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Neuroblastoma (NB) is the most common extracranial solid tumor in children. Although only a few recur-
rent somatic mutations have been identified, chromosomal abnormalities, including the loss of heterozy-
gosity (LOH) at the chromosome 1p and gains of chromosome 17q, are often seen in the high-risk cases.
The biological basis and evolutionary forces that drive such genetic abnormalities remain enigmatic.
Here, we conceptualize the Gene Utility Model (GUM) that seeks to identify genes driving biological sig-
naling via their collective gene utilities and apply it to understand the impact of those differentially uti-
lized genes on constraining the evolution of NB karyotypes. By employing a computational process-
guided flow algorithm to model gene utility in protein–protein networks that built based on transcrip-
tomic data, we conducted several pairwise comparative analyses to uncover genes with differential util-
ities in stage 4 NBs with distinct classification. We then constructed a utility karyotype by mapping these
differentially utilized genes to their respective chromosomal loci. Intriguingly, hotspots of the utility
karyotype, to certain extent, can consistently recapitulate the major chromosomal abnormalities of
NBs and also provides clues to yet identified predisposition sites. Hence, our study not only provides a
new look, from a gene utility perspective, into the known chromosomal abnormalities detected by inte-
grative genomic sequencing efforts, but also offers new insights into the etiology of NB and provides a
framework to facilitate the identification of novel therapeutic targets for this devastating childhood
cancer.

� 2022 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Understanding the etiology and finding key therapeutic targets
for childhood cancers is a challenging endeavor, as these tumors
often harbor fewer somatic mutations than adult cancers [1,2].
Neuroblastoma (NB) is a rare solid tumor derived from peripheral
sympathetic nervous system. As a devastating childhood cancer,
only a few recurrent mutations have been identified in the past
decade [3]. ALK is known as the most frequently mutated gene in
NB, whose mutations only accounts for only � 12% of sporadic
tumors [4–6]. Nevertheless, advanced stage NBs do exhibit typical
segmental chromosomal aberrancies that are associated with poor
prognosis [8], in particular loss of heterozygosity (LOH) at chromo-
some 1p or 11q, and segmental gain of chromosome 17q [9]. Some
of these chromosomal abnormalities appear to be significantly
associated with MYCN amplification, high risk status and poor dis-
ease outcome [10,11]. As a hallmark of high-risk NB, MYCN ampli-
fication accounts for � 20% of total cases and is associated with
advanced stage disease and poor diagnosis [12–14]. However, the
biological basis for the association of MYCN amplification with
those specific chromosomal aberrancies, such as 1p loss or 17q
gain, remains enigmatic. Although loss of ARID1A (located in the
1p36 deleted region [15]), or overexpression of BIRC5 (located in
the commonly gained 17q segment [16,17] have been recently
shown to synergize with MYCN to promote NB tumorigenesis
[18,19], limited number of genes within these altered chromoso-
mal regions were found to be bona fide tumor suppressors or onco-
genes or to cooperate withMYCN to contribute to NB pathogenesis.
Hence, gain or loss-of-function of individual oncogenes or tumor
suppressor genes cannot fully address the association of unique
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patterns of segmental chromosomal aberrancies to the advanced
stage NB.

Since genes do not act alone and alterations at the chromosomal
level could provide a more effective means for cancer cells to gain
growth and/or survival advantage, a computational model from a
systems biology perspective, which can explain the contribution
of comprehensive abnormalities in chromosomes to the pathogen-
esis of NB, would be appealing. However, the conventional systems
biology approaches are largely focused on the analyses of genetic
mutations and differential gene expression, which fail to address
the molecular mechanisms underlying the establishment of com-
mon chromosomal aberrations. Here, we proposed Gene Utility
Model (GUM) and hypothesized that the utility of gene, i.e., the
involvement of a gene in conveying intracellular signals to execute
certain cellular process, could be the key factor in determining the
molecular pathogenesis of NB.

With this motivation, we employed a context-dependent sys-
tems biology approach that utilizes a process-guided flow algo-
rithm [20] on the transcriptomic data retrieved from advanced
stage NBs to model gene utility. We inferred the information flow
that goes through a gene in a biological network to detect genes
with dramatic changes in their utilities. In particular in NB we
focused in pairwise comparations of different groups of tumors
stratified by their risk or status of MYCN amplification. Then,
throughmapping these differentially utilized genes to their respec-
tive chromosomal loci, we built a ‘‘utility karyotype”. Intriguingly,
our study revealed that our utility karyotype, to a certain extent,
can consistently recapitulate previously reported chromosomal
abnormalities (segmental gains or loss) in the advanced stage
NBs. This indicates that gene utility could be a critical biological
variable that can acts as an evolutionary pressure contributing to
the selection of chromosomal aberrations during NB tumorigene-
sis. Besides genes with conserved alterations in their utilities and
genomic occurrences, significant number of genes with dramatic
differential utilities were also found in the chromosomal regions
that are lack of any known genetic alterations. Interestingly, cer-
tain chromosomal loci also have enriched differentially utilized
genes, forming the ‘‘utility hotspots”. Taken together, GUM pro-
vides a new avenue for us to better understand the etiology of
NB that harbors low somatic mutations and to uncover novel ther-
apeutic candidates, such as those genes with significant changes in
their utilities under different disease context, that could easily be
missed from past integrative genomic analyses.
2. Materials and methods

2.1. Data

The transcriptomic data used in this study was downloaded
from Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/-
geo/) under accession number GSE49710. Raw expression profiles
were background corrected and summarized into probeset values.
Probesets mapped to the same gene were averaged and each array
was normalized by dividing each expression value by the total
expression value in the respective array as described in our previ-
ous work [20,21]. Information for accession number and annota-
tion with respect to MYCN amplification status, disease stage, and
NB risk for samples used for pairwise comparisons and fold change
of gene expression in this study is provided in Data S1 and Data S2,
respectively.
2.2. Protein-protein interaction network

We downloaded the iRefIndex version 14.0 and constructed
protein–protein interaction (PPI) network using all interactions
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available as described in our previous study [20]. We removed
self-loops and multiple edges, creating a final iRefIndex PPI net-
work containing 15,608 proteins and 180,044 interactions. Our
network is available for download as an R object from our website.

2.3. Construction of context-specific weighted PPI network

Context-specific weighted PPI networks with respect to
advanced stage high-risk and nonhigh-risk NBs were constructed
using PPI network described above with a co-expression network
generated from transcriptomic data corresponding to each of these
NB states. Briefly, Pearson correlation coefficients (PCC) were com-
puted across samples with respect to each NB state for each inter-
action pair available in the PPI network. The absolute values of the
PCC were used as interaction weights for PPI network specific to
each NB state context.

2.4. The design of the process-guided flow algorithm

The basic concept of the process-guided flow algorithm is
adopted from flow algorithms broadly used in engineering field
such as simulating traffic flow. In our case, information flow in a
gene is analogous to a flow in traffic or electric current with least
resistance. Therefore, the process-guided flow algorithm is formu-
lated as a minimum-cost flow optimization problem where the
edge capacities of interacting protein pairs are defined as the abso-
lute value of the PCC in the context-specific weighted PPI network
and the cost as �log(PCC). PCC is used to capture phenotype-
specific information as co-expression is a good indicator of genes
cooperating in the same or related pathways. In brief, the
process-guided flow algorithm takes a weighted PPI network G(V,
E) as input (where V is vertices, i.e., genes and E is edges, i.e., inter-
action between genes) with a list of proteins P � V to be used as
sources, and a list of proteins to be used as targets T � V. Each edge
is defined by a capacity and cost. Negative flow and flow higher
than the edge capacity are not allowed. Also, each node (vertice)
has to satisfy the local equilibrium condition, i.e., the inflow must
be equal to the outflow at every node, except at the source and
sink.

The uniqueness of the process-guided flow algorithm is that it
only uses one parameter, that is, the size of the functional neigh-
borhood (SFN) associated with a particular gene that find paths
between sources and sinks. Here, SFN is defined as the biological
processes (in GO term) associated with the interacting partners
of a gene whose edge capacities (i.e., flow capacities that pass
through interacting protein pairs) are higher than a threshold
(SFN = 0.95 in all calculations presented here). Since SFN controls
the number of first-neighbor (directly interacting partners) of the
genes, the higher the SFN value, more stringent the path selection
and therefore leads to reduced number of paths. If there is a shared
GO term between two interacting proteins, the shared GO term
will be included in the flow paths. If there is no shared GO term,
GO terms of their highly correlated interacting partners (with high
edge capacities) will be used. Further details of process-guided
flow algorithm can be found in our previous publication [20].

2.5. Identification of source genes

We deemed over-expressed genes as functional relevant candi-
dates that convey key signaling events in disease development.
However, over-expressed genes are not identified by fold change
method by averaging expression levels across samples. Instead,
we used template matching method [22] to identify genes that
are preferentially expressed at higher levels across most samples
in a given NB state but lower expression levels in another NB state
during a pairwise comparison. Top 0.5% of genes with the highest
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template-matching scores were selected as sources that serve as
input to indicate where flows begin in process-guided flow
algorithm.

2.6. Assignment of sinks (targets)

Sinks are genes in context-specific weighted PPI network where
flows end. In current study, by default we defined sinks as genes
involved in transcriptional regulation which include the following
three GO terms: GO:0003676 (nucleic acid binding), GO:0006355
(regulation of transcription, DNA-templated) and GO:0008134
(transcription factor binding).

2.7. Identification of differentially utilized genes

We selected the top 30% of the absolute differential gene utility
values as the cuff off to select differential utility genes (see utility
distribution plot in Data S3). Thus, a gene is defined as high differ-
entially utilized if its differential gene utility for a pairwise
comparison � 0.8. Likewise, a gene is defined as low differentially
utilized if its differential gene utility for a pairwise comparison
� -0.8. These genes comprised top 30% of absolute differential gene
utilities (see utility distribution plot in Data S3).

2.8. Construction of differentially utilized karyotypes

Differential utilities of cytogenetic sub-bands (e.g., 1p36.1 and
1p36.2) are the basic components that constitute the utility
karyotype. To recognize a utility band at least two differentially
utilized genes showing a consistent utility directionality (i.e., high
or low differential utilities) is required.

In the case where a cytogenetic band harbors mixed gene util-
ities (i.e., with both high and low utilized genes), at least two extra
genes with same utility directionality (e.g., high utility) than oppo-
site utility directionality (e.g., low utility) should be present for a
given cytogenetic band to be considered as a differentially utilized
band. Positioning these utility bands onto their respective chromo-
somal sites gives rise to utility karyotype (Fig. 1).

2.9. Over-representation analyses (ORA)

ORA were performed using gene list and query at WebGestalt
[23]. Human genome was used as reference and statistical signifi-
cance was computed based on Bonferroni correction. Pathways
from KEGG and REACTOME databases with at least 5 genes were
used for ORA. Processes with false discovery rate (FDR < 0.05) are
deemed statistically significant in over-representation.

3. Results

3.1. Gene utility model and the construction of utility karyotype

In living cells, the extent of functional interactions between
gene products (proteins and RNAs) are dependent on their molec-
ular identities, subcellular localizations, and relative abundance,
which collectively make up the molecular constituents (called cel-
lular context hereafter) of a given cellular state [24]. Under a speci-
fic cellular context, molecular signals are conveyed via protein
interactions. Depending on the abundance of proteins and extent
of interactions in the protein–protein interaction (PPI) network,
the unique phenotypic properties of a cellular state will be estab-
lished. If a protein is actively and heavily involved in signaling
transductions, it is considered highly utilized. An analogy to gene
utility is the flow of vehicles in traffic, i.e., the busier a road is,
the more important role it plays in commuting, albeit it could be
3293
a narrow road (analogous to low levels of gene expression). Thus,
a gene received high information flow is deemed to carry high gene
utility. The extent of utility of a gene is not necessarily correlated
with its expression levels, but rather dependent on the levels of
interactions, the numbers and availabilities of its interacting part-
ners in a contain cellular or disease context (Fig. 1A).

Here, we proposed Gene Utility Model (GUM) to understand the
importance of genes under specific cellular contexts. GUM states
that it is the utility of genes that provides selective pressure for
the survival and fitness of cancer cells. Using GUM, it is possible
to construct an ‘‘utility karyotype” by mapping differentially uti-
lized genes to their respective chromosomal loci. Further, GUM
predicts that the resulting utility karyotype can recapitulate, to a
certain extent, the chromosomal aberrancies observed in NB.

We have previously developed a network biology tool, NetDeco-
der, that uses process-guided flow algorithm to reconstruct profiles
of network-based, context-specific information flow in pairwise
phenotypic comparative analyses [20]. Process-guided flow algo-
rithm is based on the principle that proteins which share similar
functions or in the samepathways tend to interact together to trans-
duce signaling information and cooperatively execute a definedpro-
cess under evolutionary pressure [25]. Briefly, information flows
begin with a number of differentially expressed genes, defined as
source genes; relayed via interactions among proteins with shared
function; and ended with a panel of transcription regulatory genes,
defined as sinks (Fig. 1A). To build a GUM, we first generated pro-
tein–protein interaction (PPI) networks weighted based on the
specific context, by computing Pearson Correlation Coefficients
(PCCs) of genes and proteins across neuroblastoma samples within
the same classification. Next, the absolute PCC values were used as
weights to represent the capacities and costs of flow interacting
gene pairs (analogous to width of a road in traffic). Under a specific
context of GUM, we defined genes with relatively higher informa-
tion flows as highly utilized genes and vice versa. Differentially uti-
lized gene network was then computed by subtracting information
flows between two different contexts, where genes with dramati-
cally increased or decreased utilities were identified. The subse-
quent mapping of these differentially utilized genes to their
respective chromosomal loci was conducted to generate differen-
tially utilized karyotype for a given pairwise comparison (Fig. 1B).

3.2. High MYCN utilities are seen in MYCN-amplified NBs, while low
TP53 utilities are detected in all high-risk NBs

In this study, we are interested in identifying differentially uti-
lized genes associated to stage 4 high-risk NBs or NBs with MYCN
amplification (Fig. 1C). The following three pairwise comparisons
of the publicly available NB transcriptomic data (GSE49710) were
applied, including i) stage-4 NBs with MYCN amplification (M+,
n = 65) against all the rest stage-4 NBs (M�, n = 116), ii) stage-4
NBs with MYCN amplification (M+R+, n = 65) against stage-4
high-risk NBs without MYCN amplification (M�R+, n = 83), and
iii) stage-4 MYCN non-amplified high-risk NBs (M�R+, n = 83)
against all the rest stage-4 MYCN non-amplified NBs (M�R�,
n = 33) (Data S1). For a given pairwise comparison, we first com-
puted differential gene expression (Data S2) and used template
matching method [22] to select genes with differential expression
levels across samples for a given group as sources. For example, for
M+ vs. M� pairwise comparison, genes with higher expression
levels across samples in M+ tumors were selected as sources. The
transcriptional regulatory genes were used as sinks. Then, gene
utility networks with respect to each aforementioned group were
generated. Differentially utilized genes from a pairwise compar-
ison were finally identified by subtracting utilities of each individ-
ual genes involved in the gene utility networks (Fig. 1B and Data
S2).



Fig. 1. Gene Utility conceptual model and computational pipeline. (A). Gene Utility Model (GUM) for interacting proteins. Gene utility reflects the contribution of a gene to
cellular signaling processes. Genes (nodes) with high information flows in a disease network are deemed highly utilized genes although they might not be expressed at high
levels (small circles). A flow algorithm is used in a disease network to simulate gene utility. Information flows (i.e., signal transduction) begin at the sources and end at in
sinks, and their propagation from one protein to another occurs through existing interactions (edges). Thicker edges indicate larger signal transduction capacity. The extent of
signal transduction (flow) mediated by a gene is deemed as its utility. (B) Overview of the process-guided flow algorithm to compute signal transduction capacity for each
gene (i.e., gene utility). In this example, we used transcriptomic data from MYCN amplified stage-4 neuroblastoma (NB) and non-MYCN amplified stage-4 NBs to perform a
pairwise comparison and build two networks. Over-expressed genes between these two disease states are used as sources, where flow starts. Next, a network of differentially
utilized genes is computed by subtracting gene utility profiles of the two conditions. Genes with significant differential utilities (|utility|� 0.8) in this pairwise comparison are
further mapped to their respective chromosomal loci to generate a differential utility karyotype. (C) Schematic illustration of advance NB states considered in this study for
pairwise comparisons. Figure created with BioRender.
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We first examined the expression levels and utilities of MYCN,
MYC, and TP53 across these three pairwise comparisons (Fig. 2).
As expected, we detected significant high expression levels of
MYCN in stage-4 NBs with MYCN amplification (Fig. 2A left panel).
This is also consistent with the higher utilities of MYCN in both M+

vs. M� and M+R+ vs. M�R+ comparisons (Fig. 2A right panel),
supporting the critical role of MYCN in the tumorigenesis of
high-risk NBs. Interestingly, the expression of MYCN is inversely
correlated with that ofMYC (Fig. 2B left panel) as well as their gene
utilities (Fig. 2B right panel). We did not detect flow to MYCN in
M�R+ vs. M�R� comparison (Fig. 2A right panel), suggesting less
important role of MYCN is playing in the pathogenesis stage-4
NB without its amplification. Intriguingly, we found low utilities
of TP53 in all three comparisons (Fig. 2C right panel), albeit its sig-
nificant overexpression in MYCN-amplified NBs (Fig. 2C left panel).
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Low utilities of TP53 in high-risk NBs regardless of the MYCN
amplification status suggest TP53 indeed functions as a tumor sup-
pressor in high-risk NBs. Our finding, therefore, provides a new evi-
dence on the tumor suppressor role of TP53, which is through its
reduced utilities in high-risk NBs, other than the inactivation
mutations as detected in many adult cancers [26].

3.3. Utility karyotype reveals the association of karyotypic utility
bands with MYCN amplification and risk status

We next asked whether there are patterns of gene utility that
could explain the NB etiology when mapping those differentially
utilized genes to their respective chromosomal sites. We therefore
constructed differentially utilized karyotype for each pairwise
comparison by mapping genes with dramatically increased utilities



Fig. 2. Differential gene expression and utility profiles of MYCN, MYC, and TP53 across three pairwise comparisons with respect MYCN amplification status and risk. Relative
gene expression (in log2 scale) and utilities for (A) MYCN, (B) MYC and (C) TP53. M+ vs. M�: stage-4MYCN amplified state against stage-4 non-MYCN amplified state; M+R+ vs.
M�R+: stage-4MYCN amplified high-risk state against stage-4 non-MYCN amplified high-risk state; M�R+ vs. M�R�: stage-4 non-MYCN amplified high-risk state against stage-
4 non-MYCN amplified nonhigh-risk state.
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(differential gene utility � 0.8) or decreased utilities (differential
gene utility � -0.8) to their respective chromosomal loci (Data
S3). The chromosomal region containing at least two outstanding
gain or reduced utilized genes over all differentially utilized genes
residing in the same cytogenetic sub-band was defined as a ‘‘kary-
otypic utility band”. The resulting differentially utilized karyotypes
with respect to M+ vs. M�, M+R+ vs. M�R+, and M�R+ vs. M�R� are
presented in Figs. 3–5, respectively.

In this study, we found a couple of chromosomes, such as 1, 2, 3,
8, 11, 12, 16, and 17 contain more than 2 karyotypic utility bands
in respect to MYCN amplification status (M+ vs. M�, or M+R+ vs.
M�R+, Figs. 3 and 4). Intriguingly, certain karyotypic utility pat-
terns are well overlapped with the chromosomal aberrancies fre-
quently detected in NBs with MYCN amplification, e.g., low
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utilities at 1p34 and 1p35 corresponding to the 1p deletion and
high utilities at 17q21 and 17q25 corresponding to the 17q gain
(Fig. 4). In contrast largely distinct karyotypic utility patterns were
observed in the M�R+ vs. M�R� comparison (Fig. 5). These findings
suggest that the inferred karyotypic utility bands with respect to
the M+ vs. M� or M+R+ vs. M�R+ (Figs. 3 and 4) are most likely asso-
ciated to MYCN amplification.

3.4. Gene clusters with distinct utility profiles can imply the risk and
etiology of NB

To determine whether karyotypic utility patterns can explain
NB etiology, we first examined the genes with distinct utility pro-
files across all pairwise comparisons. We grouped genes with high



Fig. 3. Differentially utilized karyotype with respect to stage-4 MYCN amplified state against stage-4 non-MYCN amplified state (M+ vs. M�) pairwise comparison. Red bands:
high differentially utilized; blue bands: low differentially utilized. Figure created with BioRender. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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or low differential utilities (|gene utility| � 0.8) into 6 clusters
according to their utility profiles (Data S3 and Data S4): (i) Genes
with low differential utilities in both M+ vs. M� and M+R+ vs.
M�R+ comparisons (the light blue cluster, n = 80 genes). Genes in
this cluster correspond to those with decreased utilities in MYCN
amplified NBs regardless of their risk status. (ii) Genes with high
differential utilities in both M+ vs. M� and M+R+ vs. M�R+ compar-
isons (the dark yellow cluster, n = 119 genes). Genes in this cluster
correspond to those with increased utilities in MYCN amplified NBs
regardless of the risk status. (iii) Genes with low differential utili-
ties in both M+ vs. M� and M+R+ vs. M�R+ comparisons but with
high differential utilities in M�R+ vs. M�R� comparison (the green
cluster, n = 26 genes). Genes in this cluster correspond to those
with decreased utilities in MYCN amplified NBs but seems highly
required for non-MYCN amplified high-risk NBs. (iv) Genes with
high differential utilities in both M+ vs. M� and M+R+ vs. M�R+ com-
parisons but with low differential utilities in M�R+ vs. M�R� (the
orange cluster, n = 25 genes). Genes in this cluster correspond to
those with increased utilities in MYCN amplified cases but seems
3296
less involved in non-MYCN amplified high-risk NBs. (v) Genes with
low differential utilities in all comparisons (the dark grey cluster,
n = 15 genes). And (vi) Genes with high differential utilities in all
comparisons (the pink cluster, n = 11 genes).

Genes of the dark grey [low utilities, (v)] or pink [high utilities,
(vii)] clusters are of particular interest, because their utilities are
associated with high-risk status regardless of the MYCN amplifica-
tion. Genes in the dark grey cluster could most likely play tumor
suppressing role, while genes in the pink cluster could be critical
for maintaining the aggressiveness of high-risk NBs. Consistent
with this hypothesis, TP53 was found in the grey cluster (Data
S4). Another gene of interest in this cluster is RXRA
(retinoid X receptor-a). It has been shown that retinoic acid plays
a major role in the development of nervous system during embryo-
genesis and it can induce differentiation of neuroblastoma cells
[27]. As an important receptor of retinoic acid, we observed the
consistent association of decreased utility of RXRA with increased
risk of NB (Data S4). Besides RXRA, SMAD3 was also appeared in
this dark grey cluster (Data S4). An earlier study has shown that



Fig. 4. Differentially utilized karyotype with respect to stage-4 MYCN amplified high-risk state against stage-4 non-MYCN amplified high-risk state (M+R+ vs. M�R+) pairwise
comparison. Red bands: high differentially utilized; blue bands: low differentially utilized. Figure created with BioRender. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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SMAD4, a close family member of SMAD3, inhibits the growth,
invasion, and metastasis of NB cells both in vitro and in vivo [28].
In addition, our over-representation pathway analysis of dark grey
cluster showed that genes involved in cell cycle process are signif-
icantly enriched (Data S4), suggesting their roles as negative regu-
lators of cell cycle during NB pathogenesis.

On the other hand, genes in pink cluster are enriched with ribo-
somal genes (Data S4), suggesting the importance of risk-
conferring roles of ribosomal processes in advanced stage NBs. Of
particular interest is a recent study showing that inhibition of ribo-
some biogenesis suppresses the growth of MYCN-amplified neu-
roblastoma [29]. Our data suggest targeting ribosomal genes in
pink cluster, such as RPL6, RPL9, RPS20, and RPS3A, might inhibit
progression of high-risk NBs, regardless the presence of MYCN
amplification. Interestingly, we found pathways related to SLITs
and ROBOs are enriched in light blue, dark yellow, and pink clus-
ters (Data S4). SLIT-ROBO is known to regulate diverse axon guid-
ance [30] that had been shown to be involved in NB development
[31]. Therefore, our data further suggest the contribution of protea-
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somal and ribosomal genes to NB pathogenesis and the genes util-
ities along with different utility clusters can consistently
recapitulate early findings resulted from experimental models.

3.5. Gene utility might contribute to the established patterns of
chromosomal aberrancies in advanced stage NBs

We next reason that if gene utility is an important criterion con-
tributing to evolutionary selective forces shaping chromosomal
aberrancies in NB, then the inferred utility karyotype should be
able to recapitulate and explain to a certain extent known chromo-
somal aberrancies. We therefore compiled findings from reported
cytogenetic studies on chromosomal aberrancies found in NB (Data
S5) to examine to what extent the constructed utility karyotypes
recapitulate observed pattern of chromosomal aberrancies.

Chromosomal aberrations of 1p are frequently reported in NB,
especially LOH at 1p34-36 have been found to be associated with
high-risk NB harboring MYCN amplification [32–34]. Indeed, both
M+ vs. M� and M+R+ vs. M�R+ pairwise comparisons indicate low



Fig. 5. Differentially utilized karyotype with respect to stage-4 non-MYCN amplified high-risk state against stage-4 non-MYCN amplified nonhigh-risk state (M�R+ vs. M�R�)
pairwise comparison. Red bands: high differentially utilized; blue bands: low differentially utilized. Figure created with BioRender. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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gene utilities at 1p34 and 1p35 (Figs. 3 and 4), suggesting the asso-
ciation of low gene utilities in these chromosomal regions with
MYCN amplification. For example, NFYC, c subunit of nuclear tran-
scription factor Y (a light blue cluster gene) located at 1p34, has
low utilities in both M+ vs. M� and M+R+ vs. M�R+ pairwise com-
parisons (Data S3). A novel splice variant of NFYA, a subunit of
nuclear transcription factor Y, has been identified recently in NB
[35], suggesting a potential involvement of nuclear transcription
factor Y in NB pathogenesis. We found 4 green cluster genes,
including RBBP4, EIF3I, HDAC1, and RPA2, at 1p35 showed low
utilities in MYCN amplified NBs but high utilities in non-MYCN
amplified high-risk NBs (Data S3). An earlier study indicates that
selective HDAC1/2 inhibitors may induce differentiation in NB cell
lines [36]. Thus, our data suggest that inhibition of HDAC1 might
be more effective to non-MYCN amplified high-risk NBs due to its
relatively increased utility in these tumors. Nevertheless, the roles
of low utilities or deletions of the other 3 green cluster genes in
MYCN amplified cases remain to be elucidated.
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Interestingly, we also found succinate dehydrogenase complex
iron sulfur subunit B (SDHB), located at 1p36.1 in an orange cluster,
shows high gene utilities in both M+ vs. M� and M+R+ vs. M�R+

comparisons (Data S3). Since 1p36 is a region with frequent loss
of heterozygosity (LOH) in high-risk NBs, high utilities of SDHB
in MYCN amplified NBs seems enigmatic. We reason that SDHB
plays important roles in respiratory chain, its total impairment
can cause metabolic and functional derangement in NB cells.
Therefore, there is no homozygous loss of 1p in NBs and high utility
of SDHB could be a compensatory effect to sustain NB cell survival.
In addition, we hypothesize that heterozygous loss of one of copy
of genes located at 1p36 can confer survival advantages to MYCN
amplified NB cells. A recent study showed 1p36 deletions affect
ARID1A, a tumor suppressor candidate associated to MYCN amplifi-
cation [15]. Our utility models did not capture significant utility
changes for ARID1A. But we detected low gene utilities for TARDBP,
a TAR DNA-binding protein located at 1p36.2 (in the light blue
cluster) in MYCN amplified NBs (Data S3). We suspect low utilities
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and heterozygous loss of this gene might be related to the reduced
production of TDP-43 to avoid cytotoxic effect of its accumulation
to neuron cells [37] including NB cells [38]. Interestingly, a TARDBP
associated gene, amyloid b precursor protein (APP, located at
21q21), showed high gene utilities in MYCN amplified but low util-
ity in non-MYCN amplified NBs (Data S3), although there is no
obvious utility karyotype band formed at 21q21. Our data, there-
fore, suggest low utilities of genes located at 1p34 and 1p35 corre-
spond to LOH in MYCN amplified NBs, whereas high utilities of
genes located at 1p36.1 with respect to the 1p36 deletion could
be due to their functional compensation, such as critical roles of
SDHB in respiratory chain and TARDBP in reducing cytotoxicity.

Segmental gain of 17q is another frequently reported region
associated with high-risk NBs. High correlation of gain at 17q21-
qter with MYCN amplification is a well-known hallmark for high-
risk NB and associated with poor outcome of NB patients [11].
Intriguingly, our constructed utility karyotypes with respect to
M+R+ vs. M�R+ pairwise comparisons indeed indicate high gene
utilities at 17q21.2 and 17q25.1 (Fig. 4, Data S4). We found STAT3
(an orange cluster gene) and RARA (dark yellow cluster genes) at
17q21.2 both show high utilities in MYCN amplified NBs. Although
gains of 17q are also reported in non-MYCN amplified NBs and we
detected high utilities at 17q21.3 in the M�R+ vs. M�R� comparison
(Fig. 5), our gene utility models suggests that certain genes located
at 17q might play more important roles in MYCN amplified states
since their gene utilities are dramatically increased. Of particular
interest is STAT3 which exhibits high gene utilities in MYCN ampli-
fied NBs but low utility in non-MYCN amplified cases (Data S3).
This data is consistent with earlier report showing that STAT3
activity is required for the regulation of MYCN expression [39].

LOH on chromosome 14q has been shown to be associated with
stage 4 NBs without MYCN amplification [10,40,41]. Our GUM con-
sistently detected the low utilities at 14q32.2 for M�R+ vs. M�R�

comparison (Fig. 5). We found poly(A) polymerase a (PAPOLA),
located at 14q32.2 in the orange cluster, exhibited with high utili-
ties in MYCN-amplified NBs but low utility in non-MYCN amplified
high-risk NBs (Data S3). An early study indicated that induction of
axon formation in neuroblastoma cells requires increased activity
of poly(A) polymerase [42]. Therefore, the GUM provides a new
light to explain LOH of chromosome 14q in tumors without MYCN
amplification.

It has been reported the LOH at 16p in familial NB and at 16p12-
13 in sporadic cases [43]. Further examination indicated LOH at
16p12-13 contained predisposition gene that might contribute to
the pathogenesis of NB [44]. Our results showed low gene utilities
at 16p11.2 and 16p13.3 for M+ vs. M� (Fig. 3) and at 16p11.2 for
M+R+ vs. M�R+ (Fig. 4). Low gene utilities at these chromosomal
sites might strengthen the loss of function effect of genes in MYCN
amplified NBs. We found UBE2I, located at 16p13.3 in the grey
cluster, exhibited low gene utilities in all high-risk NBs regardless
of MYCN amplification status. Similarly, KCTD5 located at 16p13.3
in the light blue cluster, showed low gene utilities in MYCN ampli-
fied NBs (Data S3), suggesting their potential tumor suppressor
roles in NB.

Deletion at chromosome 3p is frequently found in non-MYCN
amplified NBs but rarely detected in MYCN-amplified NBs8. We
did not observe dramatically reduced utilities at 3p for M�R+ vs.
M�R� comparison (Fig. 5). However, we detected high utilities at
3p25.2 and 3p25.3 for both M+ vs. M� (Fig. 3) and M+R+ vs. M�R+

(Fig. 4), suggesting increased gene utilities at 3p25 might be
resulted from the reduced utilities of these genes in MYCN non-
amplified NBs.

In comparison to other cancers with childhood onset, NB shares
overlapping but also unique chromosomal properties. Retinoblas-
toma, a disease that is similar to neuroblastoma in age of onset
and occasional gene mutation profiles, is typically associated with
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deletions in the chromosome 13q14 with secondary aberrations in
1q, 6p/q, and additional deletions within chromosome 13 [45].
Wilms tumor is associated 11p13 and also paired with 11p15 aber-
rations, which has been linked to NB through other disorders as
both conditions are correlated to Beckwith-Wiedemann Syndrome
[46]. Acute myeloid leukemia has a poor prognosis that shares sim-
ilar alterations at 11q23 with high-risk NBs, likely indicating pres-
ence of critical genes contribute to both cancer [47]. However,
none of these diseases show co-occurred chromosomal aberrations
such as LOH at 1p or gain at 17q, together with MYCN amplifica-
tion. Hence, our model for utility karyotypes, to certain extent,
can recapitulate chromosomal aberrancies that are particularly
important to NBs.

3.6. Utility karyotype suggests novel predisposition chromosomal sites

We next examined whether utility karyotypes can recognize
novel predisposition sites. Studies by Diskin et al on rare variants
in TP53 and copy number variations identified susceptible sites at
17p13 and 1q21, respectively [48,49]. Our recent study identified
deficiency of GAS7 at 17p13.1 promotes MYCN-driven metastasis
[50]. Although we did not detect flows in GAS7 in the current study
(Data S2), we found low gene utilities at 17p13.2 and 17p13.3 for
M+ vs. M� (Fig. 3), at 17p13.3 for M+R+ vs. M�R+ (Fig. 4), and at
17p13.1 for M�R+ vs. M�R� (Fig. 5). Beside tumor suppressor gene
TP53, 17p13 also contains differentially utilized genes in MYCN-
amplified NBs, such as PRPF8 (a light blue cluster gene) and RPA1
(a green cluster gene) (Data S3), suggesting that genes located at
17p13 might play predisposition role in high-risk NBs. Our study
also identified high utilities at 1q21.3 for M�R+ vs. M�R� (Fig. 5),
which might harbor predisposition genes associated with non-
MYCN amplified NBs. In addition, previous integrative genomics
study had identified that LMO1, located at 11p15, is an important
NB susceptibility gene [51]. Although we did not detect the infor-
mation flow to LMO1 in GUM, the constructed utility karyotypes
for bothM+ vs. M� andM+R+ vs. M�R+ pairwise comparisons indeed
indicate the involvement of 11p15 in high-risk NBs (Figs. 3 and 4).

Our constructed utility karyotypes also suggest the importance
of X chromosome in NB etiology. We found Xp22.1 and Xq24
(Fig. 4), Xp11.2, Xp11.3, Xq13.1 and Xq21.1 (Fig. 5) are plausible
predisposition sites responsible for NB development. In particular,
ATRX, located at Xq21.1, showed opposite utility changes in high-
risk NBs with and without MYCN amplification (Data S3). It is
known that inactivation mutations in ATRX and MYCN amplifica-
tion are mutually exclusive [52]. Interestingly, we detected higher
ATRX utilities inMYCN-amplified NBs, which is most likely resulted
from the reduced utility of ATRX in non-MYCN amplified NBs (Data
S3). Besides, we also identified low differential gene utilities at
Xq13 and Xq21 in high-risk NBs without MYCN amplification
(Fig. 5). A study by Satge et al revealed that patients with Turner
Syndrome, where one X chromosome is completely or partially
missing in females, developed NB [53]. They also noted that
patients with Klinefelter syndrome harboring XXY karyotypes or
triple-X syndrome (XXX karyotype) developed neuroblastic tumors
[53]. Another study by Parodi et al showed that loss of whole chro-
mosome X is associated to poor prognosis of NB [54], which further
supports the potential protective role of chromosome X in NB
tumorigenesis.

3.7. A gene utility-based evolutionary selection model for the
development and survival of NB cells

One of the hallmarks of cancer cells is that they undergo high
rate of glycolysis resulting in a surplus of lactate production
regardless of oxygen supply [55]. Excess lactate is then converted
back to glucose in liver, leading to a net ATP consumption that
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can lead to body wasting, such as cachexia in cancer patients [56].
Hence, cancer development is energetic costly. Energetic expendi-
ture is therefore a non-genetic evolutionary force to select cancer
cells with genomic architectures that facilitate their fitness and
survival. A proper channeling molecular resources that involves
coordinated information flow throughout protein–protein interac-
tion network and the optimized utilization of genes in a given con-
text could help cancer cells better meet the energetic demand for
their survival. We, therefore, propose a hypothetical model to
explain how gene utility contributes to the selection of karyotypes
for NB development (Fig. 6).

In our model, neuroblastoma precursor cells acquire random
mutations and chromosomal aberrancies. Through cycles of selec-
tion, clones with mutations and abnormal chromosomal architec-
tures exhibit gene utility profiles that fail to meet energetic
demand for survival are weeded out. However, a set of abnormal
chromosomal architectures show certain survival advantage by
utility profiles can favor energetic fitness. This process is in part
supported by the limited number of mutations detected in NB. Fur-
ther, we observed several genes that promote cell cycle progres-
sion, such as PCNA, DNA response, such as NBN, and protein
synthesis, such as RPL6 and RPL9. All these are pink cluster genes
with high gene utilities in high-risk NBs.

Once energetically fit, karyotypes are established in early
stages. Evolutionary forces will continue to impact their selection,
leading to intermediate karyotypes, such as partial 1p deletion
and/or 17q gain with energetically fit gene utilities. This assump-
tion is supported by the fact thatMYCN amplification is often found
to be accompanied by either 1p loss [57]or 17q gain [11], or both.
However, both LOH at 1p and gain at 17q can be observed in the
Fig. 6. A scheme for evolutionary selection of NB karyotypes and associated outcomes b
and chromosomal abnormality events occurring on neuroblastoma precursor cells can l
provide an energetically fit advantage and promote survival of tumor cells. Other rou
selection events lead to intermediate karyotypes, which show a partial deletion at 1p and
acquire MYCN amplification, followed by 1p deletion and 17q addition to reach a more
with a loss of 11q and/or 14q divert from the evolutionary course of NB development t
Figure created with BioRender.
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absence of MYCN amplification [58]. Furthermore, gain of 17q is
strongly linked to both 1p deletion and MYCN amplification [11],
suggesting that either 1p deletion and/or 17q gain precedes MYCN
amplification. Such randomly acquired genomic instability leads to
the presence of karyotypes with both energetically fit and unfit
gene utility. For example, the gain of 17q21-qter is strongly associ-
ated with tumor progression [11]. Further accumulation of seg-
mental alterations had been suggested to linked to NB
progression [59]. As chromosomes become more unstable with
the advancement of the disease and in the extreme but rare cases,
chromothripsis that involves massive chromosomal rearrange-
ments can occur [7]. During NB evolutionary course, acquisition
of MYCN amplification via circular recombination [60] might offer
additional survival advantages to certain tumor cells. Finally, post-
MYCN amplification selection for cells carrying larger deletion 1p
and gain of 17q can have a utility fitness advantage that foster
high-risk tumors harboring MYCN-amplified karyotypes. Alterna-
tively, the acquisition of other chromosomal aberrancies such as
deletion at 11q and 14q can also provide an alternative gene utility
setting that confers cancer cell survival without MYCN amplifica-
tion. Earlier works and current analysis suggest mutually exclusive
gene utility profiles between tumors with and without MYCN
amplification, for instance the inactivation and utility of ATRX.
Hence, we hypothesize that there exist certain chromosomal aber-
rancies at late intermediate stage (probably after the acquisition of
1p deletion and 17q amplification) that dictate the evolutionary
trajectories, and therefore the acquisition of MYCN amplification
could offer better fitness to cancer cells. Chromosomal aberrancies
that dictate the bifurcation and determination of process in ‘‘kary-
otypic” fates into MYCN amplification remain to be elucidated.
ased on gene utility and energetic cost concepts. Early random somatic mutational
ead to a variety of karyotypes. A set of these karyotypes harbor gene utilities that
nds of somatic mutations and acquisition of other chromosomal aberrations and
/or gain of 17q in the majority of cases. In this intermediate stage, NB cells can either
favorable gene utility state which promotes cell survival. Alternatively, tumor cells
o reach a MYCN amplification independent state. x: energetically unfit karyotypes.



C.Y. Ung, T.M. Levee, C. Zhang et al. Computational and Structural Biotechnology Journal 20 (2022) 3291–3303
4. Discussion

NB is a childhood cancer with high metastatic rate and motility.
However, its etiology is still not well understood. Since current
genomics approaches largely relied on genetic mutations as hall-
marks to benchmark the importance of genes for disease etiology,
low number of somatic mutations in sporadic high-risk NB renders
this disease ‘‘a tough nut to crack” [61]. Although with less recur-
rent somatic mutations, advanced stage NBs do show conserved
patterns of chromosomal alterations. But the evolutionary forces
and biological basis behind these conserved patterns of chromoso-
mal aberrations remains elusive. For example, limited tumor sup-
pressor genes or oncogenes were identified in the chromosome
arms with deletion or gain/amplification. Thus, we reason that cur-
rent studies based primarily on genetic alterations could not pro-
vide a complete understanding of the molecular bases underlying
NB pathogenesis.

In this study, we introduce a new conceptual framework, called
GUM, to understand disease etiology from the perspective of how a
gene is utilized in a biological network. In brief, gene utility con-
cerns how a gene is used in the context of myriad of molecular
interactions in biological network to influence the functionality
of a biological process. Unlike gene expression that is dependent
on whether the promoter and enhancer regions of a gene is acces-
sible by the transcription factor that regulates its expression, gene
utility is an emergent property in that the extent of utility of a gene
is dependent on cellular context that includes how a gene interacts
with its interacting counterparts in PPI network as determined by
their functionality shaped by evolution and their expression levels
(or protein levels).

With this concept, we employed process-guided flow algorithm
to model genome-wide information flow to represent gene utility
corresponds to NB with specific classification. We then perform
pairwise comparisons to identified differentially utilized genes
and construct differentially utilized karyotypes by mapping these
genes to their respective chromosomal loci. Our study shows dis-
tinct utility karyotypic profiles for high-risk NBs with or without
MYCN amplification and the advanced stage NBs with different risk
stratification. Further analyses indeed show the constructed utility
karyotypes recapitulate the chromosome segmental changes asso-
ciated with MYCN amplification, such as low differential utility
bands at 1p and high differential utility band at 17q in MYCN-
amplified NBs. Furthermore, the constructed utility karyotypes also
recapitulate chromosomal aberrancies that are unique to NB with-
out MYCN amplification, such as LOH at 14q and 22q. In addition,
differential utility bands at the constructed utility karyotypes sug-
gest novel predisposition sites, such as high tendency in loss of 17p,
and the potential protective roles of X chromosome on high-risk NB.

Hence, our study shows that gene utility is a useful conceptual
framework, which provides insightful explanation to the biological
basis of the chromosomal abnormalities observed in advanced
stage NBs. We further propose gene utilities can be influenced by
energetic expenditure that act together as non-genetic factors to
constrain the evolutionary forces to impact tumorigenesis. Our
work, therefore, unveils hidden information encoded within the
whole transcriptome via computational methods, such as
process-guided flow algorithm. The decoded biological knowledge
not only recovers findings from previous cytogenetic studies, but
also provides further insights on novel utility karyotype hotspots.
Inferred karyotypes can be investigated for their association to pre-
disposition risk in certain diseases, and leveraged to identify gene
utility hotspots and selection of new targets that are amenable to
drug interventions.

Despite the robustness of our GUM, this computational
approach, like many other network biology methods, is subjected
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to a number of limitations related to the completeness of PPI net-
work and the size of samples for the analysis. In particular, many
genes, such as non-coding RNAs, are not included in the PPI net-
work. For instance, genes encoding miR34-a at 1p36 and miR-
125b at 11q24 are frequently deleted in NB [62–65], but cannot
to be captured in our analyses. Furthermore, it is known that
genetic mutations can cause rewiring of PPI network in cancer
[66,67]. However, the rewired PPI networks, especially in NB, is lar-
gely unknown, which might lead to incomplete recapitulation of
the key findings from previous genomic analyses. For instance, we
failed to identify low utility at chromosome 3p where deletions
were found in NBs without MYCN amplification [10]. In addition,
we could not capture all the information flow through genes that
are known to be involved in NB pathogenesis, such as GAS7 [50],
which could be due to the limited numbers of source genes selected
for the pairwise analyses in GUM. Moreover, current study cannot
address chromothripsis, a massive chromosomal rearrangement
event throughout whole genome in cancer cells [68,69], or epige-
netic regulation, including the chromatin remodeling that affects
three-dimensional organization of chromatin and gene expression.

Nonetheless, our gene utility study sheds a new light on the
understanding of biological basis that drives neuroblastoma devel-
opment and provides insightful explanation on the relative con-
served patterns of chromosomal aberrancies that contribute to
the pathogenesis of NBs. Importantly, GUM can facility the identi-
fication of novel therapeutic targets based on their differential util-
ities but not expression levels or genomic alterations, which opens
a new avenue for developing effective targeted therapy for child-
hood cancer where somatic mutations are scarce.
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