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Abstract: Neuroblastoma is a common childhood cancer possessing a significant risk of death.
This solid tumor manifests variable clinical behaviors ranging from spontaneous regression to
widespread metastatic disease. The lack of promising treatments calls for new research approaches
which can enhance the understanding of the molecular background of neuroblastoma. The high
proliferation of malignant neuroblastoma cells requires efficient energy metabolism. Thus, we
focus our attention on energy pathways and their role in neuroblastoma tumorigenesis. Recent
studies suggest that neuroblastoma-driven extracellular vesicles stimulate tumorigenesis inside the
recipient cells. Furthermore, proteomic studies have demonstrated extracellular vesicles (EVs) to
cargo metabolic enzymes needed to build up a fully operative energy metabolism network. The
majority of EV-derived enzymes comes from glycolysis, while other metabolic enzymes have a fatty
acid β-oxidation and tricarboxylic acid cycle origin. The previously mentioned glycolysis has been
shown to play a primary role in neuroblastoma energy metabolism. Therefore, another way to
modify the energy metabolism in neuroblastoma is linked with genetic alterations resulting in the
decreased activity of some tricarboxylic acid cycle enzymes and enhanced glycolysis. This metabolic
shift enables malignant cells to cope with increasing metabolic stress, nutrition breakdown and an
upregulated proliferation ratio.
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1. Neuroblastoma, a Pediatric Heterogeneous Solid Tumor—Overview

Neuroblastoma is a solid childhood cancer, causing up to 15% of childhood cancer-
related deaths [1]. Despite multidisciplinary approaches, still no effective treatment strat-
egy has been suggested for clinical applications. Neuroblastoma is a solid tumor, which
manifests variable clinical behaviors ranging from spontaneous regression to widespread
metastatic disease [2]. Neuroblastoma arises from neural crest stem cells and matures into
various kinds of nerve tissues, e.g., cranial neurons and glia, bone cells or peripheral sympa-
thetic neurons and Schwann cells [3]. Cohort studies have proven that a significant number
of high-risk cases have genetic alterations, e.g., the amplification of MYCN, mutations of
the ALK gene or germline mutations in SDHA and SDHB genes [4]. Mutations in SDHA
and SDHB genes suppress succinate dehydrogenase activity and promote the metabolic
shift from complex and efficient mitochondrial energy production pathways to cytoplasmic
glycolysis [1,2,5,6]. This phenomenon, known as the Warburg effect, plays a pivotal role
in the growth of the solid tumor [1,2,5,6]. Due to the crucial role of energy metabolism
in neuroblastoma tumorigenesis, the overarching purpose of this review is to provide a
comprehensive update of the current state of knowledge on the role of energy metabolism
on neuroblastoma tumorigenesis, pointing to their potential effect on the spreading of
neuroblastoma malignancy.
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2. Neuroblastoma and Extracellular Vesicles

In recent years, in vitro studies have indicate that, similar to other normal cells and
cancer cells, neuroblastoma (NB) release extracellular vesicles (EVs) to communicate with
the microenvironment [6]. Marimpietri and colleagues isolated extracellular vesicles in
a size of less than 80 nm from neuroblastoma cell lines: SH-SY5Y, IMR-32, GI-LI-N and
HTLA-230 7. They found NB-derived extracellular vesicles packed with proteins known
to modulate the tumor microenvironment and promote tumor progression [7]. The same
studies found a wide range of metabolic enzymes and other proteins suggested as a
potential NB fingerprint [7]. Two years later, Challagundla and collaborators showed NB-
derived EVs to contain miR21, an RNA molecule supporting the chemotherapy resistance
of the tumor [8]. Finally, earlier this year, Esposti and collaborators suggested exosomal
DNA as an alternative marker for NB molecular diagnostics, which might in the future
become a substitute for liquid biopsy [9]. This growing body of evidence concerning
exosomes involved in NB tumorigenesis has attracted researchers’ attention and resulted
in a body of data linking exosomes, tumorigenesis and energy metabolism.

3. Extracellular Vesicles: Definitions and Subtypes

Tumor-derived extracellular vesicles are often called cell–cell crosstalk bridges, which
facilitate the communication of donor cancer cells with healthy recipients [10,11]. EVs
can contact neighbor cells as well as pass through the blood stream and reach distant
recipients [12]. This general definition includes a heterogenous group of cellular vesicles,
which have been classified further by vesicle size and function [13].

Apoptotic bodies are the largest extracellular vesicles produced within apoptosis [13].
Apoptotic bodies are between 1 and 5 µm; thus, they can be identified under light mi-
croscopy [13]. Apart from small molecules such as proteins or nucleic acids, apoptotic
extracellular bodies (Apo-EVs) have been proven to carry larger cargoes, such as mitochon-
dria, nuclear fragments or endoplasmic reticulum [14]. So far, little is known about the
role of apoptotic bodies in tumorigenesis, although some studies hypothesize that dyeing
tumor cells, affected by radio- or chemotherapy, can spread apoptotic EVs in order to
repopulate malignant cells [15]. A mechanism of apoptosis-dependent cancer cell growth
stimulation has been proposed by Huang and colleagues, who co-cultured irradiated cells
with 4T1 breast cancer cells and noted an increased 4T1 cell proliferation [16]. The role of
apoptotic bodies in this stimulation was proven by Pavlyukov and colleagues, who condi-
tioned glioblastoma cells with apoptotic bodies isolated from irradiated glioblastomas [15].
Several studies showed SH-SY5Y cells (in an in vitro model of human neuroblastoma) to
produce apoptotic bodies in response to cytotoxic conditions [17,18]. However, the role of
apoptotic bodies in the progression of neuroblastoma has not been determined yet.

Oncosomes are defined as EVs which are heterogenous in size but consistent in func-
tion [19]. Small oncosomes are classified as microvesicles ranging between 100 and 400 nm,
while the diameter of large oncosomes ranges between 1 and 10 µm [19]. Oncosomes
have been proven to cargo oncoproteins (e.g., EGFRvIII in gliomas [20]) and oncogenes
(e.g., MYC in prostate cancer [21]). All oncosomes have one fundamental feature—they
originate from the plasma membrane of cancer cells [19]. To the best of our knowledge,
NB-derived extracellular vesicles have not been named as oncosomes. However, proteomic
and genomic data have confirmed that these EVs are packed with oncogenes; thus, they
meet the definition of oncosomes [22]. It has been shown that exosomes isolated from
MYCN-amplified SH-SY5Y cells cargo miRNAs linked with AHR signaling, supporting
aggressive tumorigenesis [22].

Microvesicles are significantly smaller than apoptotic bodies (1–0.05 µm) and are shed
from the outward budding of the plasma membrane [12], while exosomes are the smallest
of the currently known extracellular vesicles [12]. Exosomes originate from multivesicular
bodies and are formed during complex processes starting inside the cells [23]. EVs ranging
between 30 and 150 nm in size are defined as exosomes [12]. Fixed exosomes, visualized
by electron microscopy, have a characteristic cup-like shape. The overlap between smaller
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microvesicles and exosomes limits isolation techniques [12]. Ultracentrifugation is the most
common exosome isolation technique, but the obtained fractions only distinguish larger
microvesicles from a mixture of exosomes and smaller microvesicles. The limited exosome
isolation results in studies showing the molecule content profile or biological functions
of mixed extracellular vesicles, including both exosomes and smaller microvesicles [24].
Exosomes are widely understood as pivotal players in tumorigenesis, although in the
majority of reports, exosomes come from ultracentrifugation [12]. Thus, in this review, they
were called the EV fraction instead of pure exosomes.

Exosome production starts from endocytic vesicles transporting their cargoes to the
main sorting platforms, known as early endosomes [12,25,26]. From this point, maturating
endosomes recover material useful in further cellular processes and dispatch their remain-
ing cargo to secretion pathways [12,25,26]. Late endosomes have an acidic core filled with
vesicles [12,25,26]. Finally, the matured endosomes, called multivesicular bodies, can fuse
with the cellular plasma membrane to release exosomes [12,25,26].

It has been suggested that donor cancer cells may adapt the exosomal cargo to the re-
cipient cells, although the exact mechanism remains unknown [12,27,28]. For instance, the
exosomes isolated from gastric and pancreatic cancers are involved in autocrine pathways
stimulating the abnormal proliferation of neighbor cancer cells [29,30]. The overall exoso-
mal cargoes include lipids, proteins, mRNA and miRNA [10,25]. Exosomal membranes
are rich in cholesterol, sphingolipids, glycerophospholipids and ceramide [31,32]. Proteins
are localized either in the exosomes core or inside the exosomal membranes. Proteins are
categorized by their functions: endosomal markers (tetraspanins, e.g., CD9, CD63, CD81,
CD82), membrane transport and fusion proteins (Rabs, flotillin, annexins), multivesicu-
lar body biogenesis proteins (e.g., Alix, TSG101), cytoskeleton proteins (actin, tubulin),
growth factors, heat-shock proteins (e.g., HSP90, HSC60), adhesion proteins (e.g., inte-
grins, ICAM1), metabolic enzymes (pyruvate dehydrogenase complex, tricarboxylic acid
enzymes, electron transport chain enzymes, glycolysis enzymes, fatty acids β-oxidation
enzymes, malate-aspartate enzymes, etc.) and others [32–34].

3.1. Extracellular Vesicles Contribute to Neuroblastoma Tumorigenesis and Energy Metabolism

EVs are hypothesized to mediate a wide array of pathological scenarios, such as
the suppression of the immune response, development of drug resistance, stimulation
of angiogenesis and tumorigenesis [27,31,35]. A growing body of evidence shows that
NB-driven EVs contain oncogenic miRNAs, which can contribute to tumorigenesis [22].
Exosomes, isolated from NB patients’ plasma, contain has-miR199a-3p, a miRNA regulating
NEDD4 expression, in order to promote tumor proliferation and migration [36]. Exosomal
mi-155 has been identified in NB patients and shown in vitro to participate in chemotherapy
resistance signaling [8]. As Colletti and collaborators showed, exosomal miR375 is involved
in the NB infiltration of bone marrow [11]. Several other known oncogenic miRNAs have
been profiled in exosomes secreted by SK-N-E(2)-C and Kelly neuroblastoma cell lines [22].

Tumorigenesis is a high-energy-consuming process requiring NB cells to adapt energy
metabolism to dynamic changes in tumor mass [37]. Recent reports show that, apart from
oncogenic nucleic acids, NB-derived exosomes harbor a significant number of metabolic
enzymes involved in glycolysis, the tricarboxylic acid cycle, the electron transport chain,
fatty acids β-oxidation, malate–aspartate shuttle, glutaminolysis and others (Figure 1,
Table 1) [6,7,38]. These enzymes can easily build up fully operative metabolic network
capabilities (Figure 1). These enzymes have been profiled with a proteomic assessment,
although to the best of our knowledge, the metabolic activity of EV-derived enzymes has not
been considered in published reports yet. Thus, for the time being, we can only speculate
about EV involvement in the tumor-dependent modification of metabolic networks in
the tumor microenvironment. Furthermore, at the time of this writing, there were five
reports in which NB-derived EVs were analyzed with proteomics, and a few dozen projects
looking for the answer to the question of what role EVs play in tumorigenesis [6,7,35,39,40].
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Furthermore, it seems that the content of EVs, tumorigenesis and energy metabolism is
tightly linked with one another, which we summarized further in this Section.
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Figure 1. The relationships between energy production pathways: cytoplasmic glycolysis, the mito-
chondrial tricarboxylic acid cycle, the mitochondrial electron transport chain, the malate–aspartate
shuttle and mitochondrial and/or peroxisomal fatty acid β-oxidation. Note: the NADH/NAD+ and
FADH2/FAD blue reaction lines do not reflect the exact place in a particular cycle, but show the
connections existing between metabolic pathways.

3.2. Lipolysis and Fatty Acid β-Oxidation

Several cancer cells (e.g., breast, prostate and colon cancers) have been proven to
grow in the neighborhood of adipocytes [41]. Adipocytes are fat cells which manage
energy storage and utilization by balancing between lipogenesis and lipolysis pathways.
In clinical practice, cancer patients often suffer from adipocyte atrophy, which comes from
an overactive lipolysis and energy release [41]. Released fatty acids can be incorporated
by neighbor cells to conduct energetically favorable β-oxidation [41]. Pancreatic cancer
cells have been proven to secrete EVs rich in adrenomedullin, a peptide-mediating lipol-
ysis, while breast cancer cells reprogram adipocyte metabolism to a catabolism pathway
transferring exosomal miRNA-126 [42,43].

For years, glucose oxidation attracted the most attention in tumorigenesis studies,
while fatty acid β-oxidation was a minor point [44]. Furthermore, in the sphere of lipid
metabolism, rather than fatty acid β-oxidation, de novo fatty acid production was be-
lieved to play an important role [44]. However, recent studies underline the crucial role
of fatty acid β-oxidation, which provides NADH and FADH2 molecules for oxidative
phosphorylation (OXPHOS). Other benefits of fatty acid metabolism are: (1) high effi-
ciency in energy production; (2) metabolism conducted in mitochondria as well as in
peroxisomes [44]. Peroxisomes are significantly smaller than mitochondria; therefore, they
can easily re-localize to the place where they are needed most. A proteomic analysis of
neuroblastoma-derived EVs has confirmed the presence of acidic calcium-independent
phospholipase A2 and phospholipase C, enzymes involved in lipolysis and free fatty acid
release from adipocytes [6,7]. Furthermore, NB-derived EVs support not only lipolysis, but
also lipid uptake (long-chain fatty acid transport protein 3 and 4) and transport (albumin
and fatty acid-binding proteins) [6,45]. Once the cell uptakes fatty acids, these must be
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stored in lipid droplets to avoid lipotoxicity [6,45]. Here, EV-derived proteins preliminarily
convert fatty acids to diacylglycerols and triacylglycerols (acyltransferases) and further
organize them into lipid droplets (perilipin 2 and 3, caveolin-1) [6,45]. To support such a
fatty acid restoration, NB donor cells send lipases and protein kinase A [6,7]. Finally, the
presence of fatty acid β-oxidation enzymes working in both peroxisomes and mitochondria
has been widely identified in neuroblastoma cell-driven exosomes [6,7,35].

Table 1. Metabolic enzymes identified in neuroblastoma cell-derived exosomes.

Enzyme Metabolic Pathway References

Fatty acid synthase Lipogenesis [6,7,39]
Glucose-6-phosphate isomerase Glycolysis [6,7,35,39]
Fructose-bisphosphate aldolase Glycolysis [6,7,35,39]

Lactate dehydrogenase Glycolysis [6,7,35,39]
Citrate synthase Tricarboxylic acid cycle [6]

Glyceraldehyde-3-phosphate
dehydrogenase Glycolysis [6,7,35,39]

NADH-cytochrome reductase Electron transport chain [6,7]
α- and β-enolase β-oxidation [6,35]

Aconitase Tricarboxylic acid cycle [6,39]
Catalase β-oxidation [6]

Aspartate aminotransferase Glutaminolysis [6,39]
Glutamate dehydrogenase Glutaminolysis [39]

ATP synthase Electron transport chain [6]
Succinate dehydrogenase Tricarboxylic acid cycle [6]
NADH dehydrogenase Electron transport chain [6]

Pyruvate dehydrogenase
Metabolic link between
glycolysis/tricarboxylic
acid cycle/β-oxidation

[6]

Cytochrome c and c-b1 Electron transport chain [6,35]
ATP-dependent

6-phosphofructokinase Glycolysis [6]

Malate dehydrogenase
(mitochondrial and cytoplasmic) Tricarboxylic acid cycle [6,35,39]

Enoyl-CoA hydratase β-oxidation [6]
Electron transfer flavoprotein β-oxidation [6]

Long chain-3-hydroxyacyl-CoA
dehydrogenase β-oxidation [6]

3-ketoacetyl-CoA thiolase β-oxidation [6]
Phosphoglycerate kinase 1 Glycolysis [35]

Pyruvate kinase Glycolysis [6,7,35,39]

3.3. Glycolysis

It is worth mentioning that phospholipase C was identified in exosomes shed by
N-Myc-amplified SK-N-BE2 neuroblastoma cells [7]. MYCN gene amplification correlates
with a poor diagnosis for NB patients and the upregulation of enzymes involved in fatty
acid β-oxidation [7,46]. The same genetic aberration (MYCN amplification) is responsible
for the Warburg effect oxidation, in which malignant cells shift energy metabolism to
glycolysis [7,46].

The main goal of energy metabolism is to generate a molecular fuel supplying the
basic cellular processes [47]. Under glycolysis, healthy cells utilize glucose to generate
pyruvate, which can further enter the mitochondrial tricarboxylic acid cycle linked with
oxidative phosphorylation (OXPHOS) or stay in the cytoplasm to be converted to lac-
tate (anaerobic reaction) [47]. In general, healthy cells prefer OXPHOS over glycolysis,
although the exact preferences differ and depend on the cell functions [47,48]. Dissimilar
to healthy cells looking for an effective energy metabolism, cancer cells are more “waste-
ful”. Malignant cells have to fill energy needs resulting from an elevated proliferation,
migration and other tumor cell activities linked with tumorigenesis. Thus, tumor cells shift
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energy metabolism from the complex tricarboxylic acid cycle with OXPHOS to the less
demanding glycolysis [45]. Interestingly, such a metabolic shift is not moderated by oxygen
availability, as initially believed [49,50]. There are two working theories trying to explain
such phenomena—the classical Warburg theory and cancer cell symbiosis [49,50]. The first
theory perfectly covers the tumorigenesis which takes place under hypoxic conditions.
A rapid tumor growth leads to glucose and oxygen shortages in the tumor core [49,50].
To keep up with energy needs, cancer cells shift energy metabolism to anaerobic lactate
production [49,50]. Recent reports show that cancer cells can develop more complex
symbiosis pathways between cancer cells. In detail, donors produce energy and lactate
under glycolysis, while the recipients turn lactate into pyruvate and proceed with the
tricarboxylic acid cycle [47,49,50]. Nevertheless, anaerobic metabolism is the main player
in tumorigenesis, as reflected in proteomic studies. All data coming from such an analysis
of NB-driven exosomes confirmed have the presence of glycolytic enzymes [6,7,35,39].
Furthermore, Keerthikumar and colleagues identified 39 proteins packed in exosomes
shed from SH-SY5Y, which are directly involved in glycolysis [40]. NB is not alone in
favoring the glycolysis pathway. The previously mentioned exosomal miR-155 (identified
in MYCN-amplified SK-N-BE(2)) is also secreted by melanoma to promote glycolysis in
stromal fibroblasts [51]. About 5% of exosomal proteins secreted by other MYCN-amplified
B7-H3 medulloblastoma (an aggressive pediatric cancer localized in the central nervous
system) has been associated with glycolysis [52]. Extracellular-vesicle-encapsulated miR-
105 originating from breast cancer cells activates MYC signaling and induces glycolysis [53].
In other words, EVs cargo a wide range of molecules (proteins and nucleic acids) to shift
the energy metabolism to glycolysis.

3.4. Tricarboxylic Acid Cycle and Oxidative Phosphorylation

Pyruvate produced in glycolysis must be oxidized by the pyruvate dehydrogenase
complex to acetyl-CoA (Figure 1) [47,48]. As reported above, cancer cells prefer glycolysis
and β-oxidation rather than the tricarboxylic acid cycle and OXPHOS. Indeed, glycolytic
enzymes are the most frequently identified exosomal proteins in the ExoCarta database [54].
Studies on tumorigenesis, in general, agree that malignant cells promote a metabolic shift
to glycolysis. The role of exosomes in the tricarboxylic acid cycle and OXPHOS remains
largely unknown. Oliynyk and colleagues showed that in SK-N-BE(2) and Kelly cells,
the amplification of the MYCN oncogene enhanced both glycolysis and OXPHOS activ-
ity [55]. Proteomic studies showed NB-derived exosomes to harbor metabolic enzymes
involved in the tricarboxylic acid cycle and OXPHOS [6,7,35,39]. However, the same stud-
ies point out the considerably lower occurrence of these enzyme compared to glycolytic
proteins [6,7,35,39]. Furthermore, Diehl and colleagues proved that in the progression of
colorectal cancer, a cancer-associated fibroblast promotes malignancy through the stimula-
tion of the tricarboxylic acid cycle with OXPHOS [56].

4. The Neuroblastoma and MYC Family

The amplification of the MYCN oncogene correlates with a poor diagnosis in onco-
pediatric NB patients [1,2,35,39]. Encoded by MYCN, the N-MYC protein controls cell
growth and energy metabolism [37,48,57,58]. As mentioned, N-MYC dysregulates fatty
acid β-oxidation and glycolysis in neuroblastoma patients. However, the involvement of
the MYCN oncogene is not limited only to these metabolic pathways. A growing body of
evidence indicates that MYCN amplification helps NB to cope with energy needs via glu-
tamine metabolism [59,60]. MYCN-amplified Tet21N and SK-N-BE(2) neuroblastomas have
been proven to develop two alternatives [56,61]. They stimulate either the glutamine uptake
or de novo synthesis [56,61]. The overexpression of MYCN upregulates the metabolic genes
promoting glutaminolysis, which converts glutamine into glutamate [60,62]. Next, glu-
tamine metabolism starts from glutaminolysis glutamate [60,62]. To enter the tricarboxylic
acid cycle, glutamate is converted by aspartate aminotransferase into α-ketoglutarate, an
enzyme widely spread by MYCN-amplified NB [6,39,60]. In NB, genetic aberrations include
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mutations in the IDH1 and 2 genes, which leads to the α-ketoglutarate-triggered accumula-
tion of an oncometabolite called D-2-hydroglutarate, described in the section below.

5. Mutations in Tricarboxylic Acid Cycle Enzymes Promote Glycolysis in
Neuroblastoma Cells

As shown above, energy metabolism plays a crucial role in the progression of tumori-
genesis. Thus, in this section we focused on cancer cells and discussed the most common
mutations in genes encoding tricarboxylic acid cycle enzymes (Figure 2). We stayed with
the general hypothesis that malignant cells promote a metabolic shift (from mitochondrial
aerobic processes to glycolysis) to initiate a hypoxia-like cell response.
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Aconitase is a tricarboxylic acid enzyme, converting citrate to isocitrate (Figure 2) [38,47,63].
This enzyme is known to have two isoforms, mitochondrial (encoded by the ACO2 gene)
and cytoplasmic (encoded by the ACO1 gene) [38,47,64]. Alterations in ACO1 have been
identified in breast cancer, although no significant impact of this mutation has been
noted [65]. Conversely, mutations in the ACO2 gene result in serious cellular outcomes. For
example, prostate cancer cells carrying the ACO2 mutation have a significantly less active
aconitase, which limits citrate/isocitrate conversion. Cancer cells with such a genetic alter-
ation are known to secrete a great amount of citrate [66]. Other processes leading to poor
aconitase activity and citrate accumulation have also been noted in prostate cancer [67]. In
this case, no alteration in the ACO2 gene was reported, but p53 overactivation downregu-
lated the ACO2 gene expression [67]. Accumulated citrate can be utilized to restore cytosolic
acetyl-CoA, which, additionally, can be introduced to lipogenesis (Figure 2) [63,64].

The isocitrate dehydrogenase enzyme converts isocitrate to α-ketoglutarate in the cyto-
plasm (gene IDH1) or mitochondria (genes: IDH2, IDH3) (Figure 2). Mutations in the IDH1
and IDH2 genes are commonly diagnosed in oncological patients with glioblastomas [68].
Mutated isocitrate dehydrogenase displays less activity against isocitrate [48,69,70]. Isoci-
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trate is a catalytic homodimer; in the case of mutation, it can either remain a homodimer
(having two mutated monomers exhibiting no catalytic activity) or become a heterodimer
with one wild-type and one mutated monomer [48,69,70]. Studies with primary and sec-
ondary gliomas have shown that tumors have heterodimers which exhibit neomorphic
activity [48,69,70]. Mutants, instead of catalyzing the isocitrate conversion, consume α-
ketoglutarate to produce an onco-metabolite called D-2-hydroglutarate [48,69,70]. The
accumulation of D-2 hydroxyglutarate stimulates tumorigenic activity, mainly by way of
cancer cell growth promotion and the inhibition of DNA demethylases [69,71,72].

Succinate dehydrogenase (or succinate:ubiquinone oxidoreductase or mitochondrial
complex II) oxidizes succinate to fumarate and reduces FAD to FADH2 (Figure 2). This en-
zyme is known to have four subunits encoded by four separate genes (SDHA, SDHB, SDHC
and SDHD) and has no cytoplasmic isoform (Figure 2) [64,73]. Subunits A and B have
oxidative activity against succinate, while C and D reduce ubiquinone to ubiquinol [48,73].
In neuroblastoma pediatric patients, alterations in the SDHA and SDHB genes have been
found. It was observed that a 3-year-old patient diagnosed with primary neuroblastoma
carried the germline non-sense mutation in the SDHA gene, while a 5-year-old patient
from a Spanish family was diagnosed with carrying a germline deletion in SDHB [5,74].
Apart from neuroblastoma, family members carrying a genetic alteration in oxidizing
succinate dehydrogenase units A and B suffer from other cancers, such as pheochromocy-
toma, melanoma, renal cell carcinoma, gastric cancer, prostate cancer, breast cancer and
endometrial cancer [5,74]. Both mutations reduce succinate dehydrogenase activity [5,74].
The accumulated succinate works such as an onco-metabolite triggering a hypoxia-like
cell response [5,69,74]. Succinate can flux from mitochondria to cytoplasm via the dicar-
boxylate carrier [5,69,74]. Cytoplasmic succinate blocks hypoxia-inducible factor-1 propyl
hydroxylases [5,69,74]. Consequently, the hypoxia-inducible factor-1, instead of being
oxidized and transported to the proteasome, is transported to the cellular nucleus and acti-
vates the hypoxia response (including glycolysis, angiogenesis and extensive proliferation)
(Figure 2) [5,69,74].

Fumarase (fumarate hydratase) catalyzes the conversion of fumarate to malate
(Figure 2) [69]. Malate generation is an entry reaction for further steps in the tricarboxylic
acid cycle and also for the malate–aspartate shuttle (Figure 2). Therefore, the less active
fumarase mutant affects two biochemical energy production pathways [38,47,75–79]. A
mutation in the FH gene is known to promote renal cell tumorigenesis and also neuro-
encephalopathy and early death in childhood (FH deficiency syndrome) [80–83]. In clinical
practice, an autosomal recessive mutation in the FH gene (FH deficiency syndrome) causes
fumaric aciduria, seizures, hypotonia and developmental delay, while blood test results
may indicate leukopenia and neutropenia [80–83]. Contrary to deficiency syndrome,
smooth muscle tumors arise from heterozygous germ line FH mutations [80–84]. The FH
mutation reduces mitochondrial fumarase activity, while cytoplasmic fumarase activity
remains undetectable [85]. A lower fumarase activity leads to fumarate accumulation,
which, just as succinate accumulation, leads to hypoxia-induced factor 1 stabilization and
prioritizes glycolysis over the mitochondrial aerobic metabolism (Figure 2) [69]. Hypoxia-
like conditions and metabolic shifts into glycolysis have the same outcomes as described in
the SDH gene mutation (Figure 2) [5,69,74]. Moreover, the accumulation of fumarate leads
to its chemical binding with glutathione, forming oncometabolites [84,86].

6. Conclusions

In this review, we discussed different molecular tools by which neuroblastoma controls
energy metabolism in the microenvironment. We argued that NB derived exosomes support
the transformation of healthy cells into malignant cells. We opened this review with the
role of neuroblastoma-derived exosomes and closed it with known genetic mutations
affecting the tricarboxylic acid cycle leading to a metabolic shift in cancer cells. A growing
body of evidence has emerged indicating that energy metabolism determines the overall
neuroblastoma progression.
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