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Abstract 

Neuroblastoma (NB) is a malignant tumor in young children that originates from the neural crest of the sympathetic 
nervous system. Generally, NB occurs in the adrenal glands, but it can also affect the nerve tissues of the neck, chest, 
abdomen, and pelvis. Understanding the pathophysiology of NB and developing novel therapeutic approaches are 
critical. Noncoding RNAs (ncRNAs) are associated with crucial aspects of pathology, metastasis and drug resistance 
in NB. Here, we summarized the pretranscriptional, transcriptional and posttranscriptional regulatory mechanisms of 
ncRNAs involved in NB, especially focusing on regulatory pathways. Furthermore, ncRNAs with the potential to serve 
as biomarkers for risk stratification, drug resistance and therapeutic targets are also discussed, highlighting the clinical 
application of ncRNAs in NB.
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Introduction
Neuroblastoma (NB) is the most frequent extracranial 
solid malignant tumor in children, accounting for 6–10% 
of all malignancies in this age group [1–3]. NB origi-
nates from the neural ganglia of the sympathetic nerv-
ous system and  occurs in adrenal glands as well as the 
neurological tissue of the neck, chest, abdomen, and 
pelvis [4]. NB has a high degree of biological heteroge-
neity. The majority of low-risk NB patients regress spon-
taneously, whereas patients with the high-risk form only 
have a 50% survival rate despite intensive therapy [5]. 
Patients are classified into low-, medium-, and high-risk 
groups based on histological and biochemical charac-
teristics associated with NB, and classification schemes 

are continuously being developed based on new scien-
tific data [6]. In general, patients with NB in the low-risk 
group achieve a high overall survival rate through obser-
vation or surgical treatment. Patients with medium-risk 
disease are basically treated with chemotherapy and sur-
gery in clinical practice, which has attracted the atten-
tion of some researchers utilizing biological markers to 
help further reduce inappropriate treatment [4]. Patients 
with high-risk disease have poor survival; however, a 
multimodal treatment strategy comprising surgery, 
radiotherapy, high-dose chemotherapy, biotherapy and 
immunotherapy has been used to improve their survival 
rates [7]. Therefore, it is still crucial for researchers to 
help understand the pathogenesis of the disease, identify 
clinically significant markers and develop novel therapy 
strategies for patients diagnosed with NB.

Noncoding RNAs (ncRNAs) are a heterogeneous group 
of molecules that are basically divided into short ncR-
NAs (sncRNAs) and long ncRNAs (lncRNAs) based on 
a cut-off length of 200 bases. Among them, microRNAs 
(miRNAs), lncRNAs and circular RNAs (circRNAs) are 
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the best-known classes [8, 9]. The interaction between 
miRNA and mRNA generally depends on complemen-
tarity with the target gene transcript sequence [10]. 
LncRNAs can regulate gene expression at epigenetic, 
transcriptional and post transcriptional levels [11]. Cir-
cRNAs can bind to proteins competitively and act as 
miRNA decoys or protein scaffolds [12]. Many ncRNAs 
are dysregulated in NB, indicating that they play impor-
tant roles in disease development [13]. In this review, we 
primarily illustrate some of the molecular mechanisms 
of miRNAs, lncRNAs and circRNAs in NB; explore their 
roles as biomarkers; and provide some cases for targeted 
therapies. This information will shed new insight into NB 
diagnosis, risk stratification, drug targets and novel ther-
apeutic options.

NcRNAs involved in gene pretranscriptional regulation 
in NB
In NB, ncRNAs are engaged in pretranscriptional gene 
regulation, including chromatin assembly, histone modi-
fication, and DNA methylation (Fig.  1a). The state of 
chromatin is determined by apparent modifiers. Chro-
matin rich in activated histone modifications, such as 
trimethylation of lysine 4 on histone H3 protein subunit 
(H3K4me3) and histone acetylation, is in an open state, 
whereas chromatin rich in inhibitory histone modifica-
tions, such as trimethylation of lysine 27 on histone H3 
protein subunit (H3K27me3), is in a closed state [14, 

15]. It has been reported that the upregulation of miR-
137 in resveratrol-induced NB cell apoptosis leads to an 
imbalance in polycomb protein histone methyltrans-
ferase enhancer of zeste homolog 2 (EZH2) levels [16]. 
The traditional function of EZH2 as a histone methyl-
transferase to catalyse the modification of H3K27me3, 
thereby inhibiting the transcription of target genes [16, 
17]. Loss of EZH2 facilitates reduction of H3K27me3 lev-
els and activation of clusterin (CLU) and nerve growth 
factor receptor (NGFR), which are tumor suppressive 
genes in NB [16]. MiR-152 targets DNA methyltrans-
ferase 1 (DNMT1) to mediate DNA demethylation, 
contributing to the differentiation process induced by all-
trans-retinoic acid (ATRA) and leading to the activation 
of Nitric oxide synthase (NOS1), which is a key gene in 
the differentiation of nerve cells [18]. LncRNA NBAT-1 
controls the expression of target genes by interacting 
with EZH2. Loss of H3K27me3 from promoter regions 
of gene SRY-box transcription factor 9 (SOX9), versican 
(VCAN) and oncostatin M receptor (OSMR) leads to 
cell proliferation and invasion in NB [19]. The study also 
found that lncRNA MEG3 suppressed EZH2 expression 
by increasing its ubiquitination degradation. Reduced 
EZH2 expression inhibits the progression of NB by atten-
uating the H3K27me3 of many tumor suppressor genes 
[20]. LncRNA XIST downregulates Dickkopf-1 expres-
sion through histone methylation and promotes cell 
growth, invasion and migration in NB [21]. Interestingly, 

Fig. 1 Mechanisms by which ncRNAs regulate gene expression in NB. In the nucleus, ncRNAs are involved in histone modification and 
transcriptional regulation. In the cytoplasm, ncRNAs generally regulate mRNA stability and act as competitive endogenous RNAs
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a lncRNA called Dali interacts with DNMT1 and causes 
methylation silencing of the gene POU class 3 home-
obox  3 (Pou3f3), inhibiting its expression. Loss of Dali 
inhibits the differentiation of NB cells [22]. Knock-
down of lncRNA lncUSMycN resulted in a reduction in 
H3K4me3 at the MYCN opposite strand gene promoter 
[23]. The lncRNA Paupar is suggested to be a regulator 
of in vivo neurogenesis. By assembling a ribonucleopro-
tein complex, Paupar lncRNA promotes chromatin occu-
pancy and H3K9me3 of kinesin II associated protein 1 
(KAP1) [24].

NcRNAs involved in gene transcriptional regulation in NB
MiRNAs are well known for their regulatory role at the 
posttranscriptional stage. Some mature miRNAs in the 
nucleus, however, have been discovered to activate and 
silence genes at the transcriptional level [25]. Some lncR-
NAs can help regulate the transcriptional level of genes 
by influencing the transcription of adjacent coding genes 
and interacting with transcription factors [26].

For example, miR-373 relies on miRNA target sites in 
gene promoter regions to enhance the transcription of 
target genes [27]. In NB, miR-558 binds to the heparanase 
promoter through a promoter binding site to enhance its 
transcriptional activity and promote the transcription 
and protein expression of heparanase [28].

For lncRNAs, binding to proteins and transporting the 
complex to a specific target through direct or indirect 
interactions with DNA, regulating the gene expression of 
neighbouring or distant genes, is a key regulatory mecha-
nism (Fig.  1b). Both locally and distantly, the lncRNA 
Paupar regulates paired box 6 (Pax6) in a transcription-
dependent manner. Paupar enrichment around promoter 
binding sites can serve as a transcriptional regulator and 
function in trans [29]. LncRNA FOXD3-AS1 may play 
a role in inhibiting the poly (ADP-ribose) polymerase 
1 (PARP1)-mediated CCCTC-binding factor (CTCF) 
transcription complex by interacting with the domain of 
the PARP1 protein [30]. Bioinformatics analysis shows 
that lncRNA SNHG16 regulates cell proliferation in NB 
though the transcriptional pathway [31].

NcRNAs involved in gene posttranscriptional regulation 
in NB
Most miRNAs are associated with the process of gene 
posttranscriptional regulation. It can degrade target 
mRNA or inhibit its translation by pairing with target 
mRNA-specific bases, thus affecting the expression of 
target mRNA [32] (Fig. 1c). By regulating selective splic-
ing of mRNA precursors, acting as competing endog-
enouse RNAs (ceRNAs), or forming complexes with 
proteins and changing their localization, lncRNAs can 
play a role in gene posttranscriptional regulation  [33] 

(Fig.  1d). CircRNAs can also impact the expression of 
parental gene mRNA by interacting with RNA-binding 
proteins. In addition, during the formation of circRNAs, 
competitive complementary pairing between introns can 
affect mRNA expression and possibly protein translation.

miRNA-497 targets a tyrosine kinase modulator 
called WEE1 and promotes NB cell apoptosis [34]. By 
regulating the expression of matrix metalloproteinase-9 
(MMP9), miR-15a facilitates NB migration [35]. The 
stability of paired like homeobox  2B (PHOX2B) mRNA 
was decreased by miRNA-204 through 3’UTR-mediated 
downregulation in NB cell lines [36]. In addition, research 
has revealed that lncRNA SNHG1 can interact with the 
RNA binding protein matrin-3 (MATR3), and the lat-
ter might be associated with RNA splicing to promote 
the progression of NB [37]. MIAT has been reported as 
a subnuclear lncRNA that can interfere with alternative 
splicing and lead to an increased risk of nervous sys-
tem tumors [38]. The lncRNA MYCNOS-01 modulates 
MYCN expression through posttranscriptional regula-
tion, and the growth of MYCN-amplified NB cell lines 
is inhibited by reducing the expression of MYCNOS-01 
[39]. LncRNA NHEG1 binds to and stabilizes the DEAD-
box helicase 5 (DDX5) protein, leading to activation of 
β-catenin and enhancing the expression of target genes 
related to the progression of NB [40]. Interacting with 
miR-653-5p to act as a ceRNA, lncRNA SNHG7 regu-
lates signal transducer and activator of transcription 
2 (STAT2) expression levels in NB cells [41]. In addi-
tion, by targeting the miR-873/ GLI family zinc finger 1 
(GLI1) axis and miR-16-5p/ doublesex and mab-3 related 
transcription factor 2 (DMRT2) axis, circDGKB and 
circ-CUX1 promote the development of NB [42, 43]. Cir-
cAGO2 facilitates the transport of ELAV like RNA bind-
ing protein 1 (HuR) from the nucleus to the cytoplasm, 
thus restraining AGO2/miRNA-related gene silencing to 
promote NB occurrence and invasion [44].

NcRNAs involved in pathway regulation in NB
An increasing number of studies have demonstrated that 
the phosphoinositide 3-kinase (PI3K)/protein kinase B 
(AKT) pathway, P53 and transforming growth factor-β 
(TGF-β) signalling pathways play crucial roles in cancers, 
including NB [45–48]. Here, we summarized the ncRNAs 
currently found to participate in the development of NB 
by regulating these signalling pathways (Fig. 2).

PI3K signalling pathway
In primary NB, the PI3K/AKT pathway is often activated 
by serine or threonine phosphorylation and is associated 
with poor clinical outcomes [46]. MiRNA-184 inhibits 
the survival of NB cells by directly binding to the 3’UTR 
of AKT2 mRNA, which is the main downstream effector 
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of the PI3K pathway [49]. MiRNA-H4-5p promotes 
growth, metastasis and cycle progression in a NB cell line 
through the PI3K/AKT pathway mediated by p16 protein 
[50]. The lncRNA SNHG16 may participate in the regula-
tion of polo like kinase 4 (PLK4) expression by forming a 
sponge with miR-338-3p. In addition, in cisplatin-resist-
ant NB cell lines, SNHG16 may influence the activation 
of the PI3K/AKT signalling pathway [51]. Activated by 
the PI3K/AKT signalling pathway, lncRNA HOXD-AS1 
is associated with cell differentiation induced by retinoid 
acid [52].

TGF‑β signalling pathway
The TGF-β pathway is regulated by the cellular environ-
ment and its integration with other signalling pathways 
[53]. In cancer, this pathway is associated with the cell 
suppression of early tumors and the proliferation, inva-
siveness, angiogenesis and carcinogenesis of advanced 
tumors [54]. It was found that miR-17-92 is an effec-
tive TGF-β signalling inhibitor in NB. The activation of 
miR-17-92 not only directly inhibits TGF-β responsive 
genes but also downregulates multiple effectors along 
the TGF-β pathway [47]. MiRNA-335 targets and down-
regulates genes associated with TGF-β noncanonical sig-
nalling, including Rho associated coiled-coil containing 

protein kinase 1 (ROCK1) and mitogen-activated protein 
kinase 1 (MAPK1), thereby reducing the phosphorylation 
of the motor protein myosin light chain (MLC). MLC 
phosphorylation subsequently causes the remarkable 
inhibition of invasion and migration in NB cells [55].

P53 signalling pathway
As a tumor suppressor protein, p53 regulates the expres-
sion of many genes involved in growth and cell cycle 
inhibition, apoptosis, differentiation and acceleration of 
DNA repair [56]. Inactivation of the transcription fac-
tor p53 through direct mutation or genetic aberration is 
a hallmark of almost all tumors. Interestingly, TP53 gene 
mutation rarely occurs in NB, suggesting that inhibitors 
may be involved in the regulation of p53 activity [57, 
58]. MiR-380-5p represses the high levels of p53 expres-
sion, which is associated with poor prognosis in MYCN-
expanded NB [59]. miR-885-5P causes the accumulation 
of p53 protein, thus leading to the activation of the P53 
signalling pathway. Enforced expression of miR-885-5p 
resulted in the downregulation of cyclin-dependent 
kinase (CDK2) and mini-chromosome maintenance pro-
tein (MCM5), which could inhibit cell growth and induce 
senescence and apoptosis in NB cells [58]. To identify 
lncRNAs that are differentially expressed between tumor 

Fig. 2 General description of the signalling pathways in which ncRNAs are involved in NB. NcRNAs participate in cell proliferation, migration, 
invasion and apoptosis in NB by regulating these signalling pathways
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and adjacent tissues, Weitao Tang et al. found that highly 
expressed lncRNA HCN3, lncRNA linc01105 and down-
regulated lncRNA MEG3 probably play a significant role 
in NB through the mechanisms of p53 pathway members 
[48].

NcRNAs involved in the regulation 
of the epithelial‑to‑mesenchymal transition
Epithelial-to-mesenchymal transition (EMT) is closely 
related to the metastatic potential of tumors, which 
endows cancer cells with the ability of metastasis and 
invasion [60]. It has been well known that several sig-
nalling pathways play important roles in the regulation 
of EMT, including TGFβ, Wnt and PI3K/AKT pathways 
[61]. By targeting doublecortin like kinase 1 (DCLK1) 
mRNA, miR-424 inhibits invasion and EMT in NB cells 
[62]. During embryogenesis, the expression of the SOX 
family members (SOX 8, 9, and 10) and other factors 
induces the loss of E-cadherins and activation of MMPs 
to drive the mesenchymal transformation, and Wnt sig-
nalling further drives the differentiation of neural crest 
cells [7]. β-Catenin actives genes that act as transcription 
factors in the nucleus to drive the EMT. LncRNA pan-
cEts-1 binds to heterogeneous nuclear ribonucleoprotein 
K (hnRNPK) to promote interaction with β-catenin and 
accelerate the growth, metastasis and invasion of NB cells 
[63]. LncRNA MEG3 inhibits EMT through the mTOR 
signalling pathway, thereby inhibiting NB metastasis 
[64]. Another study showed that lncRNA SNHG7 and 

SNHG16 regulates EMT and promotes NB by interacting 
with miR-653-5P or miR-542-3p [41, 65].

NcRNAs as biomarkers in NB
The clinical features of NB are highly heterogeneous. 
Major treatments for NB include surgical resection, 
radiotherapy and immunotherapy [66]. Despite major 
advancements in patient treatment, high-risk NBs are 
still associated with a poor prognosis with a long-term 
survival rate of less than 50% [67]. Pediatric oncology 
continues to struggle with high-risk NB. However, low-
risk patients under the age of 18 months with favourable 
biology often regress without treatment. It is suggested 
that new methods for the early detection and prediction 
of high−/low-risk NB should be explored to improve 
treatment outcomes and reduce the possibility of over-
treatment [68]. Some studies have revealed that ncRNAs 
play a significant role in assessing NB risk stratification, 
prognosis and drug resistance (Fig. 3, Table 1). The dis-
covery of these markers plays a guiding role in custom-
izing more treatment modalities.

NcRNAs as risk‑classification biomarkers
Plausible neural network analysis (PNN) is an intelligent 
self-organizing neural network system that performs 
characteristic selection and can be utilized to predict the 
prognosis of patients based on cluster analysis. Ruey-
Jen Lin et  al. suggested that the multivariate pattern of 
15 biomarkers, including a 12-miRNA signature, can 
distinguish between short-term and long-term survival 

Fig. 3 NcRNAs as tumor biomarkers and their application. a Some ncRNAs identified as potential biomarkers for NB. b Further application of ncRNA 
biomarkers by detecting their expression in serum
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rates in patients with NB through PNN analysis [69]. 
Loss of chromosome 11q material is one of the criteria 
for risk stratification of NB and is often associated with 
poor clinical outcomes. Using miRNA expression pro-
filing, Patrick G. Buckley et  al. suggested that the 11q 
gene subgroup can be separated into two groups. These 
subgroups have significant differences in the clinical 
outcomes and overall frequency of segmental genomic 
imbalances, suggesting more subtle stratification prior to 
treatment [74]. In NB clinical samples, the downregula-
tion of miR-337-3p may be connected to advanced NB 
stages. Patients with high miR-337-3p levels may have a 
survival advantage [75]. Independent of clinical covari-
ates, miR-410 and miR-487b indicate predictive value for 
stratification, representing potential relapse biomarkers 
in favourable NB [70]. It was found that the expression 
of hsa-miR199a-3p, significantly upregulated in plasma 
exosomes of NB patients, was associated with high-risk 
NB [76].

In NB, lncRNA CAI2, which is located at 9p21, might 
contribute to abnormal p16 expression and is signifi-
cantly correlated with advanced disease and poor clini-
cal outcomes [71]. Hypermethylation of the lncRNA 
NBAT-1 promoter leads to low expression of NBAT-1 
in high-risk NB, which can serve as a risk factor to pre-
dict NB patients with different subtypes [19]. LncRNA 
MIAT was found to have tumor-promoting effects in NB 
cell lines and has the potential to serve as a biomarker 
for neuroblastoma [38]. LncRNA SNHG7 is involved in 
the development of NB through the miR-653-5p/STAT2 
pathway, and the upregulated SNHG7 is associated with 
poor survival of NB patients [41]. Yes1 associated tran-
scriptional regulator (YAP1) expression is regulated by 
the lncRNA DLX6-AS1, which interacts with miR-497-5p 

and is positively associated with advanced-stage NB [72]. 
LncRNA FOXD3-AS1 is a good prognostic marker for 
patients with NB through the mining of public microar-
ray datasets [30]. Several lncRNA polymorphisms have 
been discovered to predict the risk of NB, including 
lncRNA-uc003opf.1, which may be related to low NB risk 
[73].

Although circRNAs have not been shown to be risk-
classification markers for NB, circDGKB promotes NB 
development by targeting the miR-873/GLI1 axis, indi-
cating that it could be utilized as a new diagnostic marker 
for NB [42].

NcRNAs as drug resistance biomarkers
Apoptosis, cell growth-associated pathways and DNA 
damage repair have all been identified as mechanisms for 
acquired multidrug resistance in cancer cells [77]. MYCN 
transcription factors influence drug resistance in NB by 
modulating a number of genes, including those involved 
in drug outflow. Furthermore, the deletion of chromo-
some 11q is also related to the development of resistance 
to multiple drugs. Multidrug resistance is one of the most 
difficult challenges to overcome in the treatment of NB. 
Several studies have suggested that miRNA imbalances 
are also involved in drug resistance in NB, which enriches 
the mechanistic network of multidrug resistance in can-
cer [78–81]. miR-155 and miR-21 contribute to cisplatin 
drug resistance in a NB xenograft mouse model [78]. 
Exosmic miR-155 directly targets telomeric repeat bind-
ing factor 1 (TERF1), a telomerase inhibitor that impacts 
telomerase activity, which is associated with drug resist-
ance and poor prognosis in a variety of malignant can-
cers. In another study, by targeting miR-520f, neuronal 
apoptosis inhibitor protein produced drug resistance 

Table 1 NcRNAs as risk-classification biomarkers in NB

Biomarker Alter‑ation Study sample Mechanism Risk‑classification Ref

miR-29a + miR-30c + miR-
95 + miR-128a + miR-128b + miR-
137 + miR-138 + miR-148a + miR-
195 + age + Dicer+Drosha

– 66 primary NB specimens – Separate patients 
into four distinct 
patterns

[69]

miR-487b + miR-410 Down 227 patients staged from INSS – High risk [70]

hsa-miR199a-3p Up 17 NB specimens decreasing NEDD4 expression poor prognosis [67]

CAI2 Up 62 primary NB specimens Regulating P16 expression High risk [71]

FOXD3-AS1 – Dataset of 88 NB cases and 64 neuro-
blastic tumours with GEO accession

Repressing activation of CTCF favourable outcome [30]

NBAT-1 Down three low-risk and 12 high-risk 
tumours

Activation of NRSF/REST adverse outcome [19]

SNHG7 Up 92 pairs of NB specimens and adja-
cent non-tumour specimens

interact with miR-653-5p poor prognosis [41]

DLX6-AS1 Up 36 NB specimens interact with miR-107 advanced TNM stage [72]

lncRNA-uc003opf.1 – 275 patients and 531 controls decreasing LRFN2 expression decreased NB risk [73]
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through apoptosis inhibition in non-MYCN amplified 
tumor cells [79]. In a NB model cell line, B. Marengo 
et al. demonstrated that etoposide resistance is linked to 
miRNA-15a/16–1 downregulation [81].

MiRNAs are not only related to drug resistance but 
also connected to chemotherapeutic effects. miR-340 
inhibits SOX2 transcription factors directly by targeting 
their 3′-UTR [82]. This finding explains the mechanism 
by which ATRA downregulates SOX2, whereas the latter 
helps stem cell undifferentiation [83, 84]. By enhancing 
apoptosis, miR-204 remarkably improved the suscep-
tibility of NB cell lines to cisplatin [85]. Treatment with 
cisplatin led to a significant increase in apoptosis of 
MYCN-amplified tumor cells, indicating a synergistic 
effect between cisplatin and miR-497 and therefore sug-
gesting a potential neuroblastoma treatment [34].

However, most studies indicating miRNAs as NB bio-
markers had major limitations. For example, the drug-
resistant NB cell models were based on in vitro selection, 
or the studies had limited clinical cohort sizes and 
patient numbers. Indeed, a larger patient cohort consid-
ering patients with various known drug resistance fea-
tures might be used to assess the therapeutic utility of the 
hypothesized miRNA drug resistance biomarkers.

In recent years, several studies have reported lncR-
NAs as drug resistance markers of NB. Low expres-
sion of the lncRNA NBAT-1 generates NB resistance 
to genotoxic drugs by regulating the nuclear p53 path-
way [86]. Through the miR-144-3p/ histone deacetylase 
8 (HDAC8) axis, the lncRNA NORAD increases NB 
growth and adriamycin resistance [87]. In NB, silencing 
the lncRNA SNHG16 gene can help diminish cisplatin 
resistance and improve the antitumor activity of cispl-
atin [51]. Deletion of lncRNA SNHG7 enhances cisplatin 
sensitivity by modulating the miR-329-3p/myosin X axis 
[88].

To date, circRNAs have not been reported as drug 
resistance markers of NB. However, circRNAs play a sig-
nificant role in drug resistance in a variety of different 
malignancies. For example, circASAP1 overexpression 
enhances glioblastoma cell proliferation and resistance 
to decontazolamide [89]. Through autophagy activa-
tion controlled by miR-142-3p/rock2, circCUL2 might 
regulate the cisplatin sensitivity of gastric cancer [90]. 
CircUHRF1 might contribute to the resistance of anti-
PD1 immunotherapy by hepatocellular carcinoma cells, 
revealing a potential treatment strategy for patients with 
hepatocellular carcinoma [91].

NcRNAs as therapeutic targets in NB
General problems faced in NB treatment include poor 
therapy response and even resistance to classical chemo-
therapeutics. Furthermore, the therapeutic options for 

advanced NB are limited, and severe adverse effects are 
frequently reported. Deeper research on ncRNA mecha-
nisms in NB will contribute to the recognition of new tar-
gets for therapeutic intervention. Furthermore, treatment 
methods directly targeting or utilizing ncRNA molecules 
may help to improve NB treatment.

It is worth mentioning that MYCN is amplified in 
approximately 50% of high-risk NB and is closely associ-
ated with poor prognosis [92, 93]. Studies showed that 
amplification of MYCN promotes the development and 
progression of high-risk NB [5, 94]. Due to the compli-
cated structure of MYCN, it is difficult to be a direct 
therapeutic target [95]. However, a number of miRNAs 
have been found to directly target MYCN and inhibit NB 
cell proliferation, such as miRNA let-7e, miR-202, miR-
375 and miR-204 [96–98], suggesting that overexpression 
of these miRNAs may provide a novel therapeutic strat-
egy for MYCN-amplified NB.

RNA-based therapies, including RNAi technology, 
antisense oligonucleotides (ASO), and small molecule 
inhibitors have been developed [99–101]. The drug deliv-
ery strategies include liposomes, polymeric nanoparti-
cles, exosomes and expression vectors and so on (Fig. 4) 
Among them, nanoparticle-based treatments have gener-
ated increasing research interest as a promising alterna-
tive to traditional cancer treatment methods [102, 103]. 
Safe and effective nanocarriers that transport miR-34a 
and let-7b to NB cells can considerably reduce tumor 
growth in pseudometastatic models, cause cell death, and 
enhance the survival rate of mice in pseudometastatic 
models [104]. According to the study by Mohammad-
niaei M. et al., a multifunctional nanobiohybrid material 
composed of a newly developed RNA three-way junction 
structure in which one leg inhibits miRNA-17 and the 
other leg releases retinoic acid could completely differ-
entiate SH-SY5Y NB cells into neurons [105]. Engineered 
pH-sensitive and stable nanovesicles protect miRNAs 
from RNases. When injected intravenously, these nan-
ovesicles can be delivered to NB xenograft tumors, which 
can effectively deliver therapeutically active miRNAs 
and other small RNAs [106]. Delivery of natural killer 
cell (NK) -derived exosomes or nanoparticles to recover 
miR-186 levels in NB can resume the cell-killing abilities 
of NK cells and promote survival, revealing its potential 
therapeutic effects in NB [107]. As a receptor for differ-
ent molecules, such as hormones and growth factors, 
in a mouse orthotopic xenograft model, nanoparticles 
containing miR-34a coupled to a disialoganglioside GD2 
antibody were shown to improve tumor-specific deliv-
ery, resulting in a substantial reduction in tumor growth, 
increased apoptosis, and reduced angiogenesis [108].

In addition, conditional replication of oncolytic viruses 
is an attractive choice for the treatment of cancers 
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because viruses can replicate in proliferating tumor cells 
and destroy them, and they have the ability to induce 
an immune response to confront tumor cells. Oncolytic 
viruses show bright prospects for high-risk NB treat-
ment. Ramachandran M et al. constructed SFVmiRT by 
inserting the target sequences of miR124, miR125, and 
miR134 into the semliki Forest virus (SFV)-4 genome. 
SFVmiRT not only reduces the neurovirulence of SFV4 
in mice but also maintains its replication and oncolytic 
ability in NB [109].

Conclusion and discussion
With the development of sequencing technology, an 
increasing number of ncRNAs have been discovered 
to participate in the gene regulation network of tumo-
rigenesis, which has caused a significant change in our 
understanding of tumor formation and treatment. In 
NB, ncRNAs have been found to play a critical function 
in epigenetic and genetic regulation [25, 51]. In addition, 
ncRNAs have been shown to be related to NB-related 
clinicopathological parameters, such as survival, prog-
nosis and recurrence. Although circRNAs are related to 
various processes in a variety of cancers, there are rela-
tively few studies on circRNAs in NB. Notably, the role of 
ncRNA in tumor immunity can not be underestimated. 
Studies have shown that the recognition and clearance of 
tumor cells by immune cells also depend on the regula-
tion of ncRNAs [110], which deserves further research.

The ideal biomarker should have the characteristics 
of good stability, strong specificity and high sensitivity. 
NcRNAs either have significant tissue specificity or can 
be detected in serum or other body fluids. These charac-
teristics indicate that ncRNAs are suitable biomarkers for 
NB. In particular, the detection of ncRNAs in serum is 
particularly promising due to the advantages of a nonin-
vasive and convenient procedure. In addition, RNA mol-
ecules contained in exosomes, apoptotic bodies, and also 
have better research prospects given that these molecules 
are shielded from RNase in fluids. To date, ncRNA-based 
therapy has not been assessed in clinical trials in NB. 
However, many promising methods to regulate miRNAs 
at a therapeutic level are in the preclinical stage. Research 
on the utility of lncRNAs and circRNAs in NB therapy 
are lacking.

In summary, ncRNA studies have enriched the under-
standing of NB. However, information on the role and 
mechanism of ncRNAs in NB is only starting to appear. 
The application of ncRNAs in cancer treatment is a 
promising field. However, it faces many challenges, 
including reduction of toxicity, enhancement of efficient 
and accurate delivery. Further ncRNA-focused research 
and clinical practice will provide novel biomarkers and 
new treatment strategies for the clinical application of 
ncRNAs in NB.

Fig. 4 Principle of single-stranded oligonucleotides targeting miRNAs and lncRNAs. Single-stranded antisense oligonucleotides can induce miRNA 
degradation through the recognition and processing of the RNA-induced silencing complex (RISC). RNaseH and RISC can recognize and induce the 
degradation of lncRNAs. Several types of vectors allow oligonucleotides to penetrate into the cytoplasm; thus, a variety of drug delivery strategies, 
including lipoplexes, polymeric nanoparticles, exosomes, and expression vectors, can be used
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