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Abstract

Purpose—MYCN amplification (MNA) is associated with poor outcomes in neuroblastoma.
Less is known about heterogeneous MNA within a tumor. We compared clinical characteristics,
biologic features, and clinical outcomes of patients with heterogeneous MNA to patients with
either homogeneous MNA or MYCN wild-type tumors.

Patients and Methods—In this retrospective cohort study, we categorized patients as having
tumors with MYCN wild-type, homogeneous MNA (>20% amplified tumor cells) or
heterogeneous MNA (<20% amplified tumor cells). We used chi-squared or Fisher’s exact tests to
compare features between groups. We used log-rank tests and Cox models to compare event-free
survival (EFS) and overall survival (OS) between groups.
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Results—MYCN status and heterogeneity status (if amplified) could be ascertained in diagnostic
tumor samples from 5,975 patients, including 57 (1%) with heterogeneous MNA, 981 (16.4%)
with homogeneous MNA, and 4,937 (82.6%) with MYCN wild-type tumors. Multiple clinical and
biological features differed between patients with heterogeneous vs. homogeneous MNA,
including enrichment for thoracic primary sites and paucity of 1p LOH with heterogeneous MNA
(p<0.0001). Importantly, EFS and OS were not significantly different between patients with
heterogeneous vs. homogeneous MNA. Further, EFS and OS for patients with heterogeneous
MNA were significantly inferior to patients with wild-type MYCN.

Conclusion—While neuroblastomas with heterogeneous MNA demonstrate significantly
different biological and clinical patterns compared to homogeneous MNA, prognosis is similar
between the two groups. These results support current practice that treats patients with
heterogeneous MNA similarly to patients with homogeneous MNA.
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Introduction

MYCN amplification (MNA) occurs in 16% of neuroblastomas and is a critical component
of risk-stratification systems in this disease.1:2 In most cases, MYCN amplification is seen
homogeneously throughout tumor cells, typically with high-level amplification (>4-fold
ratio of MYCN signals to reference probe).3 Less commonly, low level copy number
increases have been reported.*

With the advent of fluorescent in situ hybridization (FISH) methods to assess MYCN, it has
become clear that MNA may be present only in a minority of tumor cells.> The Children’s
Oncology Group (COG) defines heterogeneous MNA as the presence of <20% of tumor
cells in a sample demonstrating MNA.. Investigations revealing heterogeneity of MNA
between primary tumors and metastasis (by site) as well as differing MY CN status during
the course of disease (by time) have been published, but are not the focus of this analysis.5"

Heterogeneous MNA within a tumor has been characterized in prior cohorts and case series.
The baseline incidence in neuroblastoma patients has been reported as 1.5% and 2.6% in
separate cohorts.88 These two groups found the majority of patients with heterogeneous
MNA were younger than 18 months at diagnosis. In a third cohort, older patients with
heterogeneous MNA had associated segmental chromosomal aberrations,® though some
patients with numerical chromosomal aberrations have also been reported.8 In one report,
the rare group of patients with both MNA and loss of 11q was enriched for heterogeneous
MNA (7 of 19 such cases reported).10

The impact of heterogeneous MNA on clinical outcome has not been clear. This poses an
issue with respect to risk stratification, as these patients are currently categorized similarly to
patients with homogeneous MNA. Prognostic factors specifically within cohorts of patients
with heterogeneous MNA have been described. One group identified older age and
segmental chromosomal aberrations as important adverse prognostic factors.1! However,
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there are a paucity of data regarding outcomes for patients with heterogeneous MNA
compared to patients with either homogeneous MNA or MYCN wild-type tumors.

Given the potential clinical impact, we analyzed available data from the COG
Neuroblastoma Biology Study (ANBLOOB1). We describe the incidence of heterogeneous
MNA and compare clinical and biological features of patients with heterogeneous MNA and
patients with either wild-type MYCN or homogeneous MNA. Finally, we compare clinical
outcomes of patients with heterogeneous MNA to those of patients with wild-type MYCN or
homogeneous MNA to evaluate the prognostic impact of heterogeneous MNA in a large
cohort of patients with this finding documented in a single central laboratory. We
demonstrate that patients with heterogeneous MNA have clinical and biological features that
represent an intermediate phenotype between homogeneous MNA and wild-type MYCN,
but have outcomes more in line with those seen in patients with homogeneous MNA.

Patients & Methods

Patients

Patients were eligible for inclusion in the analytic cohort if enrolled to the Children’s
Oncology Group Neuroblastoma Biology Study ANBLOOB1 prior to treatment from
10/1/2007- 6/30/2019, had a confirmed diagnosis of neuroblastoma or
ganglioneuroblastoma, had known MY CAN status, and known heterogeneity status. Although
ANBLOOB1 opened prior to 10/1/2007, MY CN heterogeneity data were not collected prior
to this date. A total of 7,250 patients were evaluated for potential eligibility, with 1,275
excluded from analyses (35 ineligible for ANBLOOB1, 266 with a non-neuroblastoma or
non-ganglioneuroblastoma diagnosis, 520 with tissue submitted but unknown MYCN status,
450 with no specimens submitted or M YCAN status derived from bone marrow from which
MYCN heterogeneity cannot be determined, 3 with MNA but unknown heterogeneity status,
and 1 with MNA who had conflicting MYCN heterogeneity results). Consent was obtained
at time of enrollment to ANBLOOBL1.

Primary Predictor Variable

MYCN status was determined by interphase fluorescence /n situ hybridization (1-FISH)
performed in the COG Neuroblastoma Reference Laboratory at Nationwide Children’s
Hospital using frozen or paraffin-embedded tumor tissue as previously described.* Patients
were categorized as MYCN wild-type if the ratio of MYCN signals to chromosome 2
reference probe signals was <4-fold and as MNA if >4-fold. Among patients with MNA,
patients were dichotomized as homogeneous MNA if >20% of tumor cells demonstrated
amplification or heterogeneous MNA if <20% of tumor cells demonstrated amplification.

Among patients with MNA, the amplicon structure was recorded as double minutes or
homogeneously staining regions2 and A/YCN copy number ratio was dichotomized as
either >4-10-fold or >10-fold ratio of MYCN signal to reference probe as previously
described.* Among patients with heterogeneous MNA, amplification was further described
as focal if amplified cells were clustered or scattered/diffuse if individual amplified cells
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were seen across a broad area. Cases with either focal or scattered/diffuse heterogeneity
were included in this analysis.

Outcome Variables

Clinical variables of interest included sex, age, International Neuroblastoma Staging System
(INSS) stage, COG risk group, primary site, LDH level (dichotomized at group median,
662.5 U/mL), and ferritin level (dichotomized at group median, 115 ng/mL). Biological
variables of interest determined centrally by the Neuroblastoma Reference Lab and
pathologists included ploidy, 1p loss of heterozygosity (LOH), 11q LOH, ALK status,
histology, mitosis karyorrhexis index (MKI), and grade. For some markers, testing was only
performed on a subset of patients enrolled to specific interventional trials.

Clinical outcomes were event-free survival (EFS) and overall survival (OS). EFS was
defined as time from diagnosis to first episode of relapse, progression, death or secondary
malignancy. OS was defined as time from diagnosis to death. For both EFS and OS, patients
without an event were censored at date of last contact.

Statistical Analyses

Associations between MYCN group and clinical and biologic features were assessed using
chi-squared tests or Fisher’s exact tests, depending upon sample size. EFS and OS were
estimated by Kaplan-Meier methods and survival compared between groups using log-rank
tests. Multivariable Cox proportional hazards models were constructed to further test the
prognostic impact of heterogeneous MNA on EFS and OS after controlling for other key
prognostic factors (age and INSS stage).

Results

Incidence of Heterogeneous MYCN Amplification

MYCN status and heterogeneity status (if amplified) could be ascertained in 5,975 patients.
Of these, 57 patients (1%) had heterogeneous MNA. Heterogeneity was focal in 10 patients,
diffuse/scattered in 37 patients, and unknown in 10 patients. Of the remaining patients, 981
(16.4%) had homogeneous MNA and 4,937 (82.6%) had MYCN wild-type tumors.

Clinical Features Differ in Patients with Heterogeneous MYCN Amplification

Clinical features according to MYCN category are shown in Table 1. Compared to patients
with homogeneous MNA, patients with heterogeneous MNA were significantly less likely to
have stage 4 disease, be considered COG high-risk, or have high LDH, but were more likely
to have thoracic primary tumors. There were no significant differences in sex, age, adrenal
primary site or ferritin levels between homogeneous MNA and heterogeneous MNA
patients.

We next compared patients with wild-type MYCNto patients with heterogeneous MNA and
found the latter were more likely to have stage 4 disease, be considered COG high-risk, and
have high LDH. There were no significant differences in sex, age, adrenal primary site or
ferritin levels between patients with wild-type MYCN vs. heterogeneous MNA.
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Biological Features Differ in Patients with Heterogeneous MYCN Amplification

Biological features according to MYCN category are shown in Table 1. Compared to
patients with homogeneous MNA, patients with heterogeneous MNA were significantly less
likely to have unfavorable biological features. ALK and 11q status did not differ between
groups, though were only available in a small number of patients.

Compared to patients with wild-type MYCN, patients with heterogeneous MNA were more
likely to have diploid tumors, unfavorable histology, and high MKI. Other biological
features did not differ between patients with wild-type MYCN and heterogeneous MNA.

We analyzed MYCN copy number ratio, dichotomized as low-level (>4-10x copy humber
ratio) or high-level (>10x copy number ratio), within our populations of homogeneous vs
heterogeneous MNA patients (Table 2). We found that patients with heterogeneous MNA
were significantly more likely to have low-level MYCN copy number ratios (5.26% of
patients) compared to patients with homogeneous MNA (0.51% of patients; p=0.0072).

Among patients with MNA, we also compared amplicon structure between patients with
homogeneous vs. heterogeneous MNA (Table 2). Double minutes were the predominant
amplicon structure, with similar rates between homogeneous and heterogeneous amplified
tumors.

Clinical Outcomes for Patients with MYCN Amplification

Kaplan-Meier curves for EFS and OS stratified by MYCN status are provided in Figure 1.
There was no statistically significant difference in EFS in patients with heterogeneous MNA
compared to patients with homogeneous MNA [5-year EFS 57.5% (95% confidence interval
(ClI) 39.7-75.3%) vs. 50.7% (95% CI 46.3-55.2%), respectively; Figure 1A; p=0.3537].
Likewise, there was no statistically significant difference in OS in patients with
heterogeneous MNA compared to patients with homogeneous MNA [5-year OS 69.6%
(95% CI 53.5-85.6%) vs. 56.6% (95% CI 52.2-60.9%), respectively; Figure 1B; p=0.1751].
However, comparing outcomes for patients with heterogeneous MNA vs. wild-type MYCN,
EFS and OS were significantly higher for patients with wild-type MYCN [5-year EFS of
78.4% (95% CI 76.6-80.1%) and 5-year OS of 87.9% (95% CI 86.6-89.2%); Figure 1;
p<0.0001 for both comparisons].

We next evaluated outcomes for patients with MNA without the combination of age >18
months and INSS stage 4 disease, as patients with this combination of features are
considered high-risk regardless of MYCN status. The 5-year EFS for the 457 patients with
homogeneous MNA who lacked this combination of features was 58.7% (95% CI 52.1-
65.3%). The 5-year EFS for the 35 patients with heterogeneous MNA who lacked this
combination of features was 67.8% (95% CI 46.0-89.6%). In contrast, the 5-year EFS for
the 3,812 patients with wild-type MYCN who lacked the combination of age =18 months
and INSS stage 4 disease was 87.9% (95% CI 86.4-89.5%).

We also evaluated outcomes for patients with the combination of age 218 months and INSS
stage 4 disease according to MYCN status. The 5-year EFS for the 524 patients in this group
with homogeneous MNA was 43.9% (95% CI 38.0-49.7%). The 5-year EFS for the 22
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patients in this group with heterogeneous MNA was 43.2% (95% CI 14.7-71.7%). The 5-
year EFS for the 1,125 patients in this group with wild-type MYCN was 45.6% (95% ClI
41.4-49.7%).

To further understand the impact of heterogeneous MNA on EFS and OS, we used Cox
proportional hazard models controlling for other key prognostic factors - age and INSS stage
(Table 3). In Cox proportional hazards models for EFS and OS that included heterogeneous
MNA compared to homogeneous MNA as the MYCN variable of interest, the only
significant predictor of adverse outcome was INSS stage 4 disease. There was no difference
in EFS or OS for patients with heterogeneous MNA compared to patients with homogeneous
MNA in these models. In Cox proportional hazards models for EFS and OS including
heterogeneous MNA vs. wild-type MYCN as the MYCN variable of interest, MYCN status,
age, and INSS stage were all significantly associated with EFS and OS. Even after
controlling for any differences in age and stage, patients with heterogeneous MNA had EFS
and OS hazard ratios of 1.6 and 1.9 compared to patients in the reference group with wild-
type MYCN.

Discussion

The prognosis of a given patient with neuroblastoma varies widely based upon specific
clinical and biological characteristics. The presence of MNA is an independent prognostic
factor associated with rapid tumor progression and poor prognosis,13:14 highlighting the
importance of understanding this key factor. Though heterogeneous MNA has previously
been described in other cohorts, our comprehensive, multivariate analysis provides novel
insights into the clinical, biological and prognostic associations of this phenomenon. Most
importantly, our analysis indicates heterogeneous MNA is an independent negative
prognostic factor compared with wild-type MYCN, with outcomes in line with those
observed in patients with homogeneous MNA. As such, risk-classification systems should
continue to group tumors with heterogeneous MNA with other MYCN amplified tumors,
classifying most patients with this finding as high-risk. Other key findings include
discordant biological and clinical features between heterogeneous MNA and homogeneous
MNA and corroboration of the rarity of heterogeneous MNA.

Current risk classification systems and therefore current treatment paradigms consider
heterogeneous MNA to be prognostically equivalent to patients with homogeneous MNA.
Although differences exist in clinical and biological features between patients with
heterogeneous MNA and homogeneous MNA, EFS and OS were statistically
indistinguishable between these two groups. While we were able to control for age and INSS
stage, these results need to be considered in the context of treatment administered, which
evolved over the treatment period for patients with both high-risk and low/intermediate risk
disease. Aside from patients with INSS stage 1 MYCN amplified tumors (either
heterogeneous or homogeneous) treated as low risk in the COG, patients with heterogeneous
MNA received a COG high-risk classification and it is likely that nearly all of these patients
were treated with intensive therapies common to other patients with high-risk disease.
Despite that, the 5-year EFS estimate for this group was only 57.5%. Even among patients
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who would not automatically be considered high-risk due to age =18 months and INSS stage
4 disease, the 5-year EFS for patients with heterogeneous MNA was only 67.8%.

The proportions for the majority of the clinical and biological features investigated for
heterogeneous MNA were intermediate between proportions found for patients with
homogeneous MNA and wild-type MYCN. Hallmarks of aggressive disease (e.g., high
LDH, high MKI, stage 4 disease) were less common in patients with heterogeneous MNA
compared with homogeneous MNA, though clinical outcomes were ultimately similar. We
also found that patients with heterogeneous MNA were significantly more likely to have low
levels of MNA compared to patients with homogeneous MNA who nearly all have tumors
with > 10-fold increase in MYCN signal. There is a now well-described paucity of MNA in
patients with thoracic primary tumors.15:16 In the current analysis, we observed that patients
with heterogeneous MNA had a higher proportion of thoracic tumors compared to the very
low proportion observed in patients with homogeneous MNA. Likewise, there is a well-
established positive association between 1p LOH and MNA,17:18 though we observed a
much lower proportion of 1p LOH in tumors with heterogeneous MNA. Given the well-
established association of 1p LOH and MNA, we cannot exclude the possibility that 1p LOH
is also heterogeneous and therefore considered absent in some of these cases with
heterogeneous MNA.. Of note, previous groups have reported that clinical behavior in cases
of heterogeneous MNA is influenced by other chromosomal alterations.® Work from the
INRG database has previously identified subgroups in which MNA is least and most
prognostic.19 In the context of the current analysis focused on the rare subgroup of patients
with heterogeneous MNA, we were not able to complete a similar analysis.

Our findings both confirmed and contradicted previous published reports characterizing
heterogeneous MNA.%:9 We confirm the low incidence of heterogeneous MNA reported in
prior studies. While prior studies reported patients with heterogeneous MNA are younger,6
we observed no difference in age compared with patients with homogeneous MNA or wild-
type MYCN. Likewise, prior reports suggested an association between heterogeneous MNA
and segmental chromosomal alterations (SCAs), specifically 11q LOH.17.18 Our results do
not support this finding, with no significant differences in proportion of 11q LOH between
tumors with heterogeneous MNA and wild-type tumors, though limited data were available.
Consistent with prior literature, patients with homogeneous MNA had the lowest rates of
11q LOH.29 We likewise demonstrate that a minority of tumors with heterogeneous MNA
were diploid, a finding previously reported.1

A major strength of this study was the robust cohort size for such a rare entity. Clinical
outcomes were tracked uniformly as part of ANBLOOB1. Moreover, all samples were tested
using uniform methodology performed in a single national laboratory. We acknowledge that
neither the International Neuroblastoma Risk Group (INRG) Biology Committee nor the
International Society of Paediatric Oncology, European Neuroblastoma (SIOPEN) group
provide exact cutoffs for the percentage of tumor cells to differentiate heterogeneous from
homogeneous MYCN amplification, making our results difficult to compare to those of
other groups.211 Data on MYCN status were missing from a subset of otherwise eligible
patients and that heterogeneity status could not, by definition, be determined from patients
with only bone marrow material submitted for MYCN testing. While it is unclear if missing
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data influenced our results, our overall incidence of MNA of 17.4% aligns with historical
data.2! Though several clinical and biological features had extensive missing data, we have
no reason to expect differential missing data between patients with heterogeneous vs.
homogeneous MNA.

In summary, this analysis adds to our understanding of patients with neuroblastoma with
heterogeneous MNA and establishes the prognostic impact associated with this
phenomenon. Importantly, our results support current practice that risk-stratifies patients
with heterogeneous MNA similarly to patients with homogeneous MNA. The poor outcomes
for these patients further emphasize the need to develop novel therapeutics targeting tumors
with MNA.
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Highlights

MYCN amplification (MNA) is a known adverse prognostic factor in
neuroblastoma

Only 1% of neuroblastomas have heterogeneous MNA, with MNA in < 20%
of tumor cells

Clinical and biological features are distinct for heterogeneous MNA

Outcomes with heterogenous MNA are worse than with wild-type MYCN
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