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Abstract

Stage 4S neuroblastoma (4SNB) is associated with spontaneous tumor regression and an excellent 

prognosis. However, a small group of the patients have a poor prognosis. 185 4SNB cases filed at 

the Children’s Oncology Group Neuroblastoma Pathology Reference Laboratory were studied. 

MYCN oncogene status [Non-Amplified (NA) vs. Amplified (A)] determined by FISH, MYC-

family (MYCN/MYC) protein expression [no-overexpression(−)/(+/−) vs. overexpression(+)] by 
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immunohistochemistry and histopathology by International Neuroblastoma Pathology 

Classification [Favorable Histology (FH) vs. Unfavorable Histology (UH)] with particular 

attention to nucleolar hypertrophy [NH(−) vs. (+)] were assessed with patient survival. 147 

(79.5%) tumors were MYCN-NA, FH, MYC-family protein(−)/(+/−), and NH(−) with a good 

prognosis [88.5+3.1% 5-year Event-free survival (EFS); 94.1+2.3% 5-year Overall survival (OS)]. 

Among MYCN-NA tumors, 11 demonstrated MYCN protein(+) with a moderate and uniform 

(M/U) staining pattern: they were FH(10/11), NH(−), one showed MYC protein(+) 

simultaneously, and all patients are alive. Also found were 5 MYC protein(+) and MYCN(−)/(+/−) 

tumors; they were FH without NH(4/5), and all patients are alive. Among MYCN-A tumors, 18 

had MYCN protein(+) with a strong and heterogeneous (S/H) staining pattern, 9 had UH 

(44.4+23.4% EFS/OS) and 9 had FH (68.6+19.2% EFS/OS), and 15 showed NH(+). Two tumors 

had MYCN protein(−)/(+/−) despite MYCN-A; both were FH and NH(−), and one patient died. 

S/H staining pattern of MYCN protein overexpression by immunohistochemistry was associated 

with MYCN amplification, NH(+) and a poor prognosis. In contrast, the M/U staining pattern was 

associated with MYCN non-amplification and NH(−), and had no adverse prognostic effects for 

the 4SNB patients.
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INTRODUCTION

Clinical stage 4S neuroblastoma (4SNB) is an enigmatic disease of childhood with a 

generally good prognosis. The International Neuroblastoma Staging System (INSS) defines 

stage 4SNB as that occurring in children less than 12 months of age with a localized primary 

tumor (clinical stage 1 or 2, approximately 75% of primary tumors in the adrenal gland) and 

metastases confined to the liver, skin, and/or bone morrow (less than 10% of marrow 

nucleated cells) (1, 2). Stage 4S disease comprises 5–10% of neuroblastoma cases (3, 4) 

with approximately 50% undergoing spontaneous regression without treatment (5–8). 

Despite historical event-free and overall survival rates of approximately 90% established by 

international clinical trials, a subset of these patients has a poor prognosis (8, 9). Poor 

prognostic features include unfavorable histology (UH) as classified by the International 

Neuroblastoma Pathology Classification (INPC), MYCN gene amplification, diploid 

chromosome status (DNA index = 1) and loss of heterozygosity (LOH) of 1p or 11q (10). 

Apart from these biological factors, in infants less than 2 months of age, mass effect due to 

hepatomegaly with resultant compartment syndrome, liver failure or renal failure have also 

been associated with a poor outcome (5, 6, 8, 10–14).

MYCN gene amplification is a potent predictor of poor outcome independent of other 

factors by driving tumor progression and increasing cell turn over. We recently reported that 

MYC-family protein (MYCN and MYC) overexpression is a stronger predictor of outcome 

than MYCN gene amplification in all neuroblastomas (15–17). It is also reported that 

augmented expression of MYC-family protein in undifferentiated/poorly differentiated 

neuroblastomas is associated with nucleolar hypertrophy. In our experience, approximately 
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90% of MYCN amplified neuroblastoma cases show concordant MYCN protein 

overexpression; however, the remaining cases are discordant with MYCN amplification and 

no MYCN protein overexpression and vice versa (15, 18). It is unknown if genotype/

phenotype concordance or discordance affects outcome in patients with 4SNB.

In this study, we analyzed the biologic and clinicopathologic characteristics of stage 4SNB 

with a focus on MYCN oncogene status, histopathology, MYC-family protein expression, 

nucleolar morphology, and other prognostic factors.

MATERIALS AND METHODS

Patient cohort

Between October 1st, 2010 and February 28th, 2019, 185 cases of 4SNB were reviewed at 

the Children’s Oncology Group (COG) Neuroblastoma Pathology Reference Laboratory in 

the Department of Pathology and Laboratory Medicine, Children’s Hospital of Los Angeles 

(Los Angeles, CA, USA). All cases were derived from patients prior to the administration of 

chemotherapy. Informed consent and approval by the Institutional Review Board was 

obtained at the time of enrollment in the COG trials.

Pathology review

Hematoxylin & Eosin stained (H&E) slides from 4SNB cases were reviewed by AK and HS 

at the COG Neuroblastoma Pathology Reference Laboratory and classified according to the 

INPC as Favorable Histology (FH) or UH (19, 20). The histopathologic characteristics of the 

chromatin quality (e.g. stippled / typical “salt and pepper”) and presence or absence of 

nucleolar hypertrophy (prominent nucleolar formation) was noted. Nucleolar hypertrophy 

was defined as, in accordance with our prior reports, conspicuous, discrete, large, 

eosinophilic nucleoli, with medium to large sized nuclei with vesicular or often open 

chromatin (15, 21).

Immunohistochemistry

Immunostaining for MYCN and MYC protein was performed using formalin-fixed, paraffin- 

embedded (FFPE) sections. Unstained sections were heated for 30 min in Bond™ Epitope 

Retrieval Solution 2 (No. AR9640; Leica Biosystems Newcastle Ltd., Benton Ln, Newcastle 

Upon Tyne, UK) with Leica BOND-MAX™ (Leica Microsystems Inc., Bannockburn, IL, 

USA). The sections were incubated with either anti-MYCN mouse monoclonal antibody, 

NCM II 100 (22) at a dilution of 1:50, or anti-human MYC rabbit monoclonal antibody, 

clone Y69 (No. 1472–1;Epitomics, Cambridge, MA, USA) (23) at a dilution of 1:200 in 

Bond™ Primary Antibody Diluent (No. AR9352; Vision BioSystems Inc., Norwell, MA, 

USA). Staining was visualized using Bond Polymer Refine Detection™ (No.DS9800; Leica 

Microsystems Inc., Bannockburn, IL, USA). The slides stained for MYC protein were 

counterstained with hematoxylin. No counterstaining was performed for the slides after 

MYCN protein staining. The slides were reviewed by AK and HS. Nuclear localization of 

MYCN or MYC staining was scored as follows: Negative (not overexpressed): (- or +/−), no 

or weak staining of tumor cells; Positive (overexpressed): (+) of tumor cells. Positive 

staining of MYCN protein was further classified according to the pattern of protein 
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expression: a strong with heterogeneous (S/H) staining pattern or a moderate with uniform 

(M/U) staining pattern.

MYCN Amplification by Fluorescence in situ hybridization (FISH)

The MYCN amplification status of each case was determined by the COG Neuroblastoma 

Reference Laboratory, Nationwide Children’s hospital (Columbus, OH, USA) according to 

standard techniques by establishing the MYCN gene copy number in relation to the 

centromeric region of chromosome 2 (24). Testing was performed either on touch 

preparation slides of snap frozen tissue or on slides of formalin fixed paraffin-embedded 

tissue. MYCN amplification is defined as more than 4-fold increase in the MYCN signals 

compared with the reference centromere probe of chromosome 2. The cases were 

categorized as MYCN amplified or non-amplified.

Statistical analysis

Event-free survival (EFS) was calculated as the number of days from diagnosis to the 

occurrence of an event or, if no event, the date of last follow-up. An event is defined as 

death, disease relapse or progression, or secondary malignancy. Overall survival (OS) was 

calculated as the number of days from diagnosis to death or, if the patient did not die, the 

date of last follow-up. Kaplan-Meier EFS and OS estimates (25) with standard errors per the 

methods of Peto et al. (26) were computed for the patients in different groups defined by 

MYCN oncogene status, INPC, MYC-family protein expression and presence or absence of 

nucleolar hypertrophy. Also analyzed were prognostic effects by DNA index, age at 

diagnosis (using a 2 month cutoff), presence or absence of clinical symptoms, and presence 

or absence of 1p/11q LOH among the most common group of stage 4S patients whose 

tumors had typically most favorable indicators of non-amplified MYCN, FH, no MYC-

family protein overexpression and no nucleolar hypertrophy. Tests with a p-value <0.05 were 

considered statistically significant. Survival plots and life tables were produced for each 

analysis and survival probabilities are presented as 3-year estimates ± standard error and 

written as percentages.

RESULTS

Of the 185 cases of 4SNB, 91 were male and 94 female ranging in age from 1 day to 11.9 

months (median 2.7 months). The median follow-up time for patients without an event 

(n=162) was 4.1 years. The median follow-up time for patients who did not die (n=170) was 

4.0 years. The 3-year EFS and OS estimates for all 185 patients were 86.4±3.1% and 

90.9±2.6%, respectively. For all patients, no events were reported after 2 years of follow-up 

and there were no deaths reported after 3 years of follow-up.

All 185 cases in this study were summarized below and in Table 1. Representative histologic 

features, immunohistochemical staining and FISH results are shown in Figure 1, 2 and 3.

1. MYCN non-amplified and FH tumors (N=162): This is the largest group of 

genotype/phenotype concordant tumors comprising 87.6% of the total cohort. 

Among them, 147 tumors (79.5%) showed no MYC-family protein 

overexpression and no nucleolar hypertrophy. These patients had an excellent 
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prognosis with 3-year EFS and OS of 88.5±3.1% and 94.1±2.3%, respectively. 

Fifteen tumors showed MYC-family protein overexpression (9 MYCN protein 

only, 5 MYC protein only, and one expressed both proteins), and 3-year EFS and 

OS were 100%. It was noted that MYCN protein expression in all 10 tumors in 

this group was the M/U staining pattern immunohistochemically and only one of 

6 tumors expressing MYC protein had nucleolar hypertrophy.

2. MYCN non-amplified and UH tumors (N=3): This is a very rare group and 3-

year EFS and OS were 100%. No tumors showed nucleolar hypertrophy and one 

tumor expressed MYCN protein with the M/U staining pattern.

3. MYCN amplified and FH tumors (N=11): This is a group composed of classic 

genotype-phenotype discordant tumors. Nine tumors showed MYCN protein 

overexpression of the S/H staining pattern and 8 of them had nucleolar 

hypertrophy: Prognosis of the patients in this group is poor with 3-year EFS and 

OS of 68.6±19. Two tumors had no MYCN or MYC protein overexpression and 

no nucleolar hypertrophy: One patient is alive and the other died.

4. MYCN amplified and UH tumors (N=9): This is a group of genotype/phenotype 

concordant tumors. All tumors had MYCN protein overexpression with the S/H 

staining pattern and 7 showed nucleolar hypertrophy: Patients in this group had a 

poor prognosis with 3-year EFS and OS of 44.4±23.4%.

Sorting cases by MYCN protein expression using immunohistochemistry revealed three 

distinct prognostic groups of 4SNB (Figure 4, EFS: p=0.0087, OS: P<0.0001).

1. Tumors with no MYCN protein overexpression (N=156): The vast majority of 

tumors (152, 97%) were not MYCN amplified and had FH. Only two tumors had 

MYCN amplification and FH, and the other two had no MYCN amplification 

and UH. No nucleolar hypertrophy was observed in all tumors but one. Three-

year EFS and OS of the patients in this group were 88.5±3.1% and 93.8±2.3%, 

respectively.

2. Tumors with MYCN protein overexpression with the M/U staining pattern 

(N=11): All these tumors lacked MYCN amplification and ten of them had FH. 

Also all tumors had no nucleolar hypertrophy. Both 3-year EFS and OS of the 

patients were 100%.

3. Tumors with MYCN protein overexpression with the S/H staining pattern 

(N=18): All tumors had MYCN amplification; and 9 had FH and the other 9 had 

UH. Among these tumors, 15 (83%) had nucleolar hypertrophy. Three-year EFS 

and OS of the patients in this group were 57.4±15.3% and 56.2±15.2%, 

respectively.

Table 2 shows the prognostic effects by other factors in the patients with stage 4S tumors 

with all favorable indicators analyzed in this study (N=147 with no MYCN amplification, 

FH, no MYC-family protein overexpression and no nucleolar hypertrophy). Significant 

prognostic effects for both EFS and OS were found by DNA index (Hyperdiploid vs. 

Diploid) and Age (< 2 months vs. ≥ 2 months). Significant prognostic effect was found for 

Kawano et al. Page 5

Am J Surg Pathol. Author manuscript; available in PMC 2022 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



OS by presence of clinical symptoms (yes vs. no) and for EFS by segmental chromosomal 

aberrations (11p/11q LOH, yes vs. no).

DISCUSSION

Peripheral neuroblastic tumors are biologically and clinically heterogeneous with outcomes 

ranging from spontaneous regression/tumor maturation to aggressive progression/resistance 

to multimodal therapy. Clinical stage 4SNB is a unique subtype of disease occurring in 

infants and predominantly composed of biologically favorable tumors. In our series of cases, 

the vast majority of tumors (162, 88%) were MYCN non-amplified and FH, and the patients 

had an excellent prognosis. However, a small subset of 4SNB patients, including those with 

MYCN amplified tumor (20/185, 11%) had a poor prognosis. It was previously reported that 

aggressive behavior of neuroblastoma tumors in general is directly and critically associated 

with MYC-family protein overexpression rather than MYCN oncogene amplification (15). 

This study disclosed the further insight of MYCN amplification, MYC-family protein 

expression, and their prognostic implication in a large cohort of patients with stage 4SNB.

Sorting by the MYCN protein expression using immunohistochemistry and nucleolar 

morphology, three distinct groups were identified. Tumors in the first group had no MYCN 

protein overexpression, and 155/156 had no nucleolar hypertrophy. Tumors in the second 

group had protein overexpression of the M/U staining pattern, and they also did not have 

nucleolar hypertrophy (0/11). Tumors in the third group had MYCN protein overexpression 

of the S/H staining pattern and 15/18 (83%) had nucleolar hypertrophy. All but 2 tumors in 

the first and second group were associated with MYCN non-amplification, and the patients 

had a good/excellent prognosis. While, tumors in the third group had MYCN amplification, 

and the patients had a significantly worse prognosis.

Nucleolar hypertrophy is the histologic manifestation of increased rRNA synthesis and 

accumulation. In addition, MYC family proteins are known to activate rRNA genes and 

protein translation (27). Therefore, we surmise MYCN protein overexpression due to 

MYCN amplification leads to nucleolar hypertrophy and the S/H staining pattern by 

immunohistochemistry.

In contrast, moderate level of MYCN protein expression with the M/U staining pattern is not 

associated with MYCN amplification, and not accompanied by nucleolar hypertrophy. Some 

reports suggest that certain mechanisms exist to allow overexpression or stabilization of 

MYCN protein without gene overexpression, however, the detailed mechanism still is 

remained unclear (28–31). There were also rare stage 4S tumors overexpressing MYC 

protein in this series. In our previous study, we reported that MYC protein overexpressing 

neuroblastoma, usually not associated with MYC and MYCN amplification, typically had 

nucleolar hypertrophy and behaved highly aggressively (18, 32). Among those stage 4S 

tumors overexpressing MYC protein (6 cases), however, 5 (83%) had no nucleolar 

hypertrophy, and no patients had events/deaths in their clinical course. It seems that MYC-

family protein expression without nucleolar hypertrophy has no adverse prognostic 

significance and its expression might even be ceased during the clinical course of stage 

4SNB.
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Finally, as described in neuroblastomas in general, factors other than MYCN oncogene 

status and INPC had statistical significance on prognosis among stage 4SNB patients with 

tumors with non-amplified MYCN, FH, no MYC-family protein overexpression and no 

nucleolar hypertrophy. Two prognostic groups were distinguished by DNA index in both 

EFS and OS, and by presence or absence of segmental chromosomal aberrations of 11p/11q 

LOH in EFS. As defined, stage 4S patients were diagnosed before 12 months of age, and 

other factors associated with difficulties in clinical management of infants (8), such as very 

young age at diagnosis (<2 months) and presence of clinical symptoms especially due to 

liver enlargement causing secondary organ dysfunction (compromise of respiratory, 

cardiovascular, gastrointestinal and renal function and disseminated intravascular 

coagulation (DIC) due to tumor progression) also had significant adverse effects on both 

EFS and OS or in OS only, respectively, among the same group of patients.

In conclusion, clinical stage 4SNB is a heterogeneous disease with a generally good 

prognosis. In this study, we report the importance of MYC-family protein overexpression by 

immunohistochemistry. The biological and prognostic significance of MYCN protein 

overexpression depends on MYCN oncogene status and presence or absence of nucleolar 

hypertrophy. MYCN protein overexpression, driven by MYCN amplification and observed 

in aggressive tumors, is associated with nucleolar hypertrophy and shows the strong and 

heterogeneous immunohistochemical staining pattern. In contrast, MYCN protein 

overexpression, observed in non-aggressive tumors and not driven by the oncogene 

amplification, is not associated with nucleolar hypertrophy and shows the moderate and 

uniform staining pattern.
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Figure 1: 
A. Favorable Histology Stage 4S Neuroblastoma (Poorly differentiated subtype with a low 

MKI) involving the liver (Inset: Higher magnification demonstrating “Salt-and-Pepper” 

Nuclei). BD: bile duct; B. Unfavorable Histology Stage 4S Neuroblastoma (Poorly 

differentiated subtype with a high MKI) involving the liver (Inset: Higher magnification 

demonstrating prominent nucleolar formation - nucleolar hypertrophy).
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Figure 2: 
Immunohistochemical stainings on stage 4S neuroblastomas. A: Tumor expressing MYCN 

protein with a strong and heterogeneous staining pattern, B: Tumor expressing MYCN 

protein with a moderate and uniform staining pattern, C: Tumor expressing MYC protein, D: 

Tumor expressing no MYC-family protein expression (D-1: MYCN staining, D-2: MYC 

staining). BD: bile duct positively stained for this marker. Note: MYCN staining without 

counter staining and MYC staining with Hematoxylin staining.
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Figure 3: 
FISH test on Stage 4S Neuroblastoma. MYCN non-amplified tumor (A) and MYCN 
amplified tumor (B) (green: MYCN signals, red: reference signals of chromosome 2 

centromere). These images were provided by Dr. Ruthann Pfau at the Children’s Oncology 

Group BioPath Center, Nationwide Children’s Hospital.
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Figure 4: 
Survival Curves by MYCN Protein Expression in Stage 4S Neuroblastoma. A: Tumors 

expressing MYCN protein with a moderate and uniform staining pattern (N=11); B: Tumors 

with no MYCN protein overexpression (N=156); C: Tumors expressing MYCN protein with 

a strong and heterogeneous staining pattern (N=18).
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Table 1.

Summary of 185 Stage 4S cases

MYCN non-Amplified & FH Tumors

MYC-Family protein Nucleolar 3-year EFS 3-year OS

Cases (%) MYCN MYC Hypertrophy % %

147 (79%) 0 0 0 88.5±3.1 94.1±2.3

9 ( 5%) 9 (M/U*) 0 0 100 100

6 ( 3%) 1 (M/U*) 6 1 100 100

MYCN non-Amplified & UH Tumors

MYC-Family protein Nucleolar 3-year EFS 3-year OS

Cases (%) MYCN MYC Hypertrophy % %

3 ( 2%) 1 (M/U*) 0 0 100 100

MYCN Amplified & FH Tumors

MYC-Family protein Nucleolar 3-year EFS 3-year OS

Cases MYCN MYC Hypertrophy % %

11 ( 6%) 9 (S/H**) 0 8 68.6±19.2 68.6±19.2

2 (Negative) 0 0 NA NA

MYCN Amplified & UH Tumors

MYC-Family protein Nucleolar 3-year EFS 3-year OS

Cases MYCN MYC Hypertrophy % %

9 ( 5%) 9 (S/H**) 0 7 44.4±23.4 44.4±23.4

FH: Favorable Histology; UH: Unfavorable Histology according to the International Neuroblastoma Pathology Classification; EFS: Event-free 
survival (+ Standard error); OS: Overall survival (+ standard error); M/U*: moderate with uniform staining pattern by immunohistochemistry; S/
H**: strong with heterogeneous staining pattern by immunohistochemistry; NA: not available due to the sampling size.
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Table 2.

Prognostic Effects by Factors among Stage 4S Patients with Favorable “Genotype-IHC-Phenotype” Tumors* 

(N=147)

Factor N 3-year EFS±SE(%) 3-year OS±SE (%) Log-rank test p-value

DNA Index

Hyperdiploid 96 92.4 ± 3.2 97.9 ± 1.8 EFS: 0.0138

Diploid 24 73.9 ± 9.8 82.1 ± 8.4 OS: 0.0037

ND 27

Age

≥2 Months 54 80.5 ± 6.6 88.4 ± 5.3 EFS: 0.0163

>2 Months 93 93.0 ± 3.1 97.4 ± 1.9 OS: 0.0172

Symptomatic

Yes 40 82.1 ± 7.0 87.2 ± 6.1 EFS: 0.1106

No 107 90.8 ± 3.4 96.7 ± 2.1 OS: 0.0191

1p/11a LOH

Yes 7 71.4 ± 17.1 100 EFS: 0.0045

No 42 97.6 ± 2.4 100 OS: N/A

ND 98

*
These tumors had no MYCN amplification, Favorable Histology, no MYC-family protein overexpression, and no nucleolar hypertrophy. IHC: 

Immunohistochemical; ND: Not determined; LOH: Loss of Heterozygosity; EFS: Event-free survival; OS: Overall survival; SE: standard error.
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