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NEUROBLASTOMA, A TUMOR OF

the sympathetic nervous sys-
tem, is the most common ex-
tracranial solid tumor of

childhood and accounts for 15% of all
cancer-related deaths in children.
Through the 1980s, deaths from neu-
roblastoma were usually an early event
andlessthan5%occurredbeyond3years
fromdiagnosisandlessthan1%occurred

after5years.1,2 Survival for longerthan30
months after recurrence of stage 4 neu-
roblastomawas theexception,evenwith
myeloablative retrieval therapy.3 During
the1990s,severalstudiesbegantodescribe
late recurrences of neuroblastoma start-
ing at 4 to 13 years from diagnosis, with
some patients continuing to survive for

up to 19 years from diagnosis.4 Time to
deathafter tumorrecurrenceamongado-
lescents was significantly longer than

Context Neuroblastoma is diagnosed over a wide age range from birth through
young adulthood, and older age at diagnosis is associated with a decline in sur-
vivability.

Objective To identify genetic mutations that are associated with age at diagnosis in
patients with metastatic neuroblastoma.

Design, Setting, and Patients Whole genome sequencing was performed on DNA
from diagnostic tumors and their matched germlines from 40 patients with metastatic
neuroblastoma obtained between 1987 and 2009. Age groups at diagnosis included
infants (0-�18 months), children (18 months-�12 years), and adolescents and young
adults (�12 years). To confirm the findings from this discovery cohort, validation test-
ing using tumors from an additional 64 patients obtained between 1985 and 2009
also was performed. Formalin-fixed, paraffin-embedded tumor tissue was used for im-
munohistochemistry and fluorescence in situ hybridization. Telomere lengths were ana-
lyzed using whole genome sequencing data, quantitative polymerase chain reaction,
and fluorescent in situ hybridization.

Main Outcome Measure Somatic recurrent mutations in tumors from patients with
neuroblastoma correlated with the age at diagnosis and telomere length.

Results In the discovery cohort (n=40), mutations in the ATRX gene were identi-
fied in 100% (95% CI, 50%-100%) of tumors from patients in the adolescent and
young adult group (5 of 5), in 17% (95% CI, 7%-36%) of tumors from children (5
of 29), and 0% (95% CI, 0%-40%) of tumors from infants (0 of 6). In the valida-
tion cohort (n=64), mutations in the ATRX gene were identified in 33% (95% CI,
17%-54%) of tumors from patients in the adolescent and young adult group (9 of
27), in 16% (95% CI, 6%-35%) of tumors from children (4 of 25), and in 0%
(95% CI, 0%-24%) of tumors from infants (0 of 12). In both cohorts (N=104),
mutations in the ATRX gene were identified in 44% (95% CI, 28%-62%) of
tumors from patients in the adolescent and young adult group (14 of 32), in 17%
(95% CI, 9%-29%) of tumors from children (9 of 54), and in 0% (95% CI,
0%-17%) of tumors from infants (0 of 18). ATRX mutations were associated with
an absence of the ATRX protein in the nucleus and with long telomeres.

Conclusion ATRX mutations were associated with age at diagnosis in children and
young adults with stage 4 neuroblastoma.

Trial Registration clinicaltrials.gov Identifier: NCT00588068
JAMA. 2012;307(10):1062-1071 www.jama.com
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amongchildren.Thisdifferencewasmost
evident for patients with advanced stage
neuroblastoma.

Half of the patients (50%) with
neuroblastoma present with metastatic
disease; with current treatment ap-
proaches, the age at diagnosis has proven
to be one of the most powerful predic-
tors of outcome.5 The probability of over-
all survival is 88% in infants (age: �18
months at time of diagnosis), 49% in chil-
dren (age: 18 months-�12 years), and
only 10% in adolescents or young adults
(age: �12 years).6,7 A majority of neu-
roblastoma occurring in adolescents and
young adults as well as in some older
children have a protracted course, with
death occurring many years after diag-
nosis.8,9 This clinical subtype is now re-
ferred to as indolent or chronic neuro-
blastoma.4

Genetic mutations associated with
neuroblastoma and its clinical course are
not completelyunderstood.Todefine the
mutational landscape of metastatic neu-
roblastoma, the St Jude Children’s Re-
search Hospital–Washington Univer-
sity Pediatric Cancer Genome Project
performed whole genome sequence
analysis of DNA from tumors and
matched germline samples from 40 pe-
diatric patients with metastatic neuro-
blastoma diagnosed and/or treated at Me-
morial Sloan-Kettering Cancer Center
(MSKCC). Tumors from patients diag-
nosed as infants, children, and adoles-
cents and young adults were included.

METHODS
Patients and Tissues

The use of human tissues for our ge-
netic studies was approved by the in-
stitutional review boards of MSKCC, St
Jude Children’s Research Hospital, and
Washington University in St Louis.
Written informed consent was ob-
tained from patients or legal guard-
ians at the time of the surgical resec-
tion or bone marrow procedure.

All patients diagnosed with meta-
static neuroblastoma at MSKCC had tu-
mor samples stored in the tumor in-
ventory. From a pool of 158 available
tumor samples diagnosed across all
ages, tumor samples were selected at

random to represent each of the 3 pa-
tient diagnostic age groups for both a
discovery cohort (n=40) and a valida-
tion cohort (n=64). The proportion of
samples from each of the 3 age groups
was not chosen to be representative of
the relative frequency of metastatic neu-
roblastoma in those age groups, and no
preference was given to sex, race/
ethnicity, or clinical outcome. When the
tumors passed pathology review for ad-
equate tumor content (�50%) and ad-
equate DNA quality, they were en-
tered into the discovery cohort (n=40),
and subsequently into the validation co-
hort (n=64). In addition, 1 patient from
another institution had tissue submit-
ted for evaluation in the validation co-
hort, which was approved for molecu-
lar studies under a waiver from that
institution’s institutional review board.

Patients were diagnosed between
1987 and 2009 for the discovery co-
hort and between 1985 and 2009 for the
validation cohort. Information on age
at diagnosis, sex, race/ethnicity, tu-
mor stage, and survival were taken from
the clinical database. Information on
race/ethnicity was provided by the pa-
tient or parent and was included be-
cause some single nucleotide polymor-
phisms are differentially distributed
across different populations.

Fresh tumor samples were cryo-
preserved at the time of surgery. Re-
mission bone marrow or blood sam-
ples were cryopreserved to serve as a
matched germline reference for each
tumor. Formalin-fixed, paraffin-
embedded tumor samples were used for
immunohistochemistry and fluores-
cence in situ hybridization (FISH) stud-
ies. Whole genome sequencing (WGS)
was performed on the discovery co-
hort to identify genetic lesions. Poly-
merase chain reaction (PCR) and
Sanger sequencing were then per-
formed on both the discovery and vali-
dation cohorts to validate somatic le-
sions. In addition, the association
between age group and identified mu-
tations was examined.

In addition, telomere analysis was
performed in the discovery cohort be-
cause telomere length has been asso-

ciated with outcomes in patients with
neuroblastoma. Mutations of ATRX
were recently identified in pancreatic
neuroendocrine tumors and were
shown to be associated with length-
ened telomeres generated by a mecha-
nism known as alternative lengthen-
ing of telomeres (ALT).10 We also
determined if neuroblastoma tumors
with ATRX mutations had longer telo-
meres.

Whole Genome Sequencing

Using a paired-end sequencing ap-
proach, we sequenced DNA from the tu-
mors and matching germline controls in
the discovery cohort with an average of
35.1�haploid coverage per genome.
Single nucleotide variations and inser-
tions and deletions were identified as pre-
viously described.11,12 Structural varia-
tions were detected using the clipping
reveals structure (CREST) algorithm.13

The WGS data are deposited at the Eu-
ropean Bioinformatics Institute with ac-
cession number EGAS00001000213
(https://www.ebi.ac.uk/ega/studies
/EGAS00001000213).

Sequence Validation

Polymerase chain reaction and Sanger
sequencing were performed to validate
somatic lesions in the discovery and vali-
dation cohorts. Polymerase chain reac-
tion amplification was performed for 35
cycles using Advantage 2 polymerase
(Clontech) with an annealing tempera-
ture of 68°C. A 5-µL sample of the re-
sulting PCR product was purified using
2-µL ExoSAP-IT (Affymetrix) prior to
Sanger sequencing. Polymerase chain re-
action primer sequences are available
upon request.

MYCN Copy Number Analysis

Amplification of MYCN was based on
3 independent methods: (1) review of
the clinical database in which amplifi-
cation was determined by Southern
blotting or by FISH, (2) quantitative
PCR using previously published meth-
ods,14 and (3) by WGS. All 3 methods
gave identical results. For samples in
which the MYCN copy number was
greater than 10, the number of genes
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in the amplicon was derived from WGS.
For samples with 10 copies or fewer of
MYCN, the size of the amplified re-
gion was determined as focal (�5
genes), large segment (�5 genes), or
chromosomal (whole gain of chromo-
some 2).

Telomere Analysis

Telomeres were analyzed in the dis-
covery cohort using 3 different meth-
ods. The WGS data were analyzed for
telomere length for all tumors and
germline DNA in the discovery co-
hort. Quantitative PCR was per-
formed to validate the results from WGS
analysis for all 10 tumors in the dis-
covery cohort with ATRX mutations
and an additional 4 samples with wild-
type ATRX to serve as controls. Telo-
mere FISH was performed on all tis-
sue samples in the discovery cohort that
had available formalin-fixed, paraffin-
embedded samples. All of the samples
that were analyzed by telomere FISH
also were analyzed for ATRX protein ex-
pression by immunohistochemistry.

Telomere length was predicted in
silico by counting the number of next-
generation sequencing reads contain-
ing the telomeric repeat sequence
TTAGGG.15 The resulting number of
reads was normalized to the average ge-
nomic coverage, and the difference in
diagnostic and germline telomeric sizes
was calculated. Telomere length was
validated in vitro in neuroblastomas ex-
pressing an ATRX aberration as de-
scribed previously.16,17 Briefly, 15 to 20
ng of diagnostic and germline whole ge-
nome–amplified DNA was subject to
quantitative PCR using 2 sets of prim-
ers in separate reactions—1 to am-
plify telomeric sequence and 1 to am-
plify the common gene 36B4 (RPLP0).
The cycle threshold values obtained
were compared with those of 2 stan-
dard curves—a telomeric standard
curve performed on known quantities
of a telomeric 84-mer oligonucleotide
and 1 curve using an oligomer of 36B4
(RPLP0). All reactions were per-
formed in triplicate with both tumor
and germline DNA and both assays on
the same plate.

All reactions were performed using
Brilliant III Ultra-Fast SYBR Green mas-
ter mix (Agilent) on a Stratagene
Mx3000 thermal cycler with a melting
temperature of 60°C. This allowed us
to determine the telomere length in kb
per diploid genome.

The forward primer for telomere
analysis was

5�-CGGTTTGTTTGGGTTTGGGT
TTGGGTTTGGGTTTGGGTT-3�

The reverse primer for telomere
analysis was

5�-GGCTTGCCTTACCCTTACCC
TTACCCTTACCCTTACCC-3�

The forward primer for the internal
control 36B4 (RPL0) gene was

5�- CAGCAAGTGGGAAGGTGTAA
TCC-3�

The reverse primer for the internal
control 36B4 (RPL0) gene was

5�- CCCATTCTATCATCAACGGG
TACAA-3�

The standard used to generate the
standard curve for telomeres was

5�-(TTAGGG)14-3�
The standard used to generate the

standard curve for the internal control
36B4 (RPL0) was

5�-CAGCAAGTGGGAAGGTG
TAATCCGTCTCCACAGACAAGG
CCAGGACTCGTTTGTACCCGT
TGATGATAGAATGGG-3�

ATRX Immunohistochemistry

Formalin-fixed, paraffin-embedded tis-
sues were cut into 4-µm-thick sections
and immunostained with a polyclonal
antibody against ATRX (1:600; Sigma-
Aldrich) by using heat-induced epitope
retrieval and the Leica Polymer Refine
Detection Kit (Leica Microsystems) on
a Leica Bond system after 15-minute an-
tibody incubation.

Telomere FISH

InterphaseFISHwasperformedon4-µm-
thickformalin-fixed,paraffin-embedded
tissue sections. The Cy3-labeled TelG
probe (PNAbio) was co-denatured with
the target cells on a hotplate at 90°C for
12minutes.Theslideswereincubatedfor
48 hours at 37°C and then washed in 4
Murea/2�SSCat45°Cfor5minutes.Nu-
cleiwerecounterstainedwith200ng/mL

of4�,6-diamidino-2-phenylindole (Vec-
tor Laboratories).

Statistical Analysis
Cytel Studio StatXact 9 software (Cy-
tel Inc) was used for the analyses. The
exact �2 test was used to examine the
association between age group and
ATRX mutation. P values of less than
.05 were considered statistically sig-
nificant; all reported P values were
2-sided. Proportions are reported with
95% Blyth-Still-Casella confidence in-
tervals. No sample size calculation was
performed because this was a retro-
spective exploratory study.

RESULTS
Whole Genome Sequencing

We performed WGS on a discovery co-
hort of 40 diagnostic neuroblastoma
samples from infants (n=6), children
(n=29), and adolescents and young
adults (n=5) with stage 4 disease. Pa-
tient characteristics are presented in
TABLE 1 and eTable 1 and eTable 2 at
http://www.jama.com. Somatic muta-
tions in ATRX, including sequence mu-
tations and structural variations, were
found in 25% (95% CI, 13%-41%) of the
tumors (10 of 40). Three of the muta-
tions were missense mutations (L407F,
A1690D, and R2188Q), 1 of the muta-
tions was a nonsense mutation (E555*),
1 was a frameshift mutation (K425-fs),
and the remaining 5 mutations were
structural variations resulting in an in-
frame deletion in ATRX protein
(FIGURE 1). The minimum overlap-
ping region of the deletion involved
exon 5 to exon 10, which encodes a pre-
dicted nuclear localization signal
(Figure 1). All 10 somatic mutations
were validated by PCR and Sanger se-
quencing. ATRX mutations were mu-
tually exclusive of MYCN amplifica-
tion in the discovery cohort (eTable 2).

ATRX is on the X chromosome and 7
of the 10 patients with ATRX mutations
were males and would thus only have a
mutant allele (eTable 1). One of the fe-
males with an ATRX mutation also sus-
tained a loss of 1 copy of the X chromo-
some in the tumor, thereby eliminating
the wild-type allele of ATRX (eTable 1).
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The remaining 2 females with ATRX mu-
tations were diagnosed as children (at 2.3
and 4.1 years of age) and had heterozy-
gous in-frame deletions (Table 1 and
eTable 1).

Telomere Analysis

Among the 10 patients whose tumors
had ATRX mutations, 8 had evidence
of longer telomeres (80%; 95% CI, 44%-
96%) based on WGS data (TABLE 2 and
FIGURE 2A). In contrast, only 40% (95%
CI, 24%-59%) of the tumors with wild-
type ATRX had long telomeres (12 of
30; Table 1 and Table 2), although the
difference was not statistically signifi-
cant (P=.07). Each of the 8 tumors that
showed evidence of longer telomeres
by WGS analysis was validated using
the quantitative PCR method; 1 of 2
samples with short telomeres by WGS
had longer telomeres by the quantita-
tive PCR method (Figure 2C and eTable
2). As expected, the 4 samples with
wild-type ATRX showed consistent re-
sults between the WGS and quantita-
tive PCR analysis (eTable 2).

Telomere FISH analysis was per-
formed on 28 patients in the discov-
ery cohort that had available formalin-
fixed, paraffin-embedded tumor
specimens (eTable 2). All 8 of the ATRX
mutant tumors that had long telo-
meres from WGS and quantitative PCR
contained a large ultrabright telomere
FISH signal that is a hallmark of ALT18,19

(FIGURE 3 and eTable 2). Only 1 of the
20 tumors with wild-type ATRX had
evidence of ALT (eTable 2).

ATRX Protein Localization

All 8 of the samples with ATRX muta-
tions among the 28 with available tis-
sue blocks had complete or mosaic loss
of the nuclear ATRX protein (eTable 1
at http://www.jama.com and FIGURE 4).
Only 1 of the 20 tumor samples with
wild-type ATRX had mosaic loss of the
ATRX protein in the nucleus (eTable
1). This sample did not have any evi-
dence of ALT (eTable 1).

Age Association

All 5 samples from adolescents and
young adult patients in the discovery

Table 1. Patient Characteristics

No. (%) of Patientsa

All Patients
(N = 104)

Discovery
Cohort (n = 40)

Validation
Cohort (n = 64)

Sex
Male 57 (55) 26 (65) 31 (48)
Female 47 (45) 14 (35) 33 (52)

Race/ethnicity
White, non-Hispanic 72 (69) 30 (75) 42 (66)
White, Hispanic 2 (2) 1 (3) 1 (2)
Black, non-Hispanic 15 (14) 6 (15) 9 (14)
Black, Hispanic 1 (1) 1 (3) 0
Asian, Far East, or Indian subcontinent 3 (3) 1 (3) 2 (3)
Unknown 10 (10) 1 (3) 9 (14)
Otherb 1 (1) 0 1 (2)

Stage
2B, then 4 1 (1) 1 (3) 0
3, then 4 1 (1) 0 1 (2)
4s, then 4 1 (1) 1 (3) 0
3 1 (1) 0 1 (2)
4 100 (96) 38 (95) 62 (97)

Age at diagnosis
�18 mo 18 (17) 6 (15) 12 (19)
�18 mo-�12 y 54 (52) 29 (73) 25 (39)
�12 y 32 (31) 5 (13) 27 (42)

MYCN amplification
Amplified 24 (23) 11 (28) 13 (20)
Not amplified 80 (77) 29 (73) 51 (80)

ATRX mutation or deletion
Yes 23 (22) 10 (25) 13 (20)
No 81 (78) 30 (75) 51 (80)

ALK mutation
Yes 15 (14) 6 (15) 9 (14)
No 89 (86) 34 (85) 55 (86)

Telomere lengthc

Long NA 20 (50) NA
Short NA 20 (50) NA

11q
Loss NA 18 (45) NA
Gain NA 3 (8) NA
No change NA 19 (48) NA

1p
Loss NA 17 (43) NA
Gain NA 4 (10) NA
No change NA 17 (43) NA

Weak lossd NA 1 (3) NA
Weak gaind NA 1 (3) NA

17q
Gain NA 36 (90) NA
No change NA 4 (10) NA

Relapse or progression
Yes 78 (75) 28 (70) 50 (78)
No 26 (25) 12 (30) 14 (22)

Survival status
Dead 58 (56) 21 (53) 37 (58)
Alive 46 (44) 19 (48) 27 (42)

Abbreviation: NA, not applicable.
aPercentages may not sum to 100% due to rounding.
b Includes patients whose race/ethnicity did not fit into 1 of the categories listed.
cCalculated from the genomic reads that correspond to the telomere sequence from the tumor and the matched germ-

line as follows: (No. of telomere reads in tumor−No. of telomere reads in the germline sample)/No. of telomere reads
in the germline sample. To be classified as long, this value must be greater than 0.05; short, less than −0.05.

dWeak loss: 0.25 to 0.75 copies; weak gain: 0.25 to 0.75 copies.
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Figure 1. ATRX Mutations in Neuroblastoma
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A, Diagram of the ATRX protein and changes that result from the 5 single nucleotide variations and 5 in-frame deletions found in the ATRX gene. B, Ethidium bromide–
stained agarose gel with the PCR products for each of the 5 deletions shown in panel A. C, Sanger sequence traces of the PCR amplicons from panel B with junction
break points (arrows). D, Sanger sequence traces of the PCR amplicon spanning the frameshift mutation K425_E426fs. NLS indicates nuclear localization signal.
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cohort had ATRX mutations (100%;
95% CI, 50%-100%), whereas no ATRX
mutations were detected in 6 samples
obtained from infants (0%; 95% CI, 0%-
40%) (TABLE 3). Among the 29 chil-
dren aged 18 months to 12 years, ATRX
mutations were identified in 5 (17%;
95% CI, 7%-36%), with 4 of 5 patients
living at least twice as long as their time
to first relapse, similar to most indo-
lent neuroblastoma seen in the adoles-
cent and young adult group (eTable 1).
A significant association (P� .001) was
observed for the discovery cohort be-
tween ATRX mutation and age group.

Validation Cohort

We analyzed the ATRX gene in tu-
mors from an additional 64 patients
with neuroblastoma (12 from infants,
25 from children, and 27 from adoles-
cents and young adults; Table 3 and
eTable 3). We identified 13 additional
ATRX mutations in children (n=4) and
adolescents and young adults (n=9)
(eTable 3). No ATRX mutations were
identified in infants from the valida-
tion cohort. The children with ATRX
mutations were all older than 5 years
at the time of diagnosis and 1 of the 3
who died had a protracted disease
course (eTable 3). A significant asso-
ciation (P = .048) was observed be-
tween ATRX mutation and age of dis-
ease diagnosis (Table 3). When the
discovery cohort and validation co-
hort were combined, this age associa-
tion was also significant (P� .001).

COMMENT
In this study, ATRX mutations were
found in 44% (95% CI, 28%-62%) of
tumors from adolescent and young
adult patients with metastatic neuro-
blastoma and none of the tumors (0%;
95% CI, 0%-17%) from infants with
metastatic neuroblastoma. The chil-
dren whose tumors had ATRX muta-
tions were typically older than 5 years
or had a chronic or indolent course of
disease. The ATRX mutations were
characterized as missense, nonsense,
frameshift, or in-frame deletion and
they were mutually exclusive of MYCN
amplification. ATRX mutations were as-

Figure 2. Telomere Analysis in Neuroblastoma
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A, Difference in telomeric reads for each of the 40 tumors in the discovery cohort based on the whole genome
sequencing data. The reference value for each tumor was the telomere length from matched normal DNA from
the same patient. The actual value for SJNBL008 was −57; SJNBL016, −39; and SJNBL023, 27. B, Box plot of
normalized telomeric reads for the germline DNA and the diagnostic tumor from whole genome sequencing
data for the 40 tumors and matched germline samples in the discovery cohort. The number of telomeric reads
was normalized to the average genomic coverage for that particular sample. The upper and lower edges of the
box represent the 75th and 25th percentile, respectively. The median is indicated as a horizontal line within the
box and the error bars represent the lowest and highest values still within 1.5 of the interquartile range. C,
Quantitative polymerase chain reaction for telomeres in the 10 samples in the discovery cohort with ATRX
mutations as well as 4 controls with wild-type ATRX. Data are plotted as difference between tumor and germ-
line for each patient. The actual value for SJNBL003 was 10 939; SJNBL032, 8171; and SJNBL039, 106 121.

Table 2. ATRX and Telomere Results for the Discovery Cohort (n = 40)

ATRX Mutation

P Value
Yes

(n = 10)
No

(n = 30)

Telomere length, No. (%) [95% CI]
Long 8 (80) [44-96] 12 (40) [24-59]

.07
Short 2 (20) [4-56] 18 (60) [41-76]
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sociated with loss of the nuclear ATRX
protein, longer telomeres, and ALT. Un-
like pancreatic neuroendocrine tu-
mors, which are associated with a high
frequency of ATRX and DAXX muta-
tions, we did not detect any DAXX mu-
tations in neuroblastomas.

These results suggest that inactiva-
tion of the ATRX pathway correlates with
older age at diagnosis and may provide
a molecular marker and potential thera-
peutic target for neuroblastoma among
adolescents and young adults. It may also
delineate the subset of children with neu-

roblastoma who have a chronic but pro-
gressive clinical course. Specifically, pa-
tients with ATRX mutations, ultrabright
telomere FISH signals characteristic of
ALT, loss of nuclear ATRX proteins, and
absence of MYCN gains may be more
likely to have a chronic but progressive
clinical course when receiving standard
therapeutic approaches and may re-
quire a different treatment strategy.

ATRX Function

ATRX is part of a multiprotein complex
that includes DAXX and plays a role in

regulating adenosine triphosphate–
dependent chromatin remodeling,
nucleosome assembly, and telomere
maintenance. ATRX has been exten-
sively studied in the 	-thalassemia/
mental retardation X-linked syn-
drome.20 It is thought that mutations in
patients with this syndrome retain par-
tial activity of ATRX. In contrast, the
identified ATRX mutations in pancre-
atic neuroendocrine tumors and neuro-
blastomas, as well as the DAXX muta-
tions seen in pancreatic neuroendocrine
tumors, appear to be loss-of-function
mutations. How these alterations lead to
lengthened telomeres remains to be
determined.

Beyond the proposed role in telo-
meremaintenance,ATRXisalsobelieved
to play a role in epigenetic regulation of
gene expression by controlling the dep-
osition of histone H3.3 at transcription-
ally silent regionsof thegenome.21-24 This
mayleadto increasedexpressionofonco-
genes in tumors with ATRX mutations
through epigenetic mechanisms.

Long-term Survival, ATRX, and ALT

In patients with neuroblastoma, the
short-termsurvival for theadolescentand
young adult group of patients is better
than among children, but the overall sur-
vival is worse. This reflects the chronic
or indolent disease progression in this
older age group. Among 68 patients with
pancreatic neuroendocrine tumors, 29
had mutations (42.6%) in ATRX or
DAXX and those mutations were asso-
ciated with prolonged survival at 5 years
after diagnosis.25 However, all of the pa-
tients with ATRX and DAXX mutations
died by 15 years postdiagnosis, which is
similar to the poor long-term outcome
for adolescents and young adults with
neuroblastoma. Although it is not yet
known if the overall survival for pa-
tientswithpancreaticneuroendocrine tu-
mors carrying the wild-type ATRX/
DAXX is better than those with ATRX/
DAXX mutations by 15 years post-
diagnosis, it is a testable hypothesis that
mutations in the ATRX/DAXX pathway
may dictate a slower-growth tumor in the
short-term, but in time they ultimately
contribute to death.

Figure 3. Telomere Analysis in 3 Representative Neuroblastoma Samples

5 µm

5 µm

SJNBL027 (wild-type ATRX)A

SJNBL032 (Δexon 3-9)B

SJNBL031 (R2188Q)C

1 µm
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5 µm 1 µm

Images of cells with wild-type ATRX (A) and 2 samples with mutant ATRX (B and C) hybridized with the telo-
mere fluorescent in situ hybridization probe (red) and stained with 4�,6-diamidino-2-phenylindole (blue) to
visualize the nuclei. Left panels, grayscale images of the telomere fluorescence in situ hybridization signal; middle
panels, low-power overlay images; right panels, high-magnification views highlighting the large ultrabright
signals (arrowheads) in the ATRX mutant neuroblastoma cells.
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ATRX and Neuroblastoma
Despite detailed clinical descrip-
tions,26,27 the definition of chronic or in-
dolent neuroblastoma has been impre-
cise and sometimes inconsistent for
optimal patient care. Because these tu-
mors can respond differently to induc-
tion chemotherapy, stem cell trans-
plant, and antibody therapy, their
inclusion in small pilot studies may be
misleading, especially when stable dis-
ease is used as the treatment end point.
While the age of 12 years at diagnosis
is a convenient cutoff, it is now recog-
nized that patients in the younger age
group also may have a chronic or in-
dolent clinical course. Unfortunately,
their distinction from the rest of chil-
dren with neuroblastoma is nearly al-
ways in retrospect. The absence of a
thorough understanding of the molecu-
lar or genetic biology of this subset
makes it difficult to identify and opti-
mally treat these patients.

MYCN amplification and ALK mu-
tations are among the most prevalent
and biologically important genetic ab-
errations in neuroblastoma.28,29 The on-
cogenic potential of MYCN is well-
known.30 While MYCN amplification is
generally found in high-risk tumors,
ALK mutation is equally represented
among patients with low-stage or ad-
vanced-stage disease. In fact, germline
ALK mutations are responsible for a
subset of patients with hereditary neu-
roblastoma.29 The identification of
ATRX mutations now provides a new
biomarker that may assist in identify-
ing patients who develop a chronic but
progressive clinical course, and thus
may be candidates for altered risk-
based therapies.6,31

Strengths and Limitations

The major strength of our study is the
relatively large sample size of patients
with stage 4 neuroblastoma represent-
ing the 3 major age groups of this dis-
ease. Most of the other genetic or ge-
nomic studies on neuroblastoma have
focused on younger patients. Our analy-
sis of infants, children, adolescents, and
young adults from the same institu-
tion diagnosed during the same pe-

riod provided us with the unique op-
portunity to identify genetic lesions
associated with age at diagnosis for neu-
roblastoma. The other strength of our
study is the use of WGS in the discov-
ery cohort. This provided an opportu-
nity to identify both structural varia-
tions and sequence mutations in ATRX.
These variations, which result in focal

deletions, may be difficult to identify
by single nucleotide polymorphism
array analysis or exome capture
approaches.

In this study, we used the Illumina
paired-end sequencing technology to
generate sequencing reads from short
DNA fragments of the tumor and
matched normal cells. This massively

Figure 4. Immunohistochemistry for ATRX Protein Expression in 3 Representative
Neuroblastoma Samples

∗∗∗∗

A SJNBL016 (wild-type ATRX)

B SJNBL025 (E555∗)

C SJNBL032 (Δexon 3-9)

∗∗

∗∗

∗∗
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25 µm

25 µm

25 µm
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A, Immunohistochemistry for ATRX protein (brown) in a neuroblastoma tumor with wild-type ATRX. Hema-
toxylin counterstain stains the unlabeled (ATRX negative) nuclei blue. Blood vessels are clearly visible (*). The
arrowhead indicates nuclear staining of ATRX. B and C, Immunohistochemistry for ATRX protein on 2 neu-
roblastoma samples with ATRX mutations. The vascular endothelial cells lining the blood vessel (*) are immu-
nopositive for ATRX (arrowheads) but the tumor cells are negative.
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parallel sequencing technology pro-
vides multiple DNA sequencing reads
across individual nucleotides in the ge-
nome. The average number of sequenc-
ing reads for each nucleotide (cover-
age) for the 40 tumors and 40 matched
germline samples was 35.1� (range,
26.7� to 46.5�). This coverage en-
sures that an average of 98.5% (96.1%-
99.6%) of genomic regions and 93.3%
(85.0%-98.8%) of exonic regions were
covered by at least 10 high-quality se-
quence reads, which is sufficient to
identify somatic mutations. However,
one of the limitations of the current
study is the possibility that a small pro-
portion of somatic mutations were
missed due to insufficient coverage.

Another limitation of our study is the
different methods used to analyze ATRX
mutations in the discovery and valida-
tion cohorts. Our data on the discov-
ery cohort are far more comprehen-
sive than on the validation cohort
because WGS was used for the discov-
ery cohort whereas PCR and Sanger se-
quencing were used for the validation
cohort. This may account for the lower
rate of ATRX lesions in the validation
cohort than in the discovery cohort
because the method used was not as
sensitive in detecting deletions or low-

frequency single nucleotide varia-
tions. Also, we did not analyze the X-
chromosome copy number in our
validation cohort to determine if any of
the females with ATRX mutations had
lost all or part of the X chromosome.
Similarly, we did not perform transcrip-
tome sequencing for any of the samples
in this study to determine if X inacti-
vation contributes to inactivation of the
wild-type allele of ATRX in female
patients.

Future studies should focus on as-
sembling larger international cohorts of
patients to study the short-term and
long-term outcomes for patients with
neuroblastoma across all age groups with
ATRX mutations compared with those
without ATRX mutations. These data
may be useful in defining a more rel-
evant age cutoff for the adolescent and
young adult group and help to identify
more effectively those patients who will
have an increased risk of developing
chronic or indolent neuroblastoma.
Moreover, future studies should focus
on exploring novel therapeutics for treat-
ing patients with ATRX mutations and
the mechanistic connection between
perturbations in this pathway, ALT,
changes in gene expression that result
from defects in histone H3.3 deposi-

tion, and the unique form of disease
found in these patients.

CONCLUSIONS
This analysis of the ATRX gene in 104
patients with advanced-stage neuro-
blastoma provides age-group–specific
data on the frequency of ATRX path-
way disruption and ALT. Additional
studies with larger cohorts of patients
will be required to determine if ge-
netic analysis of ATRX mutation sta-
tus in children will be useful to pro-
spectively identify children likely to
develop chronic or indolent neuroblas-
toma.
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