
Articles
Nucleolin expression has prognostic value in
neuroblastoma patients
Davide Cangelosi,a,1,2 Chiara Brignole,b,1 Veronica Bensa,b Roberto Tamma,c Fabiana Malaguti,d Barbara Carlini,d Elena Giusto,b

Enzo Calarco,b Patrizia Perri,b Domenico Ribatti,c Nuno Andr�e Fonseca,e Joao Nuno Moreira,e,f Alessandra Eva,a

Loredana Amoroso,g Massimo Conte,g Alberto Garaventa,g Angela Rita Sementa,d Maria Valeria Corrias,b Mirco Ponzoni,b* and
Fabio Pastorino b*

aLaboratory of Molecular Biology, IRCCS Istituto Giannina Gaslini, Genova, Italy
bLaboratory of Experimental Therapies in Oncology, IRCCS Istituto G. Gaslini, Genoa, Italy
cDepartment of Basic Medical Sciences, Neurosciences, and Sensory Organs, University of Bari Medical School, Bari, Italy
dDepartment of Pathology, IRCCS IstitutoGianninaGaslini, Genoa, Italy
eCNC � Center for Neurosciences and Cell Biology, Center for Innovative Biomedicine and Biotechnology (CIBB), University
of Coimbra, Faculty of Medicine (Polo 1), Coimbra, Portugal
fUniv Coimbra � University of Coimbra, CIBB, Faculty of Pharmacy, P�olo das Ciências da Sa�ude, Azinhaga de Santa Comba,
Coimbra, Portugal
gUOC Oncologia, IRCCS IstitutoGiannina Gaslini, Genova, Italy
eBioMedicine 2022;85:
104300
Published online xxx
https://doi.org/10.1016/j.
ebiom.2022.104300
Summary
Background Neuroblastoma (NB) represents the most frequent form of extra-cranial solid tumour of infants,
responsible for 15% of childhood cancer deaths. Nucleolin (NCL) prognostic value in NB was investigated.

Methods NCL protein expression was retrospectively evaluated in tumour samples of NB patients at diagnosis and
after chemotherapy. NCL prognostic value at mRNA level was assessed in a cohort of 20 patients with stage 4 NB
(qPCR20, n = 20, discovery dataset) and in the MultiPlatform786 including 786 patients of all stages (validation
dataset). Overall and event-free survival curves were plotted by Kaplan-Meier method and compared by log-rank test.

Findings NCL protein, down-modulated after chemotherapy in association with features of neuroblastic differentiation,
resulted statistically significantly overexpressed in NB tumours and higher in stage 4 compared to stage 1,2,3 patients. In
the stage 4 patients cohort qPCR20, patients with highNCLmRNA expression revealed a statisticallysignificant lower sur-
vival probability than those with low NCL expression (OS: HR 4.1 95%CI 1.2�13.8;p = 0.0215[Log-rank test], EFS: HR 4.1
95%CI 1.2�14.0, p = 0.0197[Log-rank test]). In the MultiPlatform786 (n = 786), multivariate analysis suggested
thatNCL expression has a statistically significant prognostic value even in the model adjusted for established prognostic
markers. NCL expression significantly stratified also patients with >18 months and stage 4 tumour(OS: HR 1.8 95%CI
1.2�2.7, p = 0.0009[Log-rank test]; EFS: HR 1.7 95%CI 1.1�2.5, p = 0.002[Log-rank test]), patients with>18 months
stage 4 with MYCN non amplified tumour[EFS: HR 2.3 95%CI 1.2�4.7, p = 0.01[Log-rank test]), and patients with
MYCN non amplified and MYC high [OS: HR 11.9 95%CI 2.3�62.4, p = 0.003[Log-rank test]; EFS: HR 7.2 95%CI
1.6�33.4, p = 0.01[Log-rank test]) . A statistically significant correlation between NCL and MYCN, MYC, and TERT was
found in independent datasets (MultiPlatform786 (n = 786) and Agilent394 (n = 394). Gene set enrichment analysis
revealed a statisticallysignificant positive enrichment ofMYC target genes and genes involved in telomerase maintenance.

Interpretation NCL is a novel and independent (adjusting for age, INSS stage, andMYCN status) prognostic marker
for NB.
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Research in context

Evidence before this study

Neuroblastoma (NB) represents the most frequent form
of extra-cranial solid tumour of infants, responsible for
15% of childhood cancer deaths. Despite intensive multi-
modal treatments, refractory and/or recurrent high-risk
NB patients still have very poor prognosis, making man-
datory the identification of novel prognostic biomarkers
and more active and less toxic therapies. To assess the
existing evidence of NCL for cancers and neuroblastoma,
we performed a Pubmed search using the following key-
words: “NCL and cancer” or “NCL and neuroblastoma”.
Nucleolin(NCL) is a physiological protein expressed in all
cells of the body, but its up-regulation is observed in sev-
eral adult solid and blood cancers. On the contrary, little
is reported about NCL in pediatric tumours, including NB.

Added value of this study

In this manuscript, our findings indicate that NCL is an
unfavourable and independent(adjusting for age, INSS
stage, and MYCN status) biomarker for NB.

Implications of all the available evidence

The results obtained demonstrate the potential clinical
utility of NCL in most of the cases of High-Risk (HR)-NB
patients (such as patients older than 18 months with
stage 4 tumour, patients older than 18 months with
stage 4 and MYCN non amplified tumour, and patients
with MYCN non amplified and MYC high), whose 5-year
survival rate is still poor and stratification with estab-
lished clinical and molecular factors still remains difficult
from the clinical perspective. NCL expression is able
tosignificantly stratify this subset of patients, making
NCL a suitable candidate factor for inclusion in future
risk stratification schemas of HR-NB patients.Interest-
ingly, NCL expression is also able to stratify NB patients
characterized by favourable prognosis, indicating the
possibility that NCL levels may improve actual NB pre-
treatment risk stratification.
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Introduction
Nucleolin (NCL) is one of the most abundant proteins of
the nucleolus, involved in the controlof DNA and RNA
metabolism, ribosome biogenesis, rRNA synthesis and
processing, chromatin organization and stability, cytoki-
nesis, cell proliferation, angiogenesis, apoptosis regula-
tion, stress response and microRNA processing.1�3

Recently, it was demonstrated that NCL is also impli-
cated in pathological conditions, especially in tumori-
genesis and viral infection, rendering NCL a potential
target for the development of anti-viral and anti-tumour
strategies.2,3Up-regulated NCL, observed in several solid
and blood cancers, might contribute to tumorigenesis
by increasing rRNA synthesis and the assembly of func-
tional ribosomes. Interestingly, NCL is not located only
in the nucleolus, but also in the cytoplasm and on the
cell membrane andthis subcellular localization is corre-
lated with its functions.2,3 Anti-tumour strategies based
on NCL targeting are reported.2,4,5 For instance,the 26-
mer DNA aptamer with G-quadruplex structure AS1411
was demonstrated to target,at the molecular level, vari-
ous pathway of NCL located in different cellular coun-
terparts.2 After being renamed to ACT-GRO-777, its
therapeutic efficacy was also demonstrated in the clini-
cal setting(ClinicalTrials.gov NCT00740441). Further-
more, cell surface NCL is a functional receptor for
endostatin, of which it mediates the anti-angiogenic and
anti-tumour activities.6

Recently, we have demonstrated that NCL islocalized
on the cell surface of neuroblastoma (NB) cells derived
from patients suffering with metastatic bone marrow
infiltration, both at recurrence and at onset, and on NB
primary tumour masses, supporting NCL as a new
marker and a useful cellular target molecule in the
clinic.7 On the contrary,little is known about the poten-
tial prognostic value of NCL inpaediatric tumours, only
partially reported in NB.8

NB is a heterogeneous paediatricsolid tumour of the
sympathetic nervous system, accounting for 7�8% of
childhood cancers and for 15% of deaths from paediatric
cancer.9 Despite extensive treatment modalities, the 5-
year survival rate for high-risk (HR) NB patients is less
than 50%10,11 and the identification of novel prognostic
biomarkers and more active and less toxic therapies are
urgently needed.

Like many paediatric malignancies, NB usually har-
bours fewer somatic genomic aberrations and muta-
tions than adult tumours.12 Genome wide studies have
confirmed that no single genetic aberration is responsi-
ble for the development of all NBs. Instead, sporadic dis-
ease is driven by the combination of multiple low
frequency mutations and deleterious chromosomal
events.13 To date, although a number of other com-
monly over-expressed proteins and low frequency
somatic mutations have been implicated in tumour pro-
gression and drug resistance,14 ALK mutations and
MYCN amplification are the only validated drivers of
NB.14,15 Moreover, attempts to stratify those HR-NB
patients with particularly poor outcome, and defined as
“ultra-high risk” NB patients,16 are currently underway.
The identification of new biomarkers allowing this sub-
group stratification would be fundamental to determine
the appropriate treatment. In this retrospective study,
we suggest the potential prognostic value of NCL in NB,
and we propose NCL as a novel molecular target in NB.

Methods

Ethics
This retrospective study was approved by the Ethics
Committee of IRCCS Istituto G. Gaslini(Ethics Com-
mittee number 104, approved June 14th, 2011).
www.thelancet.com Vol 85 November, 2022
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Patient samples and immunohistochemistry analysis
On the basis of availability, samples from primary
peripheral neuroblastic tumours � Schwannianstroma-
poor, poorly differentiated � collected at diagnosis and
after induction chemotherapy from 16 patients (Interna-
tional Neuroblastoma Staging System (INSS)stages 1, 2,
3 and 4) (Table 1S and Figure 7a) were provided by the
BIT (Integrated Tissue-Genomic Biobank), Tissue Sec-
tion of the IRCCS Istituto G.Gaslini, Genoa, Italy.

Collection and manipulation of human samples
were approved by the competent Ethic Committee and
informed consent was obtained from each patient in
accordance with the Declaration of Helsinki. For immu-
nohistochemistry (IHC) staining, fully automated
ImmunostainerBenchMark� ULTRA Roche from Ven-
tana Medical Systems was used. Paraffin-embedded tis-
sues sections (3 mm) were de-paraffinized and
incubated with anti-NCL moAb([EPR7952] ab129200,
Abcam) diluted 1:750 in Dako RealTM Antibody Diluent
(Dako). The ultraView Universal DAB detection kit
from Ventana was used to detect the binding of primary
antibody. Sections were counterstained with Hematoxy-
lin II (Ventana). For NCL quantification, sections from
each experimental group were scanned using the
whole-slide morphometric analysis scanning platform
AperioScanscope CS (Leica Biosystems, Nussloch, Ger-
many). All the slides were scanned at the maximum
available magnification (40£) and stored as digital
high-resolution images on the workstation associated
with the instrument. Digital slides were inspected with
Aperio Image Scope v.11 software (Leica Biosystems) at
20£ magnification and 10 fields with an equal area
were selected for the analysis at 40£ magnification.
The protein expression was assessed with the Positive
Pixel Count algorithm embedded in the Aperio Image
Scope software and reported as intensity of the posi-
tively stained pixels out of the total pixels in the image.

Study design and patients
In this retrospective study, the gene expression dataset
referred to as qPCR20, relative to 20 stage 4 patients
alive or dead at 10 years follow-up and measured by
qPCR method, was used as an independent validation
set17 to assess the NCL expression prognostic valueat
mRNA level. The gene expression profiles of 786 dis-
tinct primary tumour NB samples analysed by Illumina,
Agilent, and Affymetrix platforms were used for the
evaluation of NCL expression and survival analyses.18

The dataset, referred to as MultiPlatform786, included
patient’s molecular and clinical data such as age at diag-
nosis, stage, MYCN status, overall survival (OS) and
event-free survival (EFS). Gene expression profiles from
additional 394 tumour samples, referred to as Agi-
lent394, analysed by the Agilent customized 4 £ 44 k
oligonucleotide microarray were used to validate the cor-
relation between NCL and MYCN, MYC, and TERT
mRNA expression.19 Gene expression and associated
www.thelancet.com Vol 85 November, 2022
clinical data were collected in the original manuscript19

or from the gene expression omnibus (GEO) at the
accession GSE120572. The primary endpoint was the
OS defined as the time (in years) from disease diagnosis
to patient death or the last follow-up if the patient sur-
vived.

Statistics
The Graph Pad Prism version 8.0 for Windows http://
www.graphpad.com/ (Graph Pad Software, San Diego,
CA, USA) was used for analyses and the limit for statis-
tical significance was set at p<0.05. OS and EFS curves
were plotted by the Kaplan-Meier method and compared
with the log-rank test by GraphPad Prism. Hazard ratio
and 95% confidence interval (CI) of each Kaplan-Meier
plot was calculated by Cox proportional hazard regres-
sion model. Log-rank p-value lower than 0.05 were con-
sidered statistically significant. Hazard ratios with
95%CI not including 1 were considered significant.
Multivariate analysis with a Cox proportional hazards
regression model was used to assess the prognostic
effect of NCL expression in the context of concomitant
effects of other known prognostic factors (i.e., age at
diagnosis, INSS stage, and MYCN status). Patients with
missing data were discarded from the survival analysis.
The Survival R package (R 3.1.2) was used for the com-
putation of the Cox regression models.20,21 Expression
data were z-scored to standardize data across samples.22

Subsequently, cut-off values distinguishing between
low or high NCL expression levels were identified by
elbow method.23 Elbow is an empirical method that,
given a numerical variable, selects one or more cut-off
values whose slope change is evident. For cut-off values,
the stratification power of NCL expression was evalu-
ated within 6 populations of NB patients defined based
on age at diagnosis, stage and MYCN status, and addi-
tional clinically relevant subgroups of patients defined
by a combination of established prognostic markers.
The significance of the differences of expression
between couples of patients’ subsets was assessed by
unpaired t test. Correlation between NCL and MYCN,
MYC, and TERT expression was assessed by Pearson
method.

Gene set enrichment analysis (GSEA), a well-known
computational method used to assess whether curated
sets of functionally-related genes show a statistically sig-
nificant and concordant modulation between two bio-
logical states,24 was used for interpreting gene
expression data.25,26 Hallmark (H), collection 2 chemi-
cal and genetic perturbations (C2.CGP), and collection
2 reactome (C2.REATCOME) retrieved from the Molec-
ular Signature Database (MSigDB) v7.2 database,27

were used in the analysis. An enrichment score (ES)
and normalized enrichment score (NES) were automati-
cally calculated by GSEA for each gene set. An empirical
phenotype permutation test using 1000 permutations
was carried out to estimate the statistical significance of
3
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a NES and to obtain the nominal p-value (NOM p-val).
False Discovery Rate q-value (FDR q-value) of a gene set
was automatically assessed by GSEA for accounting the
increased probability of false positive findings in the
context of multiple hypothesis testing. Gene ranking
was assessed by Diff_of_Classes metric. Gene sets con-
taining lower than 10 or higher than 250 genes were fil-
tered out from subsequent analyses. Gene sets with
NOM p-val lower than 0.001 and FDR q-value lower
than 0.05 were considered statistically significantly
enriched.24

Role of funders
Funders did not have any role in the study design, data
collection, data analyses, interpretation, or writing the
manuscript.
Results

NCL protein is expressed on patient-derived
neuroblastoma tumours
The expression of constitutive NCL was firstly evaluated
on formalin-fixed samples derived from Schwannian-
stroma poor, poorly differentiated, INSS stage 1, 2, 3
and 4 NB tumours of 11 patients (Table 1S). The sche-
matic representation of the analyses carried out in the
present study is shown in Figure 1. IHC evaluations dis-
played a marked NCL expression in all NB examined
(Figure 2). Interestingly, NCL positivity, found not only
in the nucleus of the tumour cells but also at the cyto-
plasm and cell membrane levels (images 1�4)
(Figure 2a), was statistically significantly more
expressed in stage 4 tumours(image 4) than stage 1, 2
and 3 (images 1, 2 and 3) tumours (Figure 2a and b).
High NCL expression is associated with poor patients’
prognosis in neuroblastoma
To assess the prognostic value of NCL in human NB, an
independent cohort of 20 stage 4 NB patients (qPCR20)
was used. RT-qPCR analyses revealed that patients with
high NCL expression showed a statisticallysignificant
lower overall and event-free survival than those with low
NCL expression (Figure 2c and d).The prognostic value
of NCL expression at mRNA was then assessed in the
MultiPlatform786 including gene expression profiles of
786 primary tumours relative to NB patients of all
stages. In this dataset, 22 patients were excluded from
subsequent analyses as corresponding data were miss-
ing. Multivariate analysis with a Cox proportional haz-
ards regression model showed that high levels of NCL is
associated with poor patient overall and event-free sur-
vival, independently from age at time of diagnosis,
tumour stage, and MYCN status (OS: HR 1.16 95%CI
1.002�1.3, p = 0.046[Cox proportional hazard regres-
sion]; EFS: HR 1.17 95%CI 1.03�1.33, p = 0.012[Cox
proportional hazard regression]; Table 1).
To assess the extent to which NCL is associated with
unfavourable clinical characteristics, we evaluated the
distribution of NCL expression in the subsets defined
by age at diagnosis, INSS stage andMYCN status. Anal-
ysis revealed that NCL mRNA expression was statisti-
cally significantly higher in age at diagnosis >18
months (p = 0.02[Unpaired Student’s t test],
Figure 2e), in stage 4tumours (p<0.0001[Unpaired
Student’s t test], Figure 2f), reflecting the IHC results
(Figure 2b), and in MYCN amplified tumours
(p<0.0001[Unpaired Student’s t test], Figure 2g),
respect to age at diagnosis ˂18 months, stage 1, 2, 3 and
4s patients, and MYCN non-amplified tumours, respec-
tively.

We can thus conclude that higher NCL expression in
NB tumours is an independent and unfavourable
(adjusting for age, INSS stage, and MYCN status) prog-
nostic factor.
NCL expression can stratify clinically relevant subsets
of patients
The clinical utility of a new marker is related to its abil-
ity to statistically significantly stratify relevant sub-
groups of patients.18 To assess the clinical relevance of
NCL expression in human NB, cut-off values of 0.838
and 1.474 separating MultiPlatform786 profiles of
patients into two distinct groups with high or low NCL
expression were identified by the elbow method to sim-
plify subsequent analyses. For both cut-off values,
Kaplan-Meier analysis showed that NCL expression was
able to statistically significantly stratifythe subset of
high-risk patients older than 18 months with stage
4tumours (Age >18, Stage 4) in terms of both overall
survival (OS: HR 1.8 95%CI 1.2�2.7, p = 0.0009[Log-
rank test], Figure 3a; HR 1.8 95%CI 1.0�3.0, p = 0.007
[Log-rank test], Figure 1Sa) and event-free survival(EFS:
HR 1.7 95%CI 1.1�2.5, p = 0.002[Log-rank test],
Figure 4a; HR 1.6 95%CI 1.0�2.6,p = 0.001[Log-rank
test], Figure 2Sa) that is a group of high-risk patients for
whom stratification is traditionally difficult.28

For both cut-off values, analyses also showed that
NCL expression statistically significantly stratifies
patients with stage 4tumoursfor both overall survival
(OS: HR 1.995%CI 1.3�2.7, p<0.0001[Log-rank test],
Figure 3b; HR 2.195%CI 1.3�3.4, p<0.0001[Log-rank
test], Figure 1Sb) and event-free survival (EFS: HR 1.6
95%CI 1.2�2.3, p = 0.001[Log-rank test], Figure 4b; HR
1.8 95%CI 1.2�2.8, p = 0.006[Log-rank test],
Figure 2Sb) and those with age at diagnosis >18
months for both overall survival (OS: HR 2.1 95%CI
1.4�3.2, p<0.0001[Log-rank test], Figure 3c; HR 1.8
95%CI 1.0�3.0, p = 0.002[Log-rank test], Figure 1Sc)
and event-free survival (EFS: HR 2.0 95%CI 1.4�2.9,
p<0.0001[Log-rank test], Figure 4c; HR 1.7 95%CI
1.1�2.7, p = 0.005[Log-rank test], Figure 2Sc). Interest-
ingly, NCL expression was also able to stratify patients
www.thelancet.com Vol 85 November, 2022



Figure 1. Workflow of the experiments and analyses performed in the study. The expression of constitutive NCL protein was
evaluated on formalin-fixed samples derived from 16 primary peripheral neuroblastictumours �Schwannianstroma-poor, poorly dif-
ferentiated samples. Comparison of NCL intensity was carried out between tumour and non-neoplastic control material or between
tumour samples before and after chemotherapy. The gene expression profile of acohort of INSS stage 4 NB tumours measured by
RT-qPCR (qPCR20) was used to assess the prognostic value of NCL in human NB. Kaplan-Meier plots were generated using the median
expression value of NCL(0.4429) as cut-off. In the MultiPlatform786,multivariate analysis was carried out to assess the added prognostic
value of NCL after adjusting the prognostic model with impact of established prognostic markers for NB. Stratification of two cut-offs
identified by elbow method was assessed for overall or event-free survival in selected clinically relevant subsets of patients. To determine
whether known sets of functionally related genes were statistically significantly enriched in the gene expression profile of tumours with
high or low NCL expression GSEA was used. To explore the possible co-regulating mechanisms between NCL and well-known prognostic
genes in NB, a correlation study between NCL and MYCN, MYC or TERT in the MultiPlatform786 dataset was performed and the findings
confirmed in the independent Agilent394 dataset including the gene expression profile of 394 NB tumours.
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with age at diagnosis <18 months for both overall sur-
vival (OS: HR 8.0 95%CI 2.6�24.7, p<0.0001[Log-
rank test], Figure 3d; HR 14.9 95%CI 2.9�76.2,
p<0.0001[Log-rank test], Figure 1Sd) and event-free
survival (EFS: HR 2.4 95%CI 1.2�4.8, p = 0.0002[Log-
rank test], Figure 4d; HR 4.2 95%CI 1.6�11.0,
p<0.0001[Log-rank test], Figure 2SD), and stages 1, 2, 3
and 4stumoursfor both overall survival (OS: HR 5.4
95%CI 1.5�19.3, p<0.0001[Log-rank test], Figure 3e;
HR 6.5 95%CI 0.9�45.4, p<0.0001[Log-rank test],
Figure 1Se) and event-free survival (EFS: HR 2.4 95%CI
1.1�5.2, p = 0.001[Log-rank test], Figure 4e; HR 3.0
95%CI 0.9�10.0, p = 0.001[Log-rank test], Figure 2Se),
independently from MYCN status (Figure 3S), suggest-
ing a potential prognostic role of NCL expression also
for the patients with better prognosis. Finally, NCL
expression was not able to stratify patients with MYCN
amplified population (OS: HR 0.9 95%CI 0.6�1.4,
p = 0.14[Log-rank test], Figure 3f; HR 1.1 95%CI
0.7�1.6, p = 0.86[Log-rank test], Figure 1Sf) and event-
free survival (EFS: HR 0.8 95%CI 0.6�1.2, p = 0.8[Log-
rank test], Figure 4f; HR 1.1 95%CI 0.7�1.6, p = 0.6
[Log-rank test], Figure 2Sf), but it was able to statistically
significantly stratify patients with MYCN nonamplified
tumour for both overall survival (OS: HR 2.7 95%CI
1.0�7.1, p = 0.001[Log-rank test], Figure 3g; HR 4.5
www.thelancet.com Vol 85 November, 2022
95%CI 0.7�28.2, p = 0.003[Log-rank test], Figure 1Sg)
and event-free survival (EFS: HR 2.1 95%CI 1.0�4.3,
p = 0.005[Log-rank test], Figure 4g; HR 3.8 95%CI
0.9�16.2, p = 0.0002[Log-rank test], Figure 2Sg).

Patients with MYCN non amplified tumours
accounts for 50% of all high-risk NB cases.29 Since
confidence interval for hazard ratio was higher than 1
in all subsets, we considered 0.838 the most promising
cut-off and, hereinafter, we used this cut-off for subse-
quent analyses. Multivariate analysis in the subset of
patients with MYCN non amplified tumour showed
that high levels of NCLis still associated with poor
patient overall and event-free survival, independently
from age at time of diagnosis and tumour stage in this
subset of patients (OS: HR 2 95%CI 1.1�3.7, p = 0.02
[Cox proportional hazard regression]; EFS: HR 1.8
95%CI 1.1�3.1, p = 0.02[Cox proportional hazard
regression]; Table2S).

The ability of NCL of stratifying other relevant subsets
of high-risk NB patients with MYCN non amplified
tumours was then assessed. Patients older than 18 months
with stage 4 and MYCN non amplified tumours identify a
separate subset of high-risk NB cases. Survival analysis on
this subset of patients showed thatNCLmarginally statisti-
cally significantly stratifies patients for overall survival (OS:
HR 1.9 95%CI 0.9�4.1, p = 0.06[Log-rank test],
5



Figure 2. Constitutive expression of NCL in Schwannian-stroma poor NB patients at diagnosis and prognostic value of NCL
expression. a) NCL protein expression was evaluated by immunohistochemistry staining on formalin-fixed tumour sections
(n = 11). Representative images ofINSS stage 1 (image 1), INSS stage 2 (image 2), INSS stage 3 (image 3) and INSS stage 4 (image 4)
tumours, and of healthy liver (image 5).Brown: NCL expression. Bar: 60 mm. b) NCL intensity in INSS stages 1, 2, 3 and 4tumours. Col-
umn: mean § standard deviation.c-d) Prognostic value of NCL expression in a cohort of 20 NB patients with INSS stage 4 tumour.
Kaplan�Meier estimates and significance of the difference analysis based on NCL gene expression. Overall (c) and Event-free (d) sur-
vivalsof patients with high (above median) and low (below median)NCLexpression are shown. The median value of NCL expression
was 0.4429. Curves were compared by log-rank test, and p values are reported. Each Kaplan�Meier plot reports the hazard ratio
(HR) and 95% confidence interval (CI). The number of subjects at risk is displayed under the Kaplan�Meier plots. (e-g) Mean and
standard deviation plots of NCL in the populations defined by (e) age at diagnosis, (f) INSS stage, and (g) MYCN status of the Multi-
Platform786 dataset (n = 786). Expression values were z-scored prior to any visualization. Significance of the difference between
the means has been assessed by unpaired t test. A probability smaller than 0.05 was considered a statistically significant difference.
P value and number of patients are shown on top of the plot.
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Figure 5a) and statistically significantly stratifies them for
event-free survival (EFS: HR 2.3 95%CI 1.2�4.7, p = 0.01
[Log-rank test], Figure 5b).

Furthermore, high levels of MYC expression without
a concomitantMYCN amplification identifies a separate
subset of high-risk NB cases.30,31 Elbow method identi-
fied 1.10079 as candidate cut-off for differentiating
patients with high or low levels ofMYC expression. Sur-
vival analysison the subset of patients with MYCN non
amplified tumours and high levels of MYC based on
1.10079 cut-off and NCL cut-off 0.838 showed that NCL
statistically significantly stratifies these patients for both
overall survival (OS: HR 11.9 95%CI 2.3�62.4,
p = 0.003[Log-rank test], Figure 5c) and event-free sur-
vival (EFS: HR 7.2 95%CI 1.6�33.4, p = 0.01[Log-rank
test], Figure 5d). Furthermore, NCL was able to statisti-
cally significantly stratify also the subset of low-risk
patients with MYCN non amplified tumours and low
levels of MYC for both overall survival (OS: HR 3.7
95%CI 1.2�11.5, p = 0.02[Log-rank test], Figure 5e) and
event-free survival (EFS: HR 2.4 95%CI 1.1�5.4,
p = 0.03[Log-rank test], Figure 5f).
www.thelancet.com Vol 85 November, 2022



Covariate HR 95% CI P value

Overall survival

NCL 1.16 (1.002 - 1.3) 0.046

Age at diagnosis (� 18 months vs < 18 months) 3.34 (2.3 - 4.8) ˂0.0001

INSS stage (4 vs 1, 2, 3, 4s) 3.38 (2.3 - 4.8) ˂0.0001

MYCN status (Amplified vs non amplified) 2.45 (1.7 - 3.5) ˂0.0001

Event-free survival

NCL 1.17 (1.03 - 1.33) 0.012

Age at diagnosis (�18 months vs < 18 months) 2 (1.5 - 2.6) ˂0.0001

INSS stage (4 vs 1, 2, 3, 4s) 1.99 (1.5 - 2.6) ˂0.0001

MYCN status (Amplified vs non amplified) 1.54 (1.1 - 2.1) 0.007

Table 1: Multivariate analysis of overall and event-free survival in the Merged786 dataset.
Multivariate analysis of overall and event-free surival was assessed by Cox proportional hazards regression.

Patients with missing data were excluded from the analysis. NCL expression was z-scored.

HR: Hazard ration. CI: Confidence interval. INSS: international neuroblastoma staging system.

Figure 3. Overall survival analysis of clinically relevant sub-groups of patients stratified by the NCL expression (cut-off 0.838) in
the MultiPlatform786 dataset. Kaplan-Meier curves show overall survival of NB patients with high or low NCL expression. NCL expression
cut-off of 0.838 was determined with the elbow method. Expression values were z-scored. Plots are relative to (a) high-risk patients older
than 18months with INSS stage 4tumour, (b) INSS stage 4 patients, (c) age at diagnosis greater than 18 months, (d) age at diagnosis lower
than 18 months, (e) stage 1, 2, 3 and 4s patients, (f) MYCNamplified tumours, (g) MYCN non amplified tumours. Plots are entitled with the
characteristics of the patients in the sub-population. Survival curves were compared by log-rank test. Number of patients with low or
high NCL expressions (brackets) and those who succumbed to disease (square brackets) are reported. Each plot reports the hazard ratio
(HR) and 95% confidence interval (CI). The number of subjects at risk is displayed under the Kaplan�Meier plots.
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Figure 4. Event-free survival analysis of clinically relevant sub-groups of patients stratified by the NCL expression (cut-off
0.838) in the MultiPlatform786 dataset. Kaplan-Meier curves show event-free survival of NB patients with high or low NCL expres-
sion. NCL expression cut-off of 0.838 was determined with the elbow method. Expression values were z-scored. Plots are relative to
(a) high-risk patients older than 18 months with INSS stage 4 tumour, (b) INSS stage 4 patients, (c) age at diagnosis greater than 18
months, (d) age at diagnosis lower than 18 months, (e) stage 1, 2, 3 and 4s patients, (f) MYCNamplified tumours, (g) MYCN non
amplified tumours. Plots are entitled with the characteristics of the patients in the sub-population. Survival curves were compared
by log-rank test. Number of patients with low or high NCL expressions (brackets) and those who succumbed to disease (square
brackets) are reported. Each plot reports the hazard ratio (HR) and 95% confidence interval (CI).
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Altogether, these findings suggest the potential clini-
cal utility of NCL levels as a prognostic marker.
NCL significantly correlates with MYCN, MYC or TERT
expression
Similar or opposite gene expressions may indicate that
genes are co-regulated by common biological mecha-
nisms.32 To assess the possible co-regulating mecha-
nisms between NCL and well-known prognostic genes
in NB, we defined the correlation between NCL
and MYCN, MYC or TERT mRNA expression in the
MultiPlatform786 dataset. Statistically significant corre-
lations for all genes were found (p<0.0001[Pearson cor-
relation test], Figure 6a, 6c and 6e): strongly positive
between NCL and MYCN (0.6< R <0.79, Figure 6a),
weak negative between NCL and MYC (-0.39<R<-0.2,
Figure 6c), and weak positive between NCL and TERT
(0.2<R<0.39, Figure 6e). Interestingly, the statistically
significant correlations obtained in MultiPlatform786
were validated in Agilent394 dataset (p<0.0001[Pear-
son correlation test], Figure 6b, 6d and 6f): moderate
positive between NCL and MYCN (0.4< R <0.59,
Figure 6b), weak negative between NCL and MYC
(-0.39<R<-0.2, Figure 6d), and weak positive between
NCL and TERT (0.2<R<0.39, Figure 6f), thereby cor-
roborating the involvement of NCL in molecular mecha-
nisms of other well-known unfavourable prognostic
genes in NB. The summary of the correlation with rela-
tive 95%CI between NCL and MYCN, MYC, or TERT
www.thelancet.com Vol 85 November, 2022



Figure 5. Overall and event-free survival analysis of other clinically relevant sub-groups of patients stratified by the NCL
expression (cut-off 0.838) in the MultiPlatform786 dataset. Kaplan-Meier curves show overall and event-free survival of NB
patients with high or low NCL expression. NCL expression cut-off of 0.838 was determined with the elbow method. Expression values
were z-scored. Plots are relative to:patients older than 18 months with stage 4 and MYCN non amplified tumour (a and b), patients
with MYCNnon amplified tumours and high levels of MYC expression (c and d), and low-risk patients with MYCN non amplified
tumours and low levels of MYC expression (e and f). High or low MYC expression was determined by cut-off 1.107997 using elbow
method. Plots are entitled with the characteristics of the patients in the sub-population. Survival curves were compared by log-rank
test. Number of patients with low or high NCL expressions (brackets) and those who succumbed to disease (square brackets) are
reported. Each plot reports the hazard ratio (HR) and 95% confidence interval (CI). The number of subjects at risk is displayed under
the Kaplan�Meier plots.
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Figure 6. Correlation analysis between expression levels of NCL and of well-known prognostic genes in two independent
datasets. Scatter plots are relative to the correlation between NCL and MYCN (a-b), MYC (c-d) and TERT (e-f) expression in the
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Figure 7. NCL expression after induction chemotherapy. NCL protein expression was evaluated by immunohistochemistry stain-
ing on formalin-fixed tumour sections derived from NB patients (n = 9)before and after induction chemotherapy. a) Induction of
maturation and differentiation. b) NCL intensity in tumours before and after chemotherapy. Column: mean § standard deviation.P
value is shown on top of the plot.

Articles
gene in the two independent datasets is shown in
Table 3S.
Positive enrichment of MYC target genes and genes
involved in telomerase maintenance by high NCL
expression
We used GSEA24 to determine whether known sets of
functionally related genes were statistically significantly
enriched in the gene expression profile of tumours with
high or low NCL expression. To perform an unbiased
and robust analysis, GSEA was run using the H collec-
tion, representing 50 well-defined biological states or
processes and the C2.CGP and C2.CP.REACTOME col-
lections, consisting of 2613 and 1078 sets of genes
curated by domain experts starting from publications in
PubMed or from the REACTOME database, respec-
tively. Sixty gene sets were positively enriched in the
MultiPlatform786 and Agilent394 data sets, respectively. The numbe
dot represents a patient. Black line indicates the regression line. Pea
cate a positive or negative correlation between two genes, respectiv

www.thelancet.com Vol 85 November, 2022
tumour samples with high NCL expression (Nom p-val-
ue<0.001[empirical phenotype-based permutation test]
and FDR q-value<0.05, Table 4S). Statistically signifi-
cant gene sets were involved in the transcription regula-
tion, RNA processing, MYC targets, and telomerase
maintenance. Enrichment plots (Figure 4S) evidenced a
clear up-regulation of MYC targets and telomere main-
tenance, confirming a robust association between high
NCL expression and genes that are well-established
markers of unfavourable NB patients’ prognosis.
NCL is down-regulated in patient-derived
neuroblastoma tumours after chemotherapy
The expression of NCL was also evaluated on formalin-
fixed samples derived from Schwannian-stroma poor,
undifferentiated or poorly differentiated NB tumours,
before and after induction chemotherapy. Independently
r of patients in each dataset is reported between brackets. Each
rson correlation and its significance is shown. R>0 or R<0 indi-
ely.
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from the therapeutic protocol used (i.e., HR-1.033 or Euro-
pean Low and Intermediate Risk Neuroblastoma
(LINES),34 chemotherapy induced maturation and differ-
entiation in the majority of the tumours (Figure 7a). In
the analysed series, an association between neuroblastic
differentiation and a statistically significant down-regula-
tion of NCL protein was found (Figure 7b), suggesting
that high NCL protein expression might be a potential
marker of undifferentiated/poorly differentiated NB cells.
Discussion
In this retrospective study,nucleolin (NCL) is presented
as an independent(adjusting for age, INSS stage, and
MYCN status) prognostic marker for neuroblastoma
(NB).

Patients’ stratification is conventionally used at diag-
nosis to assign a pre-treatment risk group to patients
with NB.35 Risk group is used by clinicians to provide
the most appropriate treatment protocol.35 INSS stage,
age at diagnosis, histologic category, grade of tumour
differentiation, MYCN status, 11q aberration, and ploidy
are the clinical and molecular factors currently used in
NB pre-treatment risk assignment.35,36

Although the overall survival of patients with NB has
improved in the last years, more than 50% of high-risk
patients still undergo a relapse and die,16,36 making man-
datory the exploration of new prognostic factors able to
improve patients’ stratification. To this end, NB tumour
biology has been dissected from the perspective of multi-
ple omics including genome,12 transcriptome,18,37 metabo-
lome,38 and mirnome.39 Promising prognostic markers
have been described from these extensive investigations of
the tumour biology and patient stratification is a funda-
mental step for assessing the clinical utility of new bio-
markers in NB.18 However, despite several biomarkers
have been proposed only few of them have been included
in NB pre-treatment risk stratification schema.36,40

In the present work, we show that patients with high
NCL expression had statistically significantly inferior
overall and event-free survival than those with low NCL
expression in two datasets of 20 and 786 NB patients.
The 20 NB patients’ dataset was initially used to evalu-
ate the prognostic value of NCL in the subset of patients
with INSS stage 4, following the findings obtained by
IHC staining, in which we demonstrated that NCL was
statistically significantly more expressed in stage 4
tumours than stage 1, 2 and 3 tumours. The 786 NB
patients’ dataset was used to validate the prognostic
value of NCL in an independent set of data and to assess
(i) the stratification ability of NCL in clinically relevant
subset of patients, (ii)the correlation of NCL expression
with well-known prognostic genes, and (iii)the gene set
enrichment analysis.

Furthermore, using data coming from distinct
omics, gene expression platforms, and timings of dis-
ease development, independent evidence of the
prognostic value of NCL expression in NB is provided.
Indeed, multivariate analysis showed that the prog-
nostic value of NCL expression is preserved indepen-
dently from MultiPlatform786 available established
prognostic features, such as age at diagnosis, MYCN
status, and INSS stage, or fromage at diagnosis and
INSS stage in the subset of patients with MYCN non
amplified.

Biomarker-driven stratification is central to define
the most appropriate patient risk assignment and treat-
ment. To this aim, patients were divided into two
groups based on the two NCL expression cut-offs of
0.838 or 1.474 using the elbow method. We found sta-
tistically significant differences in clinical and biologic
characteristics between NB patients with high or low
NCL mRNA expression, also showing that high expres-
sion of NCL is associated with the worse clinical and
molecular characteristics of patients, thereby corroborat-
ing the unfavourable prognostic value of NCL.

The clinical utility of evaluating NCL expression cut-
offs of 0.838 or 1.474 in NB patient has been assessed
by investigating the stratification ability in patient
groups, such as age > 18 months, stage 4, MYCN
amplificationor MYC high, characterized by severe
prognosis. Our analyses report the statisticallysignifi-
cant stratification of three out of four groups. MYCN
amplified remains a subset of patients for which a statis-
tically significant stratification has not been reported to
date. However, the results obtained demonstrate the
potential clinical utility of NCL expression in most of
the cases of high-risk NB patients. For instance, patients
older than 18 months with stage 4tumours, patients
older than 18 months with stage 4 and MYCN non
amplified tumours, as well as patients with MYCN non
amplified and MYC high representingtwo subsets of
high-risk patients with the highest percentage of
deceases and relapses and whose stratification with
established clinical and molecular factors still remains
difficult from the clinical perspective.16,30 Interestingly,
herein we demonstrate that NCL expression is able to
statistically significantly stratify these subsets of
patients, making NCL a suitable candidate factor for
inclusion in future risk stratification schemas of high-
risk NB patients.

Furthermore, NB patients characterized by favour-
able prognosis, such as age < 18 months, stage 1, 2, 3 or
4s and with MYCN not amplified tumours, have been
assessed. As a note, NCL expression was able to stratify
also these groups, indicating the possibility that the
evaluation of NCL levels may improve actual NB pre-
treatment risk stratification.Although further validation
of the NCL cut-off will be needed, taken together, our
findings indicate that NCL is an unfavourable and inde-
pendent (adjusting for age, INSS stage, and MYCN sta-
tus) biomarker with potential clinical utility in NB.

Along with MYCN, also TERT and MYC are well-
known genes whose deregulation has been associated
www.thelancet.com Vol 85 November, 2022
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with unfavourable NB patient prognosis.41,42 The
expression of NCL, which is a target gene of both
MYCN and MYC,43,44 positively correlates with MYCN
expression and negatively correlates with MYC expres-
sion. These results seem to be in agreement with the
inverse correlation of MYCN and MYC expression in
NB subtypes.41 Interestingly, herein we demonstrate
that NCL expression positively correlates also with
TERT expression, suggesting a potential co-regulation
of these genes, which was further supported by GSEA
analyses on available sets of genes in public data bases.
Because these results provided unbiased and robust evi-
dence of a statistically significant co-regulation of NCL
and genes involved in telomerase maintenance or MYC
target genes, our findings indicate that NCL might have
a role in NB development and progression.

As stated before, biomarkers have many potential
applications in oncology, including risk assessment,
screening, differential diagnosis, prediction of response
to treatment, and monitoring disease progression.
Moreover, they are crucial for developing personalized
therapeutic approaches. Despite the critical role that bio-
markers play at all stages of disease, there is a substan-
tial attrition in the number of biomarkers that reach the
patient, suggesting that a quite worrisome roadblock is
preventing successful clinical translation of biomarkers.
For this reason, it is important that biomarkers undergo
rigorous evaluation, including analytical and clinical val-
idations, besides assessment of clinical utility, prior to
incorporation into routine clinical care. In this context,
the evaluation of NCL expression could help to identify
a subset of NB with very bad prognosis in the group of
high-risk patients both at diagnosis and after chemo-
therapy. Indeed, NCL protein, statistically significantly
more expressed in INSS stage 4 tumours, was down-
modulated after chemotherapy, in association with mor-
phological features of neuroblastic differentiation. Prog-
nostic and therapeutic indications could be thus derived
by the evaluation of possible differential expression of
NCL in the primary tumours before and after chemo-
therapy. Of particular relevance could be to follow the
NCL modifications on bone marrow tumour cells, evalu-
ating the evolution of the disease by bone marrow biop-
sies, aspirates or bone trephine biopsies. In addition, by
utilizing a simple, not expensive IHC test, NCL could
be evaluated as prognostic marker in the patients with
localized disease with favourable genomic and histo-
pathological profiles that in a few cases relapse and
die.45,46

Finally, NCLprotein has been demonstrated to be
highly expressed on the cell surface of NB cells derived
from patients suffering with metastatic bone marrow
tumour infiltration, both at recurrence and at onset, and
on NB primary tumour masses.7 NCL is also expressed
on the cell surface of endothelial cells and pericytes of
angiogenic tumour blood vessels.4,47 These features
support NCL as a new marker and a useful cellular
www.thelancet.com Vol 85 November, 2022
target molecule in the clinic and increase the possibility
to develop NCL-based therapeutic strategy also in NB.5,7

In conclusion, NCL can be considered as is an unfav-
ourable and independent (adjusting for age, INSS stage,
and MYCN status) biomarker for NB. The findings
hereinpresented indicate the potential clinical utility of
NCL in most of the cases of High-Risk (HR)-NB
patients. NCL is, indeed, able to stratify these subsets of
patients, becoming a suitable candidate factor for inclu-
sion in future risk stratification schemas of HR-NB
patients. As a note of caution, alimitation in this study
is represented by the lack of functional studies, which
will provide the means to ascertain whether NCL is reac-
tive or causative, and validate its prognostic valuepro-
spectively. Moreover, additional validation by
comparing NCL status with other pre-treatment risk
assignment classification factors (i.e., ploidy histologic
category,11q loss of heterozygosityand tumour grade)
and with other known NB prognostic biomarkers
(i.e.,1q loss of heterozygosity, serum LDH, and serum
ferritin) still has to be performed. This could ultimately
assist the design of future stratifications or intervention
strategies, and clinical decision support systems.
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