinoin was completed on
COG study ANBL0032. She remained in complete remission for the next 34 mo.

First Relapse
At the age of 7 yr, our patient relapsed with MIBG-avid masses under the left mandible and
overriding the calvarium (Curie score of 2), as well as bilateral bonemarrow involvement (Fig.
1E,F). We treated with dinutuximab, irinotecan, and temozolomide according to the COG
study ANBL1221 Arm B (Mody et al. 2017). After anaphylaxis to dinutuximab, several cycles
of irinotecan and temozolomide were given without dinutuximab and resulted in stable dis-
ease (SD) by INRC. Another course of therapeutic 131I-MIBG resulted in a PR with shrinkage
of mandible and metastatic sites, MD in the bone marrow, symptom palliation, and clinical
stability for the next 4 mo. At 9 mo after initial detection of relapse, progressive disease was
detected in the mandible and calvarium along with multiple new bony metastatic sites in the
thoracic and cervical vertebrae.

Next-generation sequencing on the relapsed tumor using a 125-gene commercial can-
cer sequencing panel had been performed revealing an ALK F1174L mutation (27% variant
allele frequency [VAF]) and a non-hotspot PIK3CA mutation (C692F frameshift—26% VAF),
see Table 1. Tumor purity was estimated to be 40% in the sequenced sample with DNA
from peripheral blood sequenced to clarify somatic mutations. No mutations in TP53 or oth-
er reported neuroblastoma-associated genes, including ATRX, NRAS, or PTPN1, were
identified (Pugh et al. 2013). As the patient’s family opted against traveling for a clinical trial,
ALK-targeted therapy was initiated to treat the progressive disease with the first-generation
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Figure 1. Serial 131I-metaiodobenzylguanidine (MIBG) single-photon emission computed tomography
(SPECT)/computed tomography (CT) studies. (A) Baseline maximum intensity projection (MIP) image of the
head, neck, and chest and (B) SPECT/CT image through the skull base demonstrate bone metastatic disease
including a large, radiotracer-avid skull base lesion (red arrows). (C ) MIP and (D) axial SPECT/CT through the
skull base following initial therapy show complete resolution of the radiotracer-avidmetastatic disease. (E) MIP
and (F ) axial SPECT/CT through the mandible at the time of recurrence demonstrate multifocal radiotracer-
avid bone metastases, including a lesion in the left mandibular body (red arrows). TheMIP is obliqued in order
to project the mandibular lesion away from physiologic uptake in the salivary glands. (G) MIP and (H) axial
SPECT/CT through the mandible after therapy shows complete resolution of radiotracer-avid disease. (I,J)
MIP images of the head, neck and chest (I ) and of the abdomen and pelvis (J) demonstrate extensive new
bone metastases. Representative lesions in the calvarium, right humerus, left iliac, and right femur are demar-
cated with red arrows.
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ALK inhibitor crizotinib (240 mg/m2/dose given twice daily), together with the standard cy-
totoxic chemotherapy regimen of cyclophosphamide (250 mg/m2/dose days 1–5) and top-
otecan (0.75 mg/m2/dose days 1–5) as per COG study ADVL1212 Arm C (Greengard et al.
2020). The mandible tumor progressed through this regimen during cycle 1 and palliative
radiation therapy (3400 cGy) was given to the mandible to prevent airway obstruction. A
final attempt with cytotoxic chemotherapy included high-dose ifosfamide, carboplatin,
and etoposide (ICE) with autologous stem cell rescue (Kushner et al. 2013). Imaging follow-
ing the mandible radiation and ICE chemotherapy showed stable disease persisting in the
mandible, calvarium, and cervical and thoracic spine. With complications of the cytotoxic
chemotherapy and prolonged treatment course, the family declined further cytotoxic che-
motherapy and enrolled in hospice care. With the U.S. Federal Drug Administration (FDA)
approval of lorlatinib for patients whose tumors had progressed on a first-generation ALK
inhibitor, we attempted another systemic ALK-specific targeted therapy with daily dosing
of lorlatinib (95 mg/m2/dose, continuous). Over the following months, symptoms, includ-
ing jaw pain, fatigue, anorexia, and weight loss, completely resolved. Whole-body MIBG
scan performed 7 mo after initiating lorlatinib showed CR (CR2, Fig. 1G,H). The only
significant side effect of the drug was grade 2 hypercholesterolemia (total cholesterol
332–393 mg/dL).

Second Relapse
After 13 mo on lorlatinib, our patient presented with focal back pain, and imaging revealed a
mass infiltrating the T10 vertebral body and surrounding soft tissue. An MIBG scan showed
diffuse, widespread avidity with Curie score of 10 (Fig. 1I,J). As the family opted for only pal-
liative measures at this point, surgical biopsy of the relapsed disease sites was not per-
formed. A “liquid biopsy” (sequencing cell-free tumor DNA (cfDNA) from blood) using a
74-gene commercial sequencing assay was obtained at this time in an attempt to identify
a potential etiology for lorlatinib resistance (Odegaard et al. 2018). The ALK F1174L muta-
tion was again present (31.1% cfDNA) with the same PIK3CA mutation (C692F frameshift
(37.5% cfDNA) and was now accompanied by previously undetected amplifications of
CDK4 (plasma copy number 17.6) and FGFR1 (plasma copy number 14.4) genes (see
Methods for details of interpretation) and a new hotspot missense mutation in NRAS
(Q61K, 0.4% cfDNA) (Table 2). Our patient’s family elected to discontinue disease-directed
therapy at that time, and she died from progressive disease 3 mo later.

Table 1. Mutations in relapsed tumor detected by targeted gene sequencing panel

Gene Chromosome
HGVS DNA
reference

HGVS protein
reference

Variant
type

Predicted
effect

dbSNP/
dbVar ID

Genotype
(hetero-
zygous/
homo-
zygous) ClinVar ID

ALK Chr 2:29220829
(GRCh38.p12)

NC_000002.12:
g.29220829G>
C

NP_004295.2:
p.Phe1174Leu

Missense Substitution rs863225281 VAF 27% VCV000217852.1

PIK3CA Chr 3:179221045
(GRCh38.p12)

NC_000003.12:
g.179221045del

NP_006209.2:
p.Cys692Phefs∗8

Single-
base
pair
deletion

Frameshift VAF 26% VCV000988765.1

(VAF) Variant allele frequency.
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DISCUSSION

We report here a case of relapsed ALK F1174L mutation–driven neuroblastoma resistant
to the first-generation ALK inhibitor crizotinib combined with chemotherapy, but sensitive
to the third-generation ALK/ROS1 inhibitor lorlatinib, resulting in a 13-mo remission.
Sequencing of cfDNA at the time of relapse pointed toward potential ALK-independent
mechanisms of acquired lorlatinib resistance—amplification of CDK4 and FGFR1, and a
NRAS Q61K mutation.

ALK mutations have been identified in 6%–10% of neuroblastomas comprising both
somatic missense alterations and inherited germline mutations (Chen et al. 2008; George
et al. 2008; Janoueix-Lerosey et al. 2008; Mossé et al. 2008; Bresler et al. 2014; Tolbert
et al. 2017). Of these, mutation at R1275 is the most common (43% of ALK mutant tumors)
followed by F1174 (30%) and F1245 (12%) (Bresler et al. 2014). The remaining 15% of ALK
mutations also localize to the tyrosine kinase (TK) domain of ALK. In studies of patients
with germline ALK mutations, very high penetrance is observed in those harboring a
R1275Q mutation. Only one case each of germline mutation at F1174 and F1245 have
been reported accompanied by severe neurodevelopmental deficits (de Pontual et al.
2011). In addition to these activating missense mutations, copy-number gains and rare
high-level amplification ofALK can also be seen in neuroblastoma (17% of a large neuroblas-
toma cohort and 4% of the high-risk patients) (Caren et al. 2008; Bresler et al. 2014).
Activating mutation events and copy-number variations appear to be mutually exclusive
but either case portends a worse event-free and overall survival (Bresler et al. 2014). Early
implementation of effective ALK inhibition strategies could improve clinical outcomes and
is being studied in ongoing clinical trials (further detailed below).

ALK tyrosine kinase inhibitors (TKI) targeting ALKmutations have been evaluated in both
preclinical and clinical studies of neuroblastoma with findings summarized in Table 3. The
first-generation ALK inhibitor crizotinib demonstrated remarkable clinical efficacy in patients
with ALK-fusion positive NSCLC and ALCL; however, neuroblastoma harboring ALK muta-
tions has not been similarly sensitive to crizotinib (Bresler et al. 2014). In preclinical studies,
neuroblastoma cell lines with ALK R1275Q, L1198F, and I1170N mutations are sensitive to
crizotinib, whereas those with ALK F1174L/C/V/I, I1171N, L1196M, L1152P, C1156Y, and
G1269A mutations exhibit a relative resistance (Guan et al. 2016). Crizotinib induced a com-
plete and sustained tumor suppression in ALK R1275Q-mutant neuroblastoma xenografts,
whereas only partial inhibition of growth was seen in those driven by ALK F1174L (Bresler
et al. 2011). To date, data regarding the correlation between specific ALK mutations, re-
sponse to crizotinib, and clinical outcomes have been sparse. Data from neuroblastoma pa-
tients with known ALKmutation status treated on the COG trial ADVL0912 (pediatric phase I
study of crizotinib monotherapy) showed one CR and one prolonged SD, both in patients
with germline ALK R1275Q. In contrast, two patients whose tumors harbored somatic
ALK R1275Q had progressive disease. In the same trial, four patients with the ALK
F1174L mutation were treated, resulting in one patient with SD and three others with pro-
gressive disease (Mossé et al. 2013). Primary resistance is a major concern treating patients
with ALK F1174L-driven neuroblastoma with single agent crizotinib, and thus approaches
using combinations with chemotherapy are being tested. Crizotinib combined with cyclo-
phosphamide and topotecan achieved complete tumor regressions in ALK-mutant neuro-
blastoma xenograft models (F1245C and F1174L), which are resistant to crizotinib alone
(Krytska et al. 2016). Despite these preclinical data, our patient’s cancer progressed through
crizotinib combined with topotecan and cyclophosphamide. Combining chemotherapy
with crizotinib has been tested in a pilot pediatric clinical trial (COG trial ADVL1212)
(Greengard et al. 2020) to determine a recommended phase 2 dose. Five neuroblastoma
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patients enrolled on the trial with one achieving a CR (received crizotinib in combination
with vincristine and doxorubicin) and another experiencing prolonged stable disease (re-
ceived crizotinib with topotecan and cyclophosphamide). The ALK genomic alteration sta-
tus (mutation or amplification) of the five neuroblastoma patients was not reported, thus
limiting interpretation of the clinical response data. The ongoing COG trial for high-risk neu-
roblastoma ANBL1531 (NCT03126916) should yield more definitive data correlating ALK
mutation status with clinical responses to crizotinib. For patients with tumors harboring
ALK aberrations, crizotinib is being added to up-front induction chemotherapy and contin-
ued during consolidation, postconsolidation, and continuation therapy. Tumor and blood
samples to determine ALK mutation status and monitor cell-free DNA during therapy will
provide a robust data set to better understand the therapeutic role of crizotinib in ALK-mu-
tated neuroblastoma.

The sensitivity of ALK mutations in neuroblastoma to second- and third-generation ALK
TKI has been characterized. Although ceritinib and alectinib both demonstrate activity
against ALK-mutant cell lines as single agents, alectinib has improved efficacy compared
to ceritinib in the inhibition of the ALK F1174L mutation (Zhang et al. 2016). Brigatinib has
shown activity against a wide range of ALKmutations in neuroblastoma, including many mu-
tations that mediate resistance to crizotinib, ceritinib, and alectinib (Shaw et al. 2016).
Brigatinib recently received FDA approval as frontline therapy for ALK-positive NSCLC, fol-
lowing demonstration of superior progression-free survival compared to crizotinib (Camidge
et al. 2018). Clinical experience using brigatinib in neuroblastoma patients has not been re-
ported. Lorlatinib, a third-generation inhibitor of ALK and ROS1, was developed to over-
come crizotinib resistance and demonstrates activity both in vitro and in neuroblastoma
xenograft models harboring F1174L and F1245C ALK mutations (Johnson et al. 2014;
Guan et al. 2016; Infarinato et al. 2016; Shaw et al. 2016). Although the clinical activity of
lorlatinib in patients with neuroblastoma is not yet known, a phase II study in patients with
ALK-positive NSCLC treated with lorlatinib showed promising efficacy in patients
with ALK mutations (Shaw et al. 2019). This study led to its FDA approval for patients with
NSCLC as second-line therapy for those who have experienced progression on alectinib
or ceritinib or as a third-line therapy following progression on crizotinib and a second-line
ALK inhibitor. To begin to establish the role of these next-generation ALK inhibitors in neu-
roblastoma, a pediatric phase I trial, sponsored by the New Approaches to Neuroblastoma
Therapy (NANT) Consortium, of lorlatinib alone or in combination with cyclophosphamide
and topotecan in patients with ALK-driven relapsed or refractory neuroblastoma is currently
enrolling patients (NANT 2015-02, NCT03107988). Detailed molecular testing of the tumors
being treated in this trial will also provide necessary data to correlate response and ALKmu-
tation status. Based on promising data showing clinical activity of lorlatinib against the broad
range of ALKmutations present in neuroblastoma, COG has discussed substituting lorlatinib
for crizotinib as the ALK inhibitor given to patients withALK aberrations on the ongoing COG
ANBL1531 clinical trial.

Although ALK-targeted therapies have dramatically improved clinical outcomes in mul-
tiple cancers, the development of treatment-emergent resistance remains a significant hur-
dle. Both ALK-dependent and ALK-independent mechanisms of resistance have been
described. ALK-dependent resistance mechanisms include development of a point muta-
tion in the TK domain in ALK-fusion or ALK-amplified tumors that initially harbor WT ALK
TK domains. Second-site compound mutations in the ALK TK domain have been observed
in patients treated with crizotinib (Doebele et al. 2012; Katayama et al. 2012), alectinib
(Katayama et al. 2014), ceritinib (Friboulet et al. 2014), and lorlatinib (Yoda et al. 2018),
and resistance-conferring activity of these mutations has been validated in cellular systems.
To our knowledge, secondary resistance compound ALK mutations have not yet been re-
ported in neuroblastoma patients. Some hypothesize that sequential treatment with first-
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generation and then later-generation ALK inhibitors may potentiate the accumulation of
compound mutations in ALK (Yoda et al. 2018). As the role of ALK inhibitors expands in neu-
roblastoma, examples of this resistance mechanism may emerge. Multiple pathways result-
ing in ALK-independent resistance have been detailed including activation of EGFR (Yamada
et al. 2012), HER2 (Wilson et al. 2015), IGF1R (Lovly et al. 2014), and KIT (Katayama et al.
2012), as well as mutations in KRAS (Doebele et al. 2012). Yoda et al. reported a variety of
co-occurring mutations specifically associated with lorlatinib resistance, of which TP53 mu-
tation was the most common. Other mutations included NRAS, BRCA1/2, APC, MAP3K1,
BRAF, and CDKN2A/B copy-number variants (Yoda et al. 2018). Specific to neuroblastoma,
bypass signaling pathways such as activation of AXL (Debruyne et al. 2016), PIM1 (Trigg et al.
2019), EGFR, and ERBB4 (Redaelli et al. 2018) have been reported in association with ALK
TKI resistance. As the ALK F1174L mutation persisted in our patient after relapse on lorlati-
nib, ALK-independent mechanisms were the likely drivers of resistance. We conjecture, as
have others (Yoda et al. 2018), that use of later-generation ALK inhibitors such as lorlatinib
may predispose to ALK-independent resistance mechanisms in ALK-mutated neuroblasto-
ma, an area that deserves further scientific investigation. Larger studies such as NANT
2015-02 and ANBL1531 hold promise to provide crucial information to understand the de-
velopment of ALK resistance in neuroblastoma.

Analysis of cfDNA in our patient at the time of progression on lorlatinib demonstrated
potential ALK-independent resistance mechanisms, including CDK4 and FGFR1 amplifica-
tions, and theNRASQ61Kmutation. As lorlatinib-resistant tumor sites could not be biopsied
because of the patient’s clinical condition, further validation and analysis (e.g., determination
of gene copy numbers in the tumor) of these additional genetic changes was not feasible.
Mutations in all three of these genes have been described in neuroblastoma and were
more prevalent in relapsed neuroblastoma tumors compared to tumors sampled at diagno-
sis (Padovan-Merhar et al. 2016). CDK4 acts as a positive cell cycle regulator, and its activa-
tion has been implicated in the tumorigenesis of neuroblastoma and represents a
therapeutic target (Rihani et al. 2015). Fibroblast growth factor receptors (FGFRs) activate
downstream MEK-ERK signaling and thereby regulate cell survival and proliferation.
FGFRs can also be up-regulated in response to TKI such as ALK inhibitors via STAT3 activa-
tion (Lee et al. 2014). Amplification of FGFR1 is found in several cancer types and novel in-
hibitors of this receptor family are being developed (Babina and Turner 2017). Mutations
activating the RAS-ERK signaling pathway are associated with resistance to conventional
chemotherapies in patients with relapsed neuroblastoma, suggesting that inhibition of this
pathway might be clinically beneficial (Eleveld et al. 2015).

Although the exact interplay of these specific genomic events in conferring resistance
to lorlatinib in our patient’s neuroblastoma cannot be ascertained, their co-occurrence sug-
gests that combination targeted therapies may be more effective in such tumors. The com-
bination of the ALK inhibitor ceritinib and CDK4/6 inhibitor ribociclib demonstrated potent
cytotoxicity in ALK F1174L and F1245C-mutant cell line and patient-derived xenograft
models of relapsed or refractory neuroblastoma (Wood et al. 2017) and is now being inves-
tigated in an ongoing clinical trial (NCT02780128). FGFR1/2 amplification or activating mu-
tations, however, promote resistance to CDK4/6 inhibition (Formisano et al. 2019) and
SHP2 inhibition (Lu et al. 2020), suggesting the possibility that a CDK4/6 inhibitor, or other
relevant combinations, may not have benefited our patient after her second relapse. FGFR
signaling activation is a common event mediating the adaptive response to downstream
signaling inhibition. TKI and/or MEK inhibition leads to loss of feedback activation of
FGFR and STAT3 signaling (Lee et al. 2014), and in KRAS mutant lung cancer, FGFR1 sig-
naling emerged as a prominent mechanism of adaptive resistance to trametinib, which was
sensitive to dual MEK /FGFR inhibition (Manchado et al. 2016). Perhaps for our patient and
others, the combination of effective ALK inhibition with FGFR inhibitors might have
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enhanced antitumor activity, a strategy that has not to our knowledge been explored
clinically.

When targeting tumor resistance mechanisms, tumor heterogeneity cannot be ignored.
We suspect the ALK F1174L mutation was uniformly present when our patient initially re-
lapsed as all her sites of disease completely regressed while on lorlatinib. However, deep
sequencing of the initial relapsed tumor to determine and confirm clonality was not per-
formed. The cfDNA analysis after her second relapse definitively indicated genomic hetero-
geneity in the sites of disease with different levels of the genomic alterations detected from
the blood. Padovan-Merhar et al. (2016) detailed DNA sequencing analysis of different re-
lapse sites in neuroblastoma patients and demonstrated striking heterogeneity including ex-
amples of loss of previously identifiedmutations, accumulation of newmutations, and further
amplification events. Tumor whole-exome sequencing and cfDNA studies in a cohort of neu-
roblastoma patients also identified significant heterogeneity not only in relapsed disease but
also at the time of initial diagnosis (Chicard et al. 2018). Although the cfDNA analysis from
our patient pointed to potential resistance mechanisms that represented potential targets
for therapy, it is impossible to knowwhich resistancemechanisms might be dominant drivers
in the various sites of relapsed disease. Tumor heterogeneity remains a significant obstacle
for both cytotoxic and targeted therapy approaches.

Our case highlights the potential utility of liquid biopsies for genomic testing of cfDNA in
patients treated with targeted therapy. The significant benefit in our patient was identifying
new molecular alterations at the time of relapse without requiring a morbid biopsy. In retro-
spect, there may have been much to learn had we used a cfDNA assay to monitor for treat-
ment-emergent resistance during the period of lorlatinib treatment. Advances in the field of
liquid biopsies for pediatric tumors were recently reviewed (Van Paemel et al. 2020). In neu-
roblastoma patients,MYCN amplification, ALKmutations, and whole-chromosome and seg-
mental chromosomal abnormalities have been detected from cfDNA (Kurihara et al. 2015;
Van Roy et al. 2017; Klega et al. 2018). Liquid biopsy–based monitoring of therapy response
in pediatric cancer patients has been evaluated in some small studies and appears promising
to monitor therapy or predict relapse (Chicard et al. 2018; Su et al. 2020). Chicard et al. uti-
lized cfDNA to identify clones resistant to treatment in neuroblastoma patients and discover
potential targetablemutations (Chicard et al. 2018).We hypothesize that serial monitoring of
cfDNA will have significant utility in patients like ours receiving targeted therapies in which
emergent resistance is expected. This hypothesis will be tested in larger ongoing prospec-
tive trials of patients with neuroblastoma with correlative aims analyzing cfDNA throughout
therapy (COG ANBL1531 NCT03126916, NANT 2015-02 NCT03107988, NCT02546453).

In summary, we describe a patient with relapsed, refractory neuroblastoma harboring the
ALK F1174L mutation resistant to the first-generation ALK inhibitor crizotinib combined with
chemotherapy in whom lorlatinib induced a durable complete remission of 13mo. However,
as is often the case with targeted therapeutic approaches, resistance, potentially mediated
by new genomic alterations including CDK4 and FGFR1 amplification and NRAS mutation,
led to disease recurrence. Our case provides an example of clinical benefit made possible by
the development of next-generation ALK inhibitors but also highlights the need for in-
creased understanding of mechanisms of acquired resistance. We propose that molecular
monitoring during therapy may guide rational combination multidrug approaches to over-
come and prevent resistance.

METHODS

Next-generation sequencing of the relapsed tumor was conducted using the CancerSELECT
125 panel commercially available from Personal Genome Diagnostics, which evaluates a

ALK-mutated neuroblastoma response to lorlatinib

C O L D S P R I N G H A R B O R

Molecular Case Studies

Liu et al. 2021 Cold Spring Harb Mol Case Stud 7: a006064 10 of 15



total of 125 cancer-associated genes for detection of single-nucleotide variants (SNVs), small
indels, amplifications, translocations, and microsatellite instability. Sequencing was per-
formed using DNA isolated from both formalin-fixed paraffin-embedded tissue tumor (re-
lapsed tumor from mandibular mass with estimated 40% pathological tumor purity) and
peripheral blood specimens to identify somatic mutations. Sequences were aligned to
Human Reference genome hg19. A complete list of genes included in the assay and se-
quencing coverage can be found in Supplemental Table S1. Details regarding the sequenc-
ing and bioinformatics analysis pipeline were previously published (Jones et al. 2015).

At the time of second relapse on lorlatinib, cfDNA was assessed with the Guardant360
CDx assay (Guardant Health, Inc.). Guardant360 sequenced 74 cancer-associated genes
to identify somatic alterations. cfDNA was extracted from plasma, enriched for targeted re-
gions, and sequenced using the Illumina platform and hg19 as the reference genome as pre-
viously described (Lanman et al. 2015; Odegaard et al. 2018). All exons are sequenced in
some genes; only clinically significant exons are sequenced in other genes. The types of ge-
nomic alterations detected by Guardant360 include SNVs, gene amplifications, fusions,
short insertions/deletions, and splice site–disrupting events. Gene amplification events
are reported as the average copy number for the detected gene in the circulating cfDNA.
This copy number is dependent on both tumor fraction of the total cfDNA and the magni-
tude of the tumor amplification. Thus, the reported plasma copy number is not the same
as the number of gene amplification events that could be measured directly by fluorescence
in situ hybridization of tumor tissue or DNA sequencing of a tumor sample. Guardant360 re-
ports a semiquantitative scale for amplification events. For our patient, amplification ofCDK4
(plasma copy number 17.6) is reported as “high” (amplification magnitude is greater than
the 50th percentile for CDK4 amplifications detected by Guardant360) and FGFR1 (plasma
copy number 14.4) is reported as “high” (amplification magnitude is greater than the 90th
percentile for FGFR1 amplifications detected by Guardant360). The 74 genes analyzed in
the assay include AKT1, ALK, APC, AR, ARAF, ARID1A, ATM, BRAF, BRCA1, BRCA2,
CCND1, CCND2, CCNE1, CDH1, CDK12, CDK4, CDK6, CDKN2A, CTNNB1, DDR2,
EGFR, ERBB2, ESR1, EZH2, FBXW7, FGFR1, FGFR2, FGFR3, GATA3, GNA11, GNAQ,
GNAS, HNF1A, HRAS, IDH1, IDH2, JAK2, JAK3, KIT, KRAS, MAP2K1, MAP2K2, MAPK1,
MAPK3, MET, MLH1, MPL, MTOR, MYC, NF1, NFE2L2, NOTCH1, NPM1, NRAS, NTRK1,
NTRK3, PDGFRA, PIK3CA, PTEN, PTPN11, RAF1, RB1, RET, RHEB, RHOA, RIT1, ROS1,
SMAD4, SMO, STK11, TERT, TP53, TSC1, and VHL. As previously published, the average
sequencing coverage for the gene regions analyzed is 15,000× (Odegaard et al. 2018).

ADDITIONAL INFORMATION

Data Deposition and Access
Sequencing data for the CancerSELECT 125 panel (Personal Genome Diagnostics,
Baltimore, Maryland) and the cfDNA assay from the Guardant360 CDx assay (Guardant
Health, Inc.) were not made available for public distribution. The novel variant in PIK3CA de-
tected in both the CancerSELECT 125 panel and the Guardant360 CDx cfDNA assay can be
found on the ClinVar database (https://www.ncbi.nlm.nih.gov/clinvar/) under accession
number VCV000988765.1.
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