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A B S T R A C T

Purpose
In neuroblastoma, the ALK receptor tyrosine kinase is activated by point mutations. We
investigated the potential role of ALK mutations in neuroblastoma clonal evolution.

Methods
We analyzed ALK mutations in 54 paired diagnosis–relapse neuroblastoma samples using Sanger
sequencing. When an ALK mutation was observed in one paired sample, a minor mutated
component in the other sample was searched for by more than 100,000� deep sequencing of the
relevant hotspot, with a sensitivity of 0.17%.

Results
All nine ALK-mutated cases at diagnosis demonstrated the same mutation at relapse, in one case
in only one of several relapse nodules. In five additional cases, the mutation seemed to be relapse
specific, four of which were investigated by deep sequencing. In two cases, no mutation evidence
was observed at diagnosis. In one case, the mutation was present at a subclonal level (0.798%)
at diagnosis, whereas in another case, two different mutations resulting in identical amino acid
changes were detected, one only at diagnosis and the other only at relapse. Further evidence of
clonal evolution of ALK-mutated cells was provided by establishment of a fully ALK-mutated cell
line from a primary sample with an ALK-mutated cell population at subclonal level (6.6%).

Conclusion
In neuroblastoma, subclonal ALK mutations can be present at diagnosis with subsequent clonal
expansion at relapse. Given the potential of ALK-targeted therapy, the significant spatiotemporal
variation of ALK mutations is of utmost importance, highlighting the potential of deep sequencing
for detection of subclonal mutations with a sensitivity 100-fold that of Sanger sequencing and the
importance of serial samplings for therapeutic decisions.

J Clin Oncol 32:2727-2734. © 2014 by American Society of Clinical Oncology

INTRODUCTION

Current treatment approaches in cancer often lead

to initial response followed by secondary progres-

sion that presents a therapeutic challenge because of

resistance to conventional chemotherapy treat-

ment.1 Thus, genetic characterization of cancer cells

provides invaluable information for the identifica-

tion of molecular therapeutic targets. Importantly,

particular genetic alterations may be selected for or

emerge during treatment.2,3 Subclonal driver muta-

tions might play a role in tumor progression, and the

presence of driver mutation–harboring subclones at

diagnosis, which might expand at relapse, has been

linked to adverse outcomes.2-5

In neuroblastoma, the most frequent extracra-

nial solid cancer of early childhood, tumor progres-

sion is often associated with limited therapeutic

possibilities, underlining the need of molecular

analyses.6 Genetic alterations in neuroblastoma at

diagnosis mainly concern copy number alterations,

with MYCN amplification in 20% to 25% of cases,

and other copy number changes over extensive

chromosome regions.6-11 Only a few recurrently al-

tered genes, such as chromatin-remodeling or neu-

ritogenesis genes, have been reported, targeted by

either small interstitial structural alterations or

mutations.8-10 Activating point mutations in the ty-

rosine kinase domain of ALK, the most frequent mu-

tations in neuroblastoma, are detected at diagnosis in

approximately 8% to 10% of patients and play an im-

portant role in neuroblastoma oncogenesis.12-17

These alterations can be targeted using ALK

inhibitors, and in vitro and in vivo models have
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indicated their potential usefulness in the presence of an activating

ALK mutation.18-20 A phase I/II study of crizotinib, a dual ALK/MET

inhibitor, suggests possible efficacy in neuroblastoma harboring ALK

mutations.21 Thus, it will be crucial to define treatment indications

depending on the precise molecular characterization of ALK muta-

tions in neuroblastoma.

Recently a relapse-specific ALK mutation has been described,

correlating with unresponsiveness to therapy and indicating that the

determination of the ALK status at tumor progression is critical.22

However, the actual frequency of ALK mutations at relapse has not yet

been studied. We have studied 54 paired diagnosis–relapse neuroblas-

toma samples to analyze the frequency of ALK mutations at relapse

and to define their potential role in clonal evolution.

METHODS

Patients
Patients with neuroblastoma of all stages were included in this study if

tumor samples collected in the participating laboratories both at diagnosis and
at relapse were available (24 Swedish, 28 French, and two Belgian patients;
Data Supplement). Patients were treated according to relevant national or
international treatment protocols (Data Supplement). Ethics approval of pro-
tocols was obtained according to national guidelines, and written informed
consent was obtained from parents according to national law. In France, this
study was authorized by the ethics committee (Comité de Protection des
Personnes Sud-Est IV), L07-95, and L12-171. In Belgium, the ethics commit-
tee EC/2006-124 approved this work. In Sweden, this study was authorized by
the local ethical committees 09-1368, 09-473 (Gothenburg), and 07-069
(Uppsala). Diagnosis samples were obtained from the primary tumor site in
the majority of patients (92%) according to clinical guidelines. Relapse sam-
ples were obtained from progressing/relapsed primary tumor in 68% of pa-
tients and from metastatic sites in 32% of patients (Data Supplement).

Sanger Sequencing of the ALK Receptor Tyrosine
Kinase Domain

Paired diagnosis–relapse tumor samples were included if the samples
contained more than 50% tumor cells by pathologic examination. After DNA
extraction using standard procedures, mutations of the ALK receptor tyrosine
kinase domain were searched for by Sanger sequencing (Data Supple-
ment).12,15 ALK mutation in one relapse sample has been previously de-
scribed.22 Cell lines CLB-Ba and CLB-Ma and the corresponding primary
sample (massively invaded bone marrow and primary tumor, respectively)
were also studied.15 Cell lines CLB-Car, SKNDZ, SKNAS, and SJNB12 served
as controls.15

Sequencing of ALK Exonic Regions with IonTorrent Personal
Genome Machine Technology

Sequencing libraries were built with the IonFragment Library Kit for AB
Library Builder System following the manufacturer’s recommendations (Life
Technologies, Grand Island, NY). Briefly, 10 to 100 ng of polymerase chain
reaction products of relevant ALK exonic regions (exon 23: chr2:29443486 to
29443776; exon 25: chr2:29432565 to 29432822) were end-repaired, and Ion-
Torrent bar-coded adapters were ligated at the 5� and 3� extremities. After a
brief polymerase chain reaction amplification and quality control, equal quan-
tities of each library were pooled and sequencing templates were prepared on
an IonOneTouch system with the IonOneTouch 200 Template Kit DLv2 (Life
Technologies). The number of libraries sequenced per 318 Ion chip was deter-
mined to achieve a depth of over 100,000� for the amplicons in every sample
(Data Supplement).

Bioinformatics Detection of Variations
Reads were aligned via the TorrentSuite Software v3.4.1 (Life Technolo-

gies) with default parameters. Variant calling was not used because variations
at low frequencies were to be identified and standard procedures would have

filtered them. A custom approach was required to highlight the variations with
low frequencies, some occurring with a frequency of less than 1%. Using
DepthOfCoverage functions of the Genome Analysis Toolkit v2.13.2 (Broad
Institute, Cambridge, MA), we focused on coverage analysis of A, C, G, and T
at chr2:29432646 to 29432674 (29 bp) and chr2:29443686 to 29443705 (20 bp)
(Human Genome Browser, http://genome.ucsc.edu/; hg19) to analyze the 10
bases directly surrounding the ALK hotspots Y1278 and R1275 (exon 25) and
F1174 (exon 23), respectively. Only reads with mapping quality of 8 or higher
and bases having a base quality of 17 or more were taken into account accord-
ing to Personal Genome Machine (PGM; Life Technologies) criteria for qual-
ity filtering to avoid low-quality data. To determine the background level of
variability at the studied regions, control samples were included in the analysis.
In the controls for each position, the frequency for each base was calculated.
For a sample to be studied at a given position, the frequencies of the bases at the
given position were then compared with those observed in the controls. Sta-
tistical analyses were performed with the R statistical software (http://www.R-
project.org). Fisher’s exact two-sided tests were performed to compare
percentages of bases between the data sets (ie, between a case and the controls).
To limit false-positive prediction of differences between cases and controls,
Bonferroni’s correction was applied. Statistically significant increases in the
percentages of bases were considered for P � .05.

RESULTS

To determine the frequency of ALK mutations at relapse, we per-

formed Sanger sequencing of the ALK receptor tyrosine kinase do-

main in a series of 54 paired diagnosis–relapse neuroblastoma

samples. ALK mutations were observed in nine of 54 diagnostic sam-

ples (Tables 1 and 2). For all nine cases, the same mutation was also

detected by Sanger sequencing in a sample at relapse. In one case

(NB1224), an ALK mutation, detected at diagnosis, was seen at relapse

in only one of several samples. Indeed, the ALK mutation was found in

only one of the stroma-poor tumor nodules and not in the stroma-

rich tissue surrounding the nodules (Fig 1). A germline ALK mutation

was observed in only one case (NB0073).

At relapse, new ALK mutations were also detected by Sanger

sequencing in five additional cases (Table 1). These were a F1174L

mutation (exon 23) in two cases, a F1174S mutation (exon 23) de-

scribed previously in one case,22 and a Y1278S mutation and R1275Q

mutation (exon 25) in the other two cases.

In cases where ALK mutations were detected by Sanger sequenc-

ing in only one of all available tumor samples, we determined whether

the ALK mutation might have gone undetected in the other samples as

a result of a limit in sensitivity of the Sanger technique. We used the

IonTorrent PGM technique to resequence the relevant hotspots in all

available tumor samples of case NB1224 and of four of five cases with

an ALK mutation seen only at relapse (NBG12, NBG17, NB0308, and

NB1382). For the fifth case, no sufficient material was available for the

PGM analysis. Using the 318 chip (Life Technologies), a high coverage

was achieved for all cases at the resequenced regions, with more than

100,000 reads per position after application of bioinformatics filters

(Data Supplement).

To determine the sensitivity of our technique, in a first step, the

background variability resulting from the PGM sequencing was calcu-

lated for the control cell lines in the studied region. The mean overall

coverage for the control cell lines was more than 175,000�. The mean

overall background variability was 0.034% � 0.035% for each base,

except the reference base, with no significant outlier (Data Supple-

ment). To determine the expected sensitivity, we then calculated

which number of reads would be considered statistically different
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from the background. Bonferroni’s correction was applied, because

multiple tests were performed for each base at each position. Consid-

ering a mean coverage of 175,000�, a variation supported by 296

reads, or observed with a frequency of 0.17%, would result in a statis-

tically significant difference from the controls (two-sided Fisher’s ex-

act test). For the studied tumor samples, the background variability

was not different from that of the controls, except the mutation hot-

spots, and no mutations outside the mutation hotspots were detected.

In a next step, to analyze more precisely the mutation hotspots,

the percentage of bases at coordinates 29443696, 29443695, 29432664,

and 29432655, corresponding to the mutations F1174S(T�C) in

NBG12, F1174L(C�A) in NBG17 and NB0308, R1275Q(G�A) in

NB1224, and Y1278S(A�C) in NB1382, respectively, were studied

in detail in the respective samples (Table 3). For each case, the fre-

quency of bases at a given position was compared with frequencies

observed in the controls (two-sided Fisher’s exact test; Tables 1, 2, and

3). As expected, the PGM analysis detected all mutations seen by

Sanger sequencing and enabled further precision regarding their allele

frequency. In case NBG12, PGM analyses of the previously described

homozygous F1174S(T�C) mutation indicated the presence of the

mutated allele in 90.7% and of the wild-type allele in 9.2% of the reads

in the relapse sample (Table 1).22 Indeed, for this case, as previously

reported, single nucleotide polymorphism arrays clearly documented

copy neutral loss of heterozygosity of chromosome 2p, indicating a

duplication of the mutated allele, with the wild-type allele correspond-

ing to contaminating normal tissue.22

PGM analysis further established the ALK status in cases for

which Sanger sequencing revealed an ALK mutation in only one of the

paired samples. In two cases with an ALK mutation detected in the

relapse sample (NBG12 and NB1382), analysis of the diagnosis sam-

ple by PGM showed no statistically significant difference between the

frequency of the base corresponding to the mutated allele and the

background (Table 3). Interestingly, in two other cases (NBG17 and

NB0308), a base corresponding to a mutated allele, although not

detected by Sanger, was observed in the diagnosis sample in a signifi-

cantly higher frequency than the controls (Fisher’s exact, P � 10�16;

Tables 1 and 3; Fig 2). In case NBG17, the mutated allele was detected

in the diagnosis sample at 0.798%, indicating the presence of an

ALK-mutated subclone at diagnosis (Fisher’s exact test, P � 10�16).

Strikingly, in case NB0308, two distinct ALK mutations were detected

at diagnosis and at relapse; at diagnosis, a mutation was observed in

8.15%, below the detection limit of Sanger sequencing. This mutation

was not seen at relapse. At relapse, a different mutation was observed

in 19.125% (Fisher’s exact test, P � 10�16; Data Supplement). These

mutations led to the same AA change, indicating a mutation switch

between diagnosis and relapse with an expected identical func-

tional consequence.

Finally, to search for further evidence of clonal selection of ALK-

mutant cells, two established cell lines (CLB-Ma and CLB-Ba), with a

previously described F1174L mutation observed by Sanger sequenc-

ing, were compared with the corresponding primary sample.15 In case

CLB-Ma, PGM analysis of the primary tumor tissue Ma(PT) did not

reveal a higher frequency of the mutation base compared with the

controls, indicating that in the studied sample, no ALK-mutated

subclone could be detected (Tables 2 and 3). However, the cell line

was established from invaded bone marrow. Because no sample of

this bone marrow was available for PGM analysis, it cannot be

excluded that an ALK-mutated subclone might have been present

in the metastatic site. For CLB-Ba, PGM analysis of the primary

sample [invaded bone marrow, Ba(PT_BM)] from which the cell

line was directly established revealed the presence of the mutation

in 6.6% of the studied DNA fragments, indicating the presence of

an ALK-mutated subclone in the primary sample, which then

expanded during establishment of the cell line harboring the

known ALK mutation in all cells (Tables 2 and 3; Fig 2).

DISCUSSION

With the increasing importance of targeted therapies, full character-

ization of molecular genetic events in cancer cells becomes crucial. The

new, high-resolution next-generation sequencing techniques now en-

able the evaluation of biomarkers for more precise studies of clonal

evolution in sequential samples from the same patient.

In neuroblastoma, only few studies have analyzed the genetic

alterations at relapse, with no alterations specific for relapse described

to date.11 One recent report has described a relapse-specific ALK

mutation.22 We now report on the search for ALK mutations in 54

paired diagnosis–relapse neuroblastoma samples. In this study of

samples from patients who experienced relapse, we observed ALK

mutations at diagnosis in 17% of the patients, suggesting that at

diagnosis, in patients who experience relapse, the incidence of ALK

mutations might be higher than that reported in the overall popula-

tion.13 Furthermore, we demonstrate an emergence of ALK mutations

Table 2. Patient Data According to Cell Line

Cell Line

Age at
Diagnosis
(months)

Stage
(INSS)

Primary Sample
(% tumor cells)

Tissue From
Which Cell
Line Was

Established

Follow-Up
From

Diagnosis
(months) Outcome

Genomic
Profile

AA
Change Position and Mutation

ALK
Detection by

Sanger
Sequencing

ALK Detection
by PGM (% of

total reads)

Primary
Sample

Cell
Line

Primary
Sample

Cell
Line

CLB_Ma 9 4 Abdominal tumor
(50%)

Bone marrow 16 DOD MNA F1174L 29443695 (TTC�TTA) Neg Pos 0.027 44.432�

CLB_Ba 27 4 Bone marrow
(80%)

Bone marrow 117 NED MNA F1174L 29443697 (TTC�CTC) Neg Pos 6.609� 32.378�

Abbreviations: DOD, dead of disease; INSS, International Neuroblastoma Staging System; MNA, MYCN amplification; NED, no evidence of disease; Neg, negative;
PGM, Personal Genome Machine; Pos, positive.

�Signifies a base frequency as detected by PGM with a statistically significant difference from the controls.
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at the time of relapse. This finding is of utmost clinical importance

given the possibility of targeted treatment with ALK inhibitors and the

fact that ALK mutations are considered an important predictive mo-

lecular marker.21

Sanger sequencing is reported to detect 20% to 30% of mutated

alleles in a wild-type background.23,24 For sensitivity estimation, con-

tamination with normal cells should be considered. For this study,

contamination of tumor samples by normal cells of up to 50% was

T 0.016 0.012 0.011 0.013 0.004

C 0.064 0.001 0.002 0.121 0.012

A 14.164 0.035 0.053 28.536 0.032

G 85.755

P = 10-16 P = 10-16

99.952 99.935 71.329 99.921

Diagnosis Relapse
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Fig 1. ALK status in different samples of NB1224. (A) Macroscopic and microscopic aspect of the tumor at different time points and results of Sanger sequencing searching for ALK

mutation. The position corresponding to the mutation R1275Q is underlined (chr2:29432664). At diagnosis, a localized International Neuroblastoma Risk Group Staging System L2

neuroblastoma, stroma poor, poorly differentiated, with high mitosis-karyorrhexis index (MKI), was observed. Sanger sequencing showed the presence of an R1275Q (CGA�CAA)

mutation (diagnostic sample, NB1224-D). The patient received two courses of chemotherapy and was then observed. The patient experienced local progression 4 months after

first-line chemotherapy. At relapse, a biopsy of the tumor was first performed (relapse sample, NB1224-R2). After additional courses of chemotherapy, surgical resection revealed a

postchemotherapeutic tumor, classified as a peripheral neuroblastic tumor, not otherwise specified, according to INPC recommendations. The postchemotherapy effects were

minimal, without any necrosis being observed, and this tumor was indeed histologically composed of a stroma-rich component (relapse sample, NB1224-R3) and of several

stroma-poor nodules with numerous neuroblasts, poorly differentiated; in one nodule, the MKI was low (relapse sample, NB1224-R4); in another nodule, the MKI was high (relapse

sample, NB1224-R5). At progression, the R1275Q (CGA�CAA) mutation was found only in the nodule corresponding to neuroblastoma, stroma poor, poorly differentiated, MKI high

(NB1224-R5), and not in the other nodule or in the stroma-rich component. (B) Results of Personal Genome Machine (PGM) sequencing of case NB1224 at position chr2:29432664.

Diagnostic sample: NB1224-D; relapse samples: NB1224-R2, NB1224-R4, and NB1224-R5. The observed frequencies of bases at the studied position are indicated in the graph. For

the controls, the mean of the base percentages for the four control cell lines is indicated. Statistically significant differences between the sample and controls of base frequencies for

the base A, corresponding to the mutation, are circled, and the results of the Fisher’s exact tests are indicated. PGM sequencing confirmed the results observed with Sanger

sequencing, with presence of an R1275Q (CGA�CAA) mutation in samples NB1224-D and NB1224-R5. The base corresponding to the mutated allele did not exceed the background

variability in the other tumor fragments analyzed (NB1224-R2 and NB1224-R4).
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tolerated, and thus, it is expected that in these samples heterozygous

mutations occurring in all tumor cells, present in 25% of all analyzed

DNA fragments, would be at the limit of detection by Sanger sequenc-

ing. To search for ALK mutations with a higher sensitivity than that of

Sanger, deep sequencing with an extremely high coverage over the

region of interest (� 100,000�) was performed. Limitations in the

detection of low-frequency variations are linked to the IonTorrent

PGM sequencing technique, which has an underlying error rate de-

pending on the base, its position, and the surrounding bases. Indeed

for IonTorrent PGM sequencing of the human genome, the overall

error rate in lower coverage experiments, including mismatches, de-

letions, and insertions, has been reported to be approximately 0.019%,

which might vary strongly according to the genome structure and the

presence or absence of homopolymers and might be linked to se-

quencing errors as a result of polymerase slippage, errors in the chem-

istry, or other errors.25,26 Future technologic improvements may

reduce this background variability. In this high-coverage analysis, the

background variability was 0.034% per base, resulting in a sensitivity

of 0.17%, 100-fold that of Sanger sequencing.

This deep-sequencing approach indicated that ALK mutations

might occur as subclones at neuroblastoma diagnosis with secondary

expansion, contributing to a selective advantage during tumor pro-

gression. Our data also suggest that, in some instances, ALK-mutated

and -nonmutated cells might coexist in an equilibrium. The expan-

sion of an ALK-mutated clone on treatment may suggest a preferential

cytotoxic effect on ALK-nonmutated clones.

Table 3. Base Frequencies at the Coordinates of Interest in Samples Analyzed by Deep-Sequencing PGM

Chromosome Position and Patient No.
No. of
Reads

A C G T

% P % P % P % P

Chr2:29432655 (A)

NB1382-D 226,371 99.954 1.00 0.011 1.00 0.031 1.00 0.004 1.00

NB1382-R 179,938 66.326 � 10�16 33.613�
� 10�16 0.032 1.00 0.029 � 10�14

Controls (n 	 4) SD SD SD SD

Total of all reads 701,987 99.941 NA 0.012 NA 0.043 NA 0.004 NA

Mean 99.942 .00249 0.012 .00467 0.043 .00307 0.004 .00251

Chr2:29432664 (A)

NB1224-D 258,308 14.164�
� 10�16 0.064 � .001 85.755 � 10�16 0.016 1.00

NB1224-R2 302,176 0.035 1.00 0.001 1.00 99.952 1.00 0.012 1.00

NB1224-R4 318,313 0.053 1.00 0.002 1.00 99.935 1.00 0.011 1.00

NB1224-R5 302,918 28.536�
� 10�16 0.121 � .001 71.329 � 10�16 0.013 1.00

Controls (n 	 4) SD SD SD SD

Total of all reads 703,934 0.038 NA 0.001 NA 99.952 NA 0.009 NA

Mean 0.032 .00249 0.012 .00467 99.921 .00307 0.004 .00251

Chr2:29443695 (C)

NB0308-D 183,381 8.150�
� 10�16 91.799 � 10�16 0.003 1.00 0.048 1.00

NB0308-R 241,456 0.019 .0830 80.754 � 10�16 19.125�
� 10�16 0.101 � 10�9

NBG17-D 104,176 0.798�
� 10�16 99.175 1.00 0.003 1.00 0.025 1.00

NBG17-R1 125,167 26.113�
� 10�16 73.796 � 10�16 0.008 1.00 0.083 � 10�5

NBG17-R2 131,857 30.921�
� 10�16 68.963 � 10�16 0.005 1.00 0.111 � 10�15

Ma(PT) 127,449 0.027 1.00 99.899 1.00 0.002 1.00 0.072 .0147

CLB_Ma 135,813 44.432�
� .001 55.157 � 10�16 0.018 � .001 0.393�

� 10�16

Controls (n 	 4) SD SD SD SD

Total of all reads 496,439 0.046 NA 99.914 NA 0.001 NA 0.039 NA

Mean 0.049 .0201 99.912 .0214 0.001 � .001 0.039 .00252

Chr2:29443696 (T)

NBG12-D 133,215 0.002 1.00 0.034 1.00 0.002 1.00 99.963 1.00

NBG12-R 124,488 0.007 1.00 90.734�
� 10�16 0.085 � 10�16 9.175 � 10�16

Controls (n 	 7) SD SD SD SD

Total of all reads 527,325 0.003 NA 0.044 NA 0.007 NA 99.946 NA

Mean 0.002 .00243 0.044 .00664 0.007 .00351 99.947 .00780

Chr2:29443697 (T)

Ba(PT_BM) 198,359 0.046�
� 10�16 6.609�

� 10�16 0.003 .990 93.342 � .001

CLB_Ba 176,260 0.400�
� 10�16 32.378�

� 10�16 0.003 .989 67.22 � .001

Controls (n 	 4) SD SD SD SD

Total of all reads 516,559 0.005 NA 0.015 NA 0.011 NA 99.969 NA

Mean 0.006 .00146 0.015 .00191 0.010 .0181 99.970 .0208

NOTE. The base corresponding to the reference genome (Human Genome Browser, http://genome.ucsc.edu/; hg19) is indicated at a given coordinate. For a sample
to be analyzed, the total number of high-quality reads obtained by PGM deep sequencing is indicated, and the percentage of reads supporting each base (A, C, G,
T) is shown. Values reported for controls are calculated from the total number of reads for all controls at the given position. The mean base frequencies calculated
from the controls, with their standard deviation, are also indicated. For each case, the P value refers to the comparison (two-sided Fisher’s exact test) of the base
frequency observed in the studied sample to that observed in the controls.

Abbreviations: D, diagnosis; NA, not available; PGM, Personal Genome Machine; R, relapse; SD, standard deviation.
�Variations with a statistically significant difference from controls.
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This study also reveals the important observation, in one case, of

two different ALK mutations at diagnosis and relapse, both leading to

the same AA change. Possible explanations include the presence of the

second mutation in a minor subclone at diagnosis below the detection

limit of our technique; spatial heterogeneity throughout the tumor,

with one mutation occurring in one tumor section and another in a

different tumor section; or a new occurrence of a mutation not present

at diagnosis. The same AA change having potentially occurred inde-

pendently twice in tumor development suggests that these mutations

emerged as a result of a possible addiction to the functional modifica-

tions linked to the ALK mutation.

The detailed knowledge of the ALK status in neuroblastoma is

important in view of the availability of targeted therapy, with new-

generation, more selective, higher affinity ALK-specific agents cur-

rently being developed.18 The identification of an ALK mutation in a

tumor sample can be considered as a positive predictive marker for

efficacy of ALK-targeted treatment.18,19,21 Additional studies are now

necessary to determine how the presence of ALK mutations in tumor

subclones might influence ALK-targeted treatment efficacy.

Our study leads to two crucial conclusions. First, the observation

of five of 54 new ALK mutations at relapse suggests that the frequency

of ALK mutations may be higher at relapse than at diagnosis, requiring

further validation in larger cohorts. Second, subclones harboring ALK

mutations may contribute to tumor evolution and relapse. This

has major clinical implications. Our findings provide proof of princi-

ple that the systematic application of new, more sensitive deep-

sequencing techniques in neuroblastoma is of clinical interest and

should be considered on diagnostic samples. Furthermore, ALK mu-

tations should be searched for not only at diagnosis but also at relapse

when considering ALK-targeted therapies. Thus, although clinicians

historically have been reluctant to prescribe invasive procedures for

relapse in high-risk neuroblastoma, our findings implicate a change in

medical practice in favor of tumor sampling even at relapse, and

repeated tumor sampling should become a new standard of care.
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Fig 2. ALK mutations detected at the time of diagnosis and relapse using Sanger sequencing (upper panels) and Personal Genome Machine (PGM) deep

sequencing (lower panels). For each case, -D and -R refer to samples obtained at diagnosis and at relapse, respectively. Base frequencies at the studied position

for the sample and the controls, determined by IonTorrent PGM, are indicated; statistically significant differences of base frequencies between the sample and

controls are circled, and the result of the Fisher’s exact is indicated (lower panels). (A) Patient NBG17: Sanger sequencing showed the presence of an ALK

mutation F1174L (TTC�TTA) in two sequential samples obtained at relapse that was not detected at diagnosis. PGM (position Chr2:29443695) detected the ALK

mutation in 0.798% at diagnosis, indicating the presence of an ALK-mutated subclone at diagnosis. (B) Patient NB0308: Sanger sequencing showed a clear

F1174L mutation at relapse. Deep sequencing confirms the F1174 (TTC�TTG) mutation at relapse (position Chr2:29443695), with a frequency of 19.125%.

Furthermore, a different F1174L mutation (TTC�TTA) is detected in the diagnostic sample, at 8.15%, leading to the same amino acid change and indicating a

mutation switch between diagnosis and relapse. (C) CLB-Ba: Sanger sequencing detected a F1174L mutation (TTC�CTC; chr2:29443697) in the established cell

line but not in the primary tumor sample Ba(PT_BM) (bone marrow from which the cell line was derived, reported to harbor approximately 80% of tumor cells).

PGM reveals the presence of the ALK mutation in 6.609%, which is statistically significantly different from the background variability and indicating the presence

of the mutation in a subclone of the infiltrated bone marrow.
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Hedborg, Catarina Träger, Per Kogner, Olivier Delattre, Tommy
Martinsson
Collection and assembly of data: Gudrun Schleiermacher, Niloufar
Javanmardi, Virginie Bernard, Quentin Leroy, Julie Cappo, Thomas Rio
Frio, Gaelle Pierron, Eve Lapouble, Valérie Combaret, Frank Speleman,
Bram de Wilde, Anna Djos, Ingrid Øra, Fredrik Hedborg, Catarina
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20. Carpenter EL, Mossé YP: Targeting ALK in

neuroblastoma: Preclinical and clinical advance-

ments. Nat Rev Clin Oncol 9:391-399, 2012
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