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GI-NEN	� Gastrointestinal Neuroendocrine Neoplasm
LungNEN	� Lung Neuroendocrine Neoplasm
PanNEN	� Pancreatic Neuroendocrine Neoplasm.
SI-NEN	� Small Intestine Neuroendocrine Neoplasm
mTOR	� Mammalian Target Of Rapamycin
mRNA	� Messenger Ribonucleic Acid
TC	� Typical Carcinoid
AC	� Atypical Carcinoid
LCNEC	� Large Cell Neuroendocrine Carcinoma
SCLC	� Small Cell Lung Cancer
rRNA	� Ribosomal Ribonucleic Acid
tRNA	� Transfer Ribonucleic Acid
ncRNA	� Non Coding Ribonucleic Acid
TERC	� Telomerase RNA Component
aRNA	� Antisense RNA
PCR	� Polymerase Chain Reaction
snRNA	� Small Nuclear Ribonucleic Acid
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NET	� Neuroendocrine Tumor
NEC	� Neuroendocrine Carcinoma
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Abstract
Neuroendocrine neoplasms (NENs) comprise a highly heterogeneous group of tumors arising from the diffuse neuroendo-
crine system. NENs mainly originate in gastrointestinal, pancreatic, and pulmonary tissues, and despite being rare, show 
rising incidence. The molecular mechanisms underlying NEN development are still poorly understood, although recent 
studies are unveiling their genomic, epigenomic and transcriptomic landscapes. RNA was originally considered as an 
intermediary between DNA and protein. Today, compelling evidence underscores the regulatory relevance of RNA pro-
cessing, while new RNA molecules emerge with key functional roles in core cell processes. Indeed, correct functioning of 
the interrelated complementary processes comprising RNA biology, its processing, transport, and surveillance, is essential 
to ensure adequate cell homeostasis, and its misfunction is related to cancer at multiple levels. This review is focused 
on the dysregulation of RNA biology in NENs. In particular, we survey alterations in the splicing process and available 
information implicating the main RNA species and processes in NENs pathology, including their role as biomarkers, and 
their functionality and targetability. Understanding how NENs precisely (mis)behave requires a profound knowledge at 
every layer of their heterogeneity, to help improve NEN management. RNA biology provides a wide spectrum of previ-
ously unexplored processes and molecules that open new avenues for NEN detection, classification and treatment. The 
current molecular biology era is rapidly evolving to facilitate a detailed comprehension of cancer biology and is enabling 
the arrival of personalized, predictive and precision medicine to rare tumors like NENs.
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TMD	� Transmembrane Domain
miRNA	� Micro Ribonucleic Acid
lncRNA	� Long Non Coding Ribonucleic Acid
circRNA	� Circular Ribonucleic Acid
piwiRNA or piRNA	� PIWI-Interacting Ribonucleic 

Acid
snRNA	� Small Nuclear Ribonucleic Acid
snoRNAs	� Small Nucleolar Ribonucleic Acid
RNP	� Ribonucleoprotein

1  Introduction

Neuroendocrine neoplasms (NENs) are rare tumors that 
arise from cells of the diffuse neuroendocrine system, and 
their incidence is rising in the last decades [1, 2]. In the 
USA, the incidence rate went from 1.09 per 100,000 peo-
ple in 1973 to 6.98 per 100,000 in 2012, probably due to 
improved diagnostic methods, which enable a detection in 
earlier stages [3]. Also, the new attempts to classify NENs 
according to their grade and location have facilitated clini-
cians to improve their diagnoses. The most recent of these 
classifications was proposed by the International Agency for 
Research on Cancer (IARC) and World Health Organization 
(WHO), classifying NENs in different grades (G1 to G3) 
based on the Ki-67 index and the mitotic rate [4]. NENs 
may also be classified, according to their histological dif-
ferentiation, into well differentiated neuroendocrine tumors 
(NETs) and poorly-differentiated neuroendocrine carcino-
mas (NECs) [4].

NENs may be detected earlier if they are accompanied 
by any hormone overproduction due to their neuroendo-
crine nature, which can give rise to hormonal or metabolic 
syndromes or clinical conditions. This is the case for the 
carcinoid syndrome, caused by serotonin and histamine 
hypersecretion in gastrointestinal and lung NENs (GI-NENs 
and LungNENs, respectively); or different conditions caused 
by pancreatic hormones, like insulin, somatostatin, or gas-
trin in pancreatic NENs (PanNENs) [5, 6]. However, NENs 
are often difficult to diagnose due to the lack of precise 
biomarkers, chromogranin A and synaptophysin being the 
most common neuroendocrine biomarkers, but with limited 
sensitivity, specificity, and prognosis capacity [7]. The only 
curative treatment for NENs is surgery, whenever possible. 
Current medical treatments include somatostatin analogs, 
mTOR inhibitors, antiangiogenic/tyrosine kinase inhibi-
tors and the novel peptide receptor radionuclide therapy 
[8]. However, NENs treatment and clinical management are 
commonly complicated by their high heterogeneity, which 
is present at different layers (genetic, cellular, histopatho-
logical, anatomical, etc. [6]), and more diagnostic and ther-
apeutic biomarkers must be explored to better understand 

these pathologies [9]. Among the molecular layers of NEN 
heterogeneity, the best studied is the genomic landscape [10, 
11]. Indeed, along with the development of next generation 
sequencing, whole genomic studies have been deployed in 
different NEN types, which have enabled to refine the clas-
sification of various NENs according to their mutations and 
other genetic alterations. Specifically, mutations in certain 
genes have been observed with high frequency in NENs, 
like MEN1 or ATRX/DAXX in PanNENs, SMAD genes in 
SI-NENs, chromatin remodeling genes in pulmonary car-
cinoids or TP53 and RB1 for SCLC [12–16]. Nevertheless, 
an increasing number of publications have been recently 
focusing on transcriptomics in NENs, exploring not only the 
patterns of mRNA levels but exploring also different RNA 
molecules, which are commonly found to be dysregulated 
in tumors and cancer, in a reciprocal pathological interplay 
linked with genomic alterations [17].

In this review, we have focused on the dysregulations of 
RNA biology in the most common NEN types: PanNENs, 
GI-NENs, and small intestine NENs (SI-NENs), and the 
LungNENs, which comprise the well-differentiated NETs, 
i.e., typical (TC) and atypical carcinoids (AC), and the 
poorly-differentiated NECs, i.e., large-cell neuroendocrine 
carcinoma (LCNEC) and small cell lung cancer (SCLC). 
Other types of endocrine/neuroendocrine neoplasms like 
pheochromocytoma, paraganglioma, pituitary tumors, thy-
roid cancer, or Merkel cell carcinoma, have been typically 
considered separate entities from classic NENs and are not 
included in this review. Nevertheless, this topic has been 
insufficiently studied in those tumors, and thus, the knowl-
edge generated about their molecular landscape remain 
vastly unexplored, and therefore, deserve further attention.

2  RNA biology and surveillance

RNA was originally viewed as a passive intermediate 
between the coding information encased into the DNA, 
and its ultimate cellular effectors, proteins [18]. However, 
incessant research in the last decades fully overturned this 
simplistic concept, as many other RNA molecules have 
been discovered, which have their own function without 
necessarily been translated into proteins, while multiple 
regulatory roles were deciphered for known and new RNA-
related molecules and processes. Indeed, in recent decades 
many different RNA molecules and their functions have 
been described, besides classic coding messenger RNAs 
(mRNAs), and non-coding ribosomal RNA (rRNA) and 
transfer RNA (tRNA). These novel RNA types are also 
non-coding RNAs (ncRNA), which have important roles in 
gene expression regulation [19], modifying gene expression 
and cell signaling through the interaction with mRNAs, and 
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thereby regulating transcription, RNA processing or trans-
lation. Moreover, they are able to form fully functional 
complexes with proteins [20], and can be involved in many 
complex processes, such as splicing and processing other 
RNAs or even the maintenance of genome stability [21] 
(Fig. 1).

The term RNA surveillance refers to a growing set of 
processes and mechanisms involved in ensuring the fidelity 
of RNA production and quality to RNA molecules. These 
mechanisms act at various steps of the RNA biogenesis 
pathway to detect and degrade transcripts that have not 
been properly processed [22]. RNA molecules are finely 
surveyed and refined at various steps and through different 
procedures, which include capping in 5’, splicing, 3’ end 
formation and nuclear export, while being in a kinetic com-
petition with decay targeting machineries, like nonsense, 
nonstop or no-go mediated decays or RNA exosome [23]. 
In these macromolecular-guided processes, correct RNA-
protein and protein-protein interactions need to be ensured 
and meticulous regulation is necessarily required [24]. In 

this sense, machineries like the exon-junction complex 
(EJC) interacts with RNA processing or decays complexes 
to ensure correct RNA maturation [25].

In this scenario, the discovery of many “new” RNA mol-
ecules, which could not be detected before, arose with the 
arrival of deep sequencing technologies [26]. This RNA 
biology field was soon directly connected with the study of 
disease development, and particularly with cancer. Indeed, 
an emerging number and variety of RNA molecules have 
been demonstrated to be dysregulated in tumor cells, con-
ferring malignant properties related to core cell functions: 
proliferation, migration, metastasis, apoptosis, etc. [27, 28]. 
Transcriptomics studies uncovered the first dysregulations 
in RNA biology in tumoral pathologies and remain critically 
important and informative on RNA expression changes. 
In NENs, numerous transcriptomic studies have identi-
fied differentially expressed genes potentially related to 
tumorigenesis [29–31], while allowing to stratify NENs in 
new molecular subgroups, which may help to better under-
stand their heterogeneity [32]. Moreover, efforts have been 

Fig. 1  Schematic illustration 
summarizing the main players 
comprising the biology of RNA. 
The four major fields involved in 
the regulation of RNA function 
and metabolism are shown: Pro-
tein Synthesis; RNA Catalysis; 
Gene expression regulation; 
and RNA processing. mRNA: 
messenger RNA, tRNA: transfer 
RNA, piRNA: PIWI-Interacting 
RNA, rRNA: ribosomal RNA, 
TERC: telomerase RNA com-
ponent, snRNA: small nuclear 
RNA, siRNA: small interfer-
ence RNA, miRNA: microRNA, 
aRNA: antisense RNA, lncRNA: 
long non coding RNA, circRNA: 
circular RNA, snoRNA: small 
nucleolar RNA
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factors (i.e., NOVA1, PRPF8, RAVER1, SRSF5 and SNW1) 
associated with clinical parameters [39]. Moreover, in vitro 
and in vivo studies in PanNENs cell lines unveiled the abil-
ity of NOVA1 to modulate proliferation and senescence by 
altering critical signaling pathways and splicing mecha-
nisms. Most importantly, NOVA1 could also influence the 
response to current pharmacological treatments (e.g., evero-
limus), suggesting that it may provide a promising candi-
date to develop novel biomarkers and therapeutic targets in 
PanNENs [39].

In SCLC cells, knockdown of the splicing factor SRRM4 
led to cell death in vitro and suppressed tumor growth in 
SCLC mouse models, decreasing serum miR-4516 levels, 
which is upregulated in SCLC patients [40]. Also in SCLC, 
the splicing factor RBM10 has been related with major 
processes associated to cell proliferation and transforma-
tion, through a mechanism involving yet another splicing 
factor, RBM5, known to possess tumor suppressor proper-
ties, which seems to regulate RBM10 expression postran-
scriptionally, interacting with RBM10 splice variants [41]. 
In chemoresistant SCLC cells, the splicing factor ESRP1 
is downregulated, which changes alternative splicing pat-
tern of the arginine methyltransferase CARM1, and, in turn, 
activates TGF-β/Smad pathway and induces epithelial to 
mesenchymal transition [42]. Likewise, NUDT21 is also 
downregulated in SCLC cells, where it may alter the expres-
sion of two isoforms of GLS1, giving rise to an altered glu-
tamine metabolism [43].

Defects in alternative splicing commonly lead to the gen-
esis of splicing variants that can exert oncogenic functions. 
This is the case of the aberrant splicing variants of the G pro-
tein coupled, 7-transmembrane domain (TMD) somatosta-
tin receptor subtype 5, SST5, which encodes two truncated 
receptors that only conserve 4 and 5 TMD and are conse-
quently termed SST5TMD4 and SST5TMD5, respectively 
[44]. These two receptors, particularly SST5TMD4, have 
been reported to enhance oncogenic and aggressiveness 
features in various endocrine and neuroendocrine tumors 
and hormone-related cancers [45–51], and are also overex-
pressed in PanNENs tissue, where SST5TMD4 expression 
is associated with malignant characteristics and confers 
oncogenic properties to PanNEN cell models [52]. In line 
with this, a splice variant of CCK2R gene, which diminishes 
CCK2R membrane density and activity, is expressed in insu-
linomas [53]. Also, a splice variant of the fusion transcript 
INS-IGF2 is known to be expressed in insulinomas, while it 
is not expressed in normal pancreatic tissue [54]. Actinin-4 
splice variant (Actn-4sv) is also expressed in PanNENs, 
but not in normal islets cells. This splice variant is more 
expressed in low-grade tumors and positively correlated 
with survival of patients [55]. Splicing variant of the Recep-
tor for Hyaluronic Acid-Mediated Motility (RHAMMB), 

made to apply these discoveries to improve NEN diagnosis 
and prediction prognosis through specific tests such as the 
NETest [33], a gene expression assay developed to diagnose 
NENs based on PCR of blood-isolated RNA samples, which 
has evolved and is being tested to improve diagnosis and 
detect residual disease in NENs [34, 35]. However, much 
remains to be known about the different types of RNA spe-
cies and RNA-related biological processes in NENs. Thus, 
we will summarize the available evidence and reflect on the 
future of RNA biology in these heterogeneous tumors.

2.1  Alternative splicing and NENs

In eukaryotes, the generation of mature RNA molecules 
from their DNA templates requires a pivotal step known 
as splicing (Fig.  2), whereby non-required segments con-
tained in the sequence of the pre-mature RNA, or introns, 
are removed, while the remaining segments, or introns, are 
bound together. This process of maturation enables RNA to 
perform its function and is carried out by the spliceosome, 
a macromolecular ribozyme complex comprised by a set 
of small nuclear RNAs (snRNAs) bound to their proteins 
forming a discrete core of ribonucleoproteins, in association 
to a numerous group of ancillary proteins which are known 
to interact with the splicing machinery during the process: 
the splicing factors. As previously reviewed, these splicing 
factors can also exert other biological functions related with 
RNA biology [36]. In fact, splicing is a highly complex pro-
cess, as 95% of human genes undergo alternative splicing, 
which, from a single gene, can give rise to various, distinct 
mature RNAs and subsequently, in the case of mRNA, dif-
ferent proteins. As a result, alternative splicing increases the 
complexity and enhances the versatility of the transcriptome 
and the proteome of each cell without increasing the size of 
the genome, as described in detail in a recent review, which 
highlights the importance of RNA alternative splicing in the 
physiology of animal organisms, and how this may offer 
multiple opportunities when this process is altered in dif-
ferent diseases [37]. However, this complicated process 
requires a fine regulation, and its failures have been associ-
ated to several diseases, including cancer [38].

In NENs, alternative splicing and its dysregulation are 
still scarcely explored but new evidence is arising. Failures 
of this system may be due to mutations or dysregulations in 
some of the components of the splicing machinery. Recently, 
a targeted transcriptomic analysis of the core splicing 
machinery (i.e., 17 spliceosome elements and 27 selected 
splicing factors) in PanNENs demonstrated a profound dys-
regulation of the main components of this complex system. 
Specifically, half of the components studied were upregu-
lated in tumor tissue as compared to non-tumoral adjacent 
tissue, being some key spliceosome elements and splicing 
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Interestingly, the full phosphoprotein DARPP-32 and its 
truncated isoform, t-DARPP, are expressed in SCLC tissue 
(but not in normal lung), where they promote tumor growth 
by increasing Akt/Erk and decreasing anti-apoptotic signal-
ing [58].

These results illustrate the emerging evidence support-
ing the dysregulation of alternative splicing, its machinery 

which is highly expressed in PanNENs, has been used to 
specifically deliver a small interfering RNA against another 
splicing variant related with apoptosis inhibition: Bcl-xL, 
which may be used as a novel therapy in PanNENs [56]. 
In SCLC tissue, when the glycoprotein NCAM, which has 
several splicing variants, expresses its exon-18-variant, it 
could have certain diagnostic potential for this disease [57]. 

Fig. 2  Schematic representa-
tion of the splicing process. On 
top, the spliceosome assembly 
is represented, showing all the 
intermediate macrocomplexes 
that are formed during the splic-
ing process since the spliceosome 
joins the RNA molecule until it 
is spliced. Below, the two steps 
catalyzed by the spliceosome 
are represented. At the bottom, a 
scheme with the different patterns 
of alternative splicing is shown
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Comparative studies were also performed among differ-
ent types of NENs, such as PanNENs and SI-NENs, which 
can be distinguished measuring the expression of a lim-
ited set of miRNAs, being miR-375 and its cluster highly 
expressed in both types of NENs [62]. Other comparative 
studies have demonstrated that SI-NENs and pulmonary 
carcinoids share similar miRNAs profiles, which may sug-
gest a common histological origin. In striking contrast, 
miRNA profiles of SCLC and pulmonary carcinoids are 
clearly different, despite both pathologies originating in the 
same organ [124]. In fact, the expression of a set of 8 miR-
NAs in cytologic samples was able to effectively distinguish 
among four types of lung neoplasms, including the SCLC 
and pulmonary carcinoids [125]. Other studies showed that 
specific miRNAs such as miR-21 and miR-155 have higher 
expressions in SCLC and LCNEC than in pulmonary car-
cinoids [80]. Also, miR-21/miR-375 ratio is known to be 
lower in TC and AC than in SCLC and LCNEC [78].

The potential use of miRNAs as biomarkers for diagnosis 
or prognosis has led to systematically test the putative asso-
ciations of miRNAs aberrantly expressed in tumors with 
clinical parameters. In PanNENs, some miRNAs, like miR-
642, were found to be differentially expressed according 
to tumor stage or Ki-67 index, suggesting their value as an 
indicator of aggressiveness of the neoplasm [63]; miR-196a, 
associated with tumor stage, Ki-67 score and mitotic count 
[64]; and miR-21, miR-10a and miR-106b showed higher 
expression in proliferative neoplasms compared to grade 
1 tumors, the highest expression being associated to worst 
overall survival [65]. As well, miR-449a may play a key 
role in PanNEN proliferation and could be a putative prog-
nostic factor for poor survival [66]. Moreover, some miR-
NAs may have differential expression in metastatic tumors, 
such as miR-210, or miR-3653 which were found to interact 
with ATRX, a chromatin remodeling gene and one of the 
most frequently mutated genes in PanNENs [63, 67]. Simi-
larly, miR-431 was overexpressed in metastatic PanNENs, 
activating Ras/Erk signaling and promoting epithelial-mes-
enchymal transition both in vitro and in vivo [68].

In SI-NENs, miR-96 expression was higher in liver 
metastasis than in primary neoplasms, while miR-133a dis-
played a lower expression in metastasis [81]. miR-885-5p 
was upregulated in tumors with lymphovascular invasion 
as compared to those without it [83]. Other miRNAs were 
reported to be upregulated in metastatic tumors compared to 
primary (miR-183, -488, -19a and -19b), while some miR-
NAs were downregulated in metastatic tumors (miR-133a, 
-145, -146, -222 and -10b) [82]. In LungNENs, miR-29 
family expression decreased as tumor grade increased when 
comparing carcinoids, LCNEC and SCLC [85]. Also, high 
expression of miR-100 was associated with aggressiveness 
features in pulmonary carcinoids [86]. When comparing 

and its resulting products, in PanNENs and SCLC, as well 
as their pathological implications. Thus, further research is 
warranted to elucidate in detail how alternative splicing is 
altered in NENs, especially in GI-NENs and other Lung-
NENs, how it contributes to the pathology, and to ascertain 
its potential as a new pharmacological target. On the other 
hand, other processes and machineries regulating RNA biol-
ogy, from nonsense mediated decay to the RNA exosome 
complex [38] have not been explored in NENs to date as 
they have been studied in other types of cancer and deserve 
growing attention.

3  RNA species and NENs

Advances in RNA sequencing in the last decades have 
enabled the discovery of novel RNA molecules, which have 
been subsequently linked to various diseases, particularly 
cancer. These RNA species include microRNAs (miRNA), 
long non-coding (lncRNAs), circular (circRNA), PIWI-
interacting (piRNA), small nuclear (snRNA), and other 
less known or abundant RNAs. The importance of different 
aspects of RNA biology and these RNA species in cancer 
has been previously reviewed in detail [59–61]. However, 
the relatively low incidence, diversity and heterogeneity 
of NENs often preclude their inclusion in general reviews 
on cancer and its related molecular mechanisms. Neverthe-
less, a growing body of evidence indicate that some of these 
RNA species can be implicated in NENs malignancy and 
that they could represent useful biomarkers in the manage-
ment of these tumors. In this section, we will review the 
most relevant publications in this emerging field (Table 1).

3.1  MicroRNAs and NENs

MicroRNAs or miRNAs are short non-coding RNA mol-
ecules that target other RNAs, mainly in their 3’ region. 
These miRNAs regulate RNA expression through comple-
mentary binding and causing destabilization, degradation 
or even impeding translation. They are involved in many 
important cell functions and are frequently dysregulated 
under pathological conditions [122]. In fact, some studies 
have attempted to classify different types of NENs accord-
ing to their miRNA expression profiles. Specifically, in Pan-
NENs, a selected set of 30 differentially expressed miRNA 
has been used as a signature to classify patients in relation to 
tumor differentiation state [123]. In other study, miRNA sig-
natures were able to distinguish between PanNENs tumoral 
and healthy tissue [63]. Moreover, the use of next genera-
tion sequencing unveiled miR-328 as a marker to specifi-
cally discriminate low from intermediate grade PanNENs 
[62].
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RNA type RNA Pathology
miRNA miR-328 PanNENs [62]

miR-642 PanNENs [63]
miR-196a PanNENs [64]
miR-10a, miR-106b PanNENs [65]
miR-449a PanNENs [66]
miR-210 PanNENs [63]
miR-3653 PanNENs [67]
miR-431 PanNENs [68]
miR-7-2-3p PanNENs [69]
miR-24-1 PanNENs [70]
miR-144/451 PanNENs [71]
miR-137, miR-23b, miRNA-130/301 PanNENs [72]
miR-30a-3p PanNENs [73]
miR-203a PanNENs [74]
miR-224 PanNENs [75]
miR-214 PanNENs [76]
miR-193-b PanNENs [63]
miR-93 PanNENs and SiNENs [77]
miR-375 PanNENs, SINENS [62]

TC, AC [55, 78, 79]
miR-21 PanNENs [65]

SCLC, LCNEC, TC, AC [78, 80]
miR-96 SI-NENs [81]
miR-133a SI-NENs [81, 82]
miR-885-5p SI-NENs [83]
miR183, miR-488, miR-19a, miR-19b, miR-145, miR-146, miR-222, miR-10b SI-NENs [82]
miR-125b-5p, miR-362-5p, miR-425-5p, miR-500a-5p SI-NENs [84]
miR-4516 SCLC [40]
miR-155 SCLC, LCNEC, TC, AC [80]
miR-29 SCLC, LCNEC, TC, AC [85]
miR-100 TC, AC [86]
miR-129-5p, miR-409-3p, miR-409-5p, miR-185, miR-497, miR-431-5p TC, AC [87]
hsa-let-7f-5p AC [88]
miR-518d-5p SCLC [89]
miR-886-3p SCLC [90]
miR-26b SCLC [91]
miR-485-5p SCLC [92]
miR-7-5p SCLC [93]
miR-22-3p SCLC [94]
miR-30a-5p SCLC [95]

Table 1  Different types of RNA species involved in NENs pathology
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malignant processes such as cell proliferation, like the miR-
144/451 cluster, which were shown to promote beta cell 
proliferation activating AKT pathway [71]. miR-137, miR-
23b cluster, and miR-130/301 are also upregulated in Pan-
NENs and act stimulating tumor growth and local invasion, 
enabling metastasis or evading apoptosis. By combining 
an elegant set of biocomputational and functional meth-
ods, including a genetically engineered mouse model, these 
miRNAs were shown to interact, respectively, with tumor 
suppressor Sorl1; metastatic suppressors Acvr1c/ALK7 
and Robo2 and P2ry1; and Activin B [72]. miR-30a-3p is 
known to act in PanNENs by binding the tumor suppressor 
p27 mRNA and repressing its translation, competing with 
a p27 effector, the RNA binding protein HuD [73]. HuD is 
also known to bind INSM1 mRNA negatively regulating 
its expression in cooperation with miR-203a in an insuli-
noma cell line [74]. In SCLC, bioinformatic approaches 
also suggest that certain miRNAs could contribute to the 
dysregulation of pathways conveying malignancy features 
by acting on specific mRNA hubs [126]. In atypical carci-
noids, hsa-let-7f-5p is overexpressed, showing an inverse 
correlation with its predicted target, HMGA2 [88]. In pul-
monary carcinoids, miR-375 is highly expressed, which 
seems to downregulate YAP expression, inducing neuroen-
docrine differentiation and cell proliferation [79]. In SCLC, 

both types of pulmonary carcinoids, several miRNAs were 
found to be upregulated in less aggressive typical carcinoids 
comparing with atypical ones (miR-129-5p, -409-3p, -409-
5p, -185 and -497). Also, in both carcinoids, miR-409-3p, 
miR-409-5p and miR-431-5p were found downregulated 
when lymph node invasion was present [87]. Moreover, 
miR-21 expression in pulmonary carcinoids with lymph 
node invasion was also higher than in those without lymph 
node invasion [80].

3.1.1  miRNA function and emerging mechanistic 
understanding in NENs

Different studies have aimed to explore how the dysregu-
lation of miRNAs affects NEN cells. An integrative study 
examining the interaction between miRNAs and mRNAs 
in PanNENs showed 28 miRNAs that were differentially 
expressed and were linked to different mRNAs [69], being 
miR-7-2-3p the miRNA most linked to other genes. Inter-
estingly, in the PanNEN cell line BON-1, Menin, which is 
encoded by MEN1, the primary mutated gene in multiple 
endocrine neoplasia type 1 syndrome, was found to bind to 
pri-miR-24-1, facilitating its processing to miR-24-1, which, 
in turn, simultaneously acts as a positive regulator of MEN1 
mRNA stability [70]. Some miRNAs are known to stimulate 

RNA type RNA Pathology
LncRNAs PVT1 PanNENs [96]

XLOC_221242 PanNENs [97]
MALAT1 PanNENs [98]
lncNEN885 PanNENs [99]
H19 PanNENs [100]
SSTR5-AS1 PanNENs [101]
HNF1A-AS1 PanNENs, SI-NENs [102]
HOTAIR PanNENs [96, 98]

PanNENs, SI-NENs [103]
SCLC [104, 105]

MEG3 PanNENs [106–108]
SCLC [105]

HOTTIP SCLC [109–111]
LINC00173 SCLC [112]
LUADT1 SCLC [113]
PPIAP43 SCLC [114]
SBF2-AS1 SCLC [115]
BLACAT1 SCLC [116]
CASC11 SCLC [117]
LNCNEF SCLC [118]
KCNQ1OT1 SCLC [119]
PCA3 SCLC [105]

Other non-coding RNAs SNORD61,
SNORD95 (snoRNAs)

PanNENs,
Ileal NETs [77]

cESRP1 (circRNA) SCLC [120]
FLI1 (circRNA) SCLC [121]

Table 1  (continued) 
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upregulated in serum of SI-NENs patients. miR-125b-5p 
and miR-362-5p remained upregulated one month, and one 
year after surgery, respectively, in those patients with resid-
ual disease and/or recurrent disease [84]. Two plasmatic 
microRNAs panels were developed with high potential in 
the diagnosis of lung cancer, and which could discriminate 
between SCLC and non small-cell lung carcinoma [129].

In summary, miRNAs may be used to stratify NENs and 
their stability in plasma makes them good minimally inva-
sive biomarkers. Moreover, recent evidence indicate that 
miRNAs are involved in diverse malignancy processes in 
NENs, and suggest that they could become actionable thera-
peutic targets. Nevertheless, further research and solid clini-
cal evidence, including prospective studies, are still required 
for the use of miRNAs to arrive to NENs management.

3.2  LncRNAs and NENs

Long non-coding RNAs (lncRNAs) are a class of transcripts 
that were discovered more recently than miRNAs but have 
been also rapidly linked to disease and, particularly, to can-
cer. These are RNA molecules with more than 200 nucle-
otides in length that do not normally code into proteins. 
LncRNAs mainly act regulating gene expression of other 
RNAs, which may be coding or non-coding [130].

LncRNAs can interact with miRNAs regulating their 
function, usually acting as miRNA sponges. In SCLC, this 
phenomenon was well studied, as is the case HOTTIP, a 
lncRNA overexpressed in SCLC samples, where it corre-
lates with tumor stage and shorter overall survival. HOTTIP 
works as a miR-574-5p sponge, regulating the expres-
sion of histone methylase EZH1 [109] and also regulating 
epithelial-mesenchymal transition [110]. HOTTIP may 
also sponge miR-216a, thus increasing the expression of 
the antiapoptotic protein BCL2 and enhancing chemore-
sistance, as miR-216a is correlated with good prognosis 
and suppresses chemoresistance [111]. The knockdown 
of HOTTIP itself in a mouse model of SCLC resulted in 
an inhibition of tumor growth in vivo [109]. LINC00173 
is also highly expressed in SCLC, promoting chemoresis-
tance, proliferation, migration, and invasion in vitro and in 
vivo. LINC00173 upregulates BMX sponging miR-218 and 
thereby acting as a competitive endogenous RNA (ceRNA) 
[112]. LncRNA LUADT1 was also overexpressed in SCLC 
cells, and it sponged miR-15a-3p, upregulating TWIST1 
transcription factor, and thereby promoting cell invasion 
and migration [113]. Another example is lncRNA PPIAP43, 
a pseudogene from PPIA, which displayed an increase in its 
expression in SCLC cell lines after radiation exposure and 
may act as a sponge for miRNAs that bind PPIA, increas-
ing its expression. Overexpression of PPIA, however, was 
associated with cancer progression [114].

miR-518d-5p is known to be a negative regulator of DLL3 
mediated cell proliferation and migration [89].

Changes in cell function induced by specific miRNAs 
provide novel therapeutic opportunities, in that altering miR-
NAs expression can impart antitumoral properties. In the 
PanNEN BON-1 cell line, expression of miR-224 promotes 
silencing of PCSK9, an effective regulator of low-density 
lipoprotein cholesterol, thereby decreasing cell prolifera-
tion and invasion and promoting apoptosis [75]. Moreover, 
in a PanNEN mouse model, anti-miR-214 drugs impairs 
tumor growth and metastasis [76]. In LungNENs, the over-
expression of miR-886-3p inhibits SCLC cell proliferation, 
migration and colony formation and induce mesenchymal-
epithelial transition by suppressing TGF-β1 synthesis in 
vitro and in vivo [90]. Likewise, overexpression of miR-26b 
in SCLC cell lines may inhibit proliferation, colony forma-
tion and migration, inducing apoptosis, probably acting by 
suppression of MCL1 [91]. Furthermore, miR-485-5p over-
expression in SCLC cell lines, which was downregulated in 
SCLC tissue, decreased proliferation, migration, and inva-
sion, possibly through FLOT2 reduction [92].

Interestingly, miRNAs may not only comprise direct 
actionable targets but could also be altered by and be 
involved in the response of other treatments and even in 
the development of resistance. Thus, in SI-NENs, soma-
tostatin analogs therapy alters miRNA expression profile, 
which can be one of the mechanisms of response of tumor 
cells to this treatment [127]. In lung carcinoids, high miR-
100 expression was associated with aggressiveness features 
and showed an inverse correlation with mTOR expression, 
while miR-100 inhibition in vitro increased the sensitivity 
to mTOR targeted treatments [86]. In SCLC, miR-7-5p, 
which regulates the expression of poly ADP-ribose poly-
merase 1, PARP1, was downregulated in chemoresistant 
cells. Particularly, miR-7-5p evoked suppressive effects on 
homologous recombination repair and thus, it might be used 
to avoid chemoresistance in patients [93]. Similarly, miR-
22-3p, a negative regulator of WRNIP1, a gene associated 
with DNA damage repair, enhanced SCLC radiosensitivity 
and its expression in tumors was proposed to be evaluated 
in patients that are going to receive radiotherapy [94]. Also, 
miR-30a-5p negatively regulates BECN1, and thereby sen-
sitizes drug resistant SCLC cells to chemotherapy [95].

miRNAs could be also envisaged as non-invasive bio-
markers. In this sense, miR-193-b, which was upregulated 
in neoplastic tissue, was found to be upregulated also in 
PanNEN patients serum [63]. Moreover, exosomal secreted 
miRNAs were found to be differentially expressed among 
different pancreatic lesions, showing different miRNA sig-
natures that discriminate PanNENs from chronic pancreati-
tis or from pancreatic adenocarcinoma [128]. Four miRNAs 
(miR-125b-5p, -362-5p, -425-5p and -500a-5p) were also 
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propose it as a potential metastasis biomarker [99]. In Pan-
NENs patients, high expression of the lncRNA H19 was 
associated with poorer survival, while in vitro overexpres-
sion promoted tumor cell growth and metastasis features, 
through a mechanism likely involving VGF nerve growth 
factor inducible and activation of PI3K/AKT/CREB signal-
ing [100]. Similarly to MEG3 in PanNETs, in SCLC the 
lncRNA HOTAIR regulates H3K27me3 methylation, which 
in turn induced multidrug resistance, possibly acting in a 
feedback mechanism, as a negative regulator of HOTAIR 
[104].

LncRNAs may also be used as non-invasive biomark-
ers as they can be secreted to circulation. Thus, lncRNA 
CASC11 expression was upregulated in SCLC patients’ 
serum, in association to TGF-β1 expression, which is stimu-
lated by CASC11, increasing cancer cell stemness in SCLC 
[117]. In contrast, LNCNEF was downregulated in SCLC 
patients and its expression in plasma was associated with 
distant tumor metastasis [118].

Hence, available evidence clearly supports that the 
expression of numerous lncRNAs is altered in NENs, and 
evidence is also growing that modification of their expres-
sion may entail therapeutic benefits. Indeed, in PanNENs 
cells, overexpression of MEG3 in vitro decreased cell pro-
liferation and invasion by decreasing miR-183 [107]. Like-
wise, overexpression of HNF1A-AS1 also had antitumor 
properties in gastroenteropancreatic NENs models in vitro 
and in vivo [102]. A natural antisense of somatostatin recep-
tor subtype 5, SSTR5-AS1 has recently been reported to be 
upregulated in PanNEN tissue (as compared to non-tumoral 
adjacent tissue) where its levels were directly and strongly 
associated with SSTR5 expression in both tumor and non-
tumor tissue. Moreover, in vitro assays revealed that SSTR5-
AS1 influences both SSTR5 and its own expression, while 
its silencing enhances NEN cell aggressiveness features, 
including proliferation, migration, and colony formation, 
and, most importantly, influences the modest response of 
PanNEN cells to the SST5-preferring somatostatin ana-
log pasireotide [101]. LncRNA KCNQ1OT1 was highly 
expressed in SCLC chemoresistant cells and its knock-
down inhibited cell malignancy parameters in vitro through 
the activation of JAK2/STAT3 pathway [119]. LncRNAs 
HOTAIR, MEG3 and PCA3 displayed higher expression 
in SCLC than in other LungNENs, and knocking-down 
MEG3 and PCA3 decreased cell proliferation in SCLC cell 
lines [105]. Also, the in vitro overexpression of LNCNEF 
resulted in a reduction in migration and invasion capacities 
of the SCLC cells, probably mediated by TGF-β1 down-
regulation [118].

Therefore, although lncRNAs are still less well studied 
than miRNAs in NENs, probably due to their more recent 
discovery, there is solid evidence that these RNA molecules 

LncRNAs have been widely studied since the emergence 
of high-throughput sequencing technologies, being also 
considered as disease biomarkers. Indeed, single nucleotide 
polymorphisms (SNPs) were found through whole genome 
sequencing in the lncRNAs PVT1 and HOTAIR genes. These 
SNPs were overrepresented in PanNENs patients, suggest-
ing a role in the development of the disease [96]. In a recent 
integrative next-generation study, a lncRNA-ceRNAs net-
work was built to find new biomarkers which could be used 
in SCLC treatment, integrating these genes with alternative 
splicing events and showing useful information in this field 
[131]. LncRNAs expression can also be correlated with 
clinical parameters, as pointed above and reported in several 
transcriptomic studies. LncRNA XLOC_221242 expression 
is increased in PanNENs compared with normal tissue, 
positively correlating with DNER mRNA, a key factor of 
the Notch signaling pathway [97]. LncRNAs HOTAIR and 
MALAT1 expressions were higher in PanNENs with lower 
tumor stage and subsequent risk of developing metastasis 
[98]. In contrast, HOTAIR expression is higher in gastroen-
teropancreatic NECs than in NETs, unveiling an apparent 
discrepancy in the potential prognostic role of this lncRNA 
to stratify these diseases [103]. In SCLC, the lncRNA 
SBF2-AS1 was highly expressed and correlated with sev-
eral malignancy parameters, like clinical stage, metastasis, 
or tumor size, and, even lower overall survival in patients 
[115]. BLACAT1 lncRNA was overexpressed in SCLC tis-
sue, being associated with clinical stage, lymph node and 
distant metastasis, tumor size and poor prognosis. Intracel-
lularly, BLACAT1 may play a role in cell proliferation and 
motility regulation [116].

Numerous lncRNAs may contribute to neoplasm pro-
gression in NENs. In PanNENs, 2080 lncRNAs were 
found to be differentially expressed between tumor tissue 
and adjacent tissue, which were related to cancer biology 
through diverse cell processes and signaling pathways 
[132]. In a different study, with a lower number of PanNENs 
samples, 363 lncRNAs were found differentially expressed 
between tumor and adjacent tissue, which serve to build a 
lncRNA-mRNA coexpression network [97]. In physiologi-
cal conditions, MEN1 activates the lncRNA MEG3, which 
acts as a tumor suppressor gene through downregulation of 
the expression of the protooncogene c-Met. In contrast, in 
MEN1 syndromic PanNENs, caused by a MEN1 mutation, 
MEG3 is not activated, and therefore it is unable to reduce 
c-Met expression [106]. The molecular mechanism underly-
ing c-Met downregulation by MEG3 could involve histone 
modifications or transcriptional repression through triplex 
formation [108]. In gastric NENs, lncNEN885 expression 
was severely decreased in tumor tissue and its silencing 
in cell models increased cell migration and invasion and 
enhanced epithelial-mesenchymal transition, which led to 
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others, were suitable normalizers for miRNA expression 
studies, at least in ileal NETs. Also, SNORD95 and miR-
93 were suitable for miRNAs analyses comparing ileal and 
PanNENs [77]. Nevertheless, the function of snRNAs and 
their relationship with altered splicing and the role of snoR-
NAs in NENs are vastly unexplored and may lead to open a 
wide research field.

4  Conclusion

Recent evidence reveals the emerging role of RNA biology 
in cancer, from alternative splicing and RNA surveillance to 
newly discovered non-coding RNAs species. In NENs, RNA 
biology studies are still limited as compared to other can-
cers (Fig. 3) and, indeed, not all NENs are equally studied, 
being GI-NENs much less explored on this particular field. 
However, convincing data supports the growing notion that 
alternative splicing is altered in NENs, both at the level of 
its operating machinery, with dysregulated splicing factors 
profiles, and at the outcome of spurious splicing variants 
with oncogenic potential. Likewise, increasing evidence 
reveals the important role of disrupted levels of specific 
non-coding RNA species, such as miRNAs and lncRNAs, 
in diverse NENs. Nevertheless, additional RNA biology 
processes, like RNA surveillance, and other RNA species, 
such as circRNAs, piRNAs, snRNAs or snoRNAs, all of 
which have already been linked to other cancers, are still to 
be explored in detail in these tumors.

The relevance of studying RNA biology and its defects 
in NENs lays in its potential to generate basic knowledge to 
better understand these complex and heterogeneous tumors. 
But this new knowledge also opens novel translational 
opportunities. Indeed, altered splicing machinery compo-
nents and splicing variants, as well as dysregulated miRNAs 
and lncRNAs unveil new candidate biomarkers and identi-
fies novel actionable targets with therapeutic potential. The 
implications of a more profound comprehension of RNA 
biology in NENs include the possibility to add new “omics” 
layers of molecular information, from miRNA-omics to 
“spliceosomics”, which may help to better understand NENs 
heterogeneity and, ultimately, facilitate their complex man-
agement. In this manner, advances in RNA knowledge can 
pave the way to bring personalized precision medicine to 
NENs, by providing new biomarkers to refine classification 
and stratification, improve prognosis prediction and identify 
novel potential actionable therapeutic targets.

The unprecedented uprise of RNA as a central player in 
translational biomedical research cannot be best explained 
than by the example of the RNA vaccines developed in 
record time to fight the COVID-19 pandemic. This beam 
illuminates the path to be followed to keep a successful 

are also involved in key processes of NENs malignancy, 
especially in LungNENs. Moreover, given their involve-
ment in the regulation of gene expression at different levels, 
lncRNAs are likely to become useful tools as future bio-
markers and therapeutic targets in NENs.

3.3  Other non-coding RNAs

Rapid expansion of improved sequencing technologies has 
led to the recent discovery of other RNA molecules. Despite 
their recent identification, dysregulations in these new RNA 
species have been described and rapidly linked to cancer, 
although their precise implications are just starting to be 
studied. Some of these RNAs include other interfering RNA 
which, like miRNAs, are likely involved in gene expression 
regulation, as is the case of PIWI-interacting RNAs (piR-
NAs). These piRNAs are also known to be implied in other 
processes like chromatin rearrangement or protein regula-
tion, and, of course, some of them are dysregulated in can-
cer contributing to cancer cell malignancy [133]. However, 
whether piRNAs are dysregulated in NENs remains to be 
defined.

Similarly, circular RNAs (circRNAs) have been identi-
fied recently from different synthesis processes and their role 
in cancer biology possible therapeutic value looks promis-
ing. CircRNAs are covalently closed RNA molecules which 
can act as miRNAs or even as a sponge for other types of 
small RNAs [134]. In contrast with the numerous studies 
relating circRNAs with cancer, only a few publications 
have explored their role in NENs, specifically in SCLC. 
Particularly, the circRNA cESRP1 was downregulated in 
chemoresistant SCLC cells, where it enhanced chemother-
apy sensitivity, sponging miR-93-5p and thereby inhibiting 
TGF-β pathway [120]. FLI1 circRNAs were upregulated 
in SCLC tissues, were they directly correlated with lymph 
node metastasis. Also, one of them was found in exosomes 
isolated from serum and associated with poor survival. 
Silencing of these circRNAs decreased in vitro migration 
and reduced metastasis in vivo [121].

There are also RNA molecules which are involved in pro-
cessing other RNAs, the small nuclear (snRNAs) and small 
nucleolar RNAs (snoRNAs). snRNAs are implied in mRNA 
maturation, whilst the snoRNAs (which are in turn classi-
fied according to their function in H/ACA box snoRNAs, 
C/D box snoRNAs and small cajal RNAs [135]) participate 
in synthesis and maturation of rRNA. These RNAs often 
interact with proteins forming ribonucleoprotein complexes 
(snRNPs and snoRNPs) to carry out their function, and mis-
function of these complexes is linked to diseases and cancer 
[136–138]. In ileal NENs and PanNENs, several small RNA 
molecules were studied, but just as normalizers [77]. In fact, 
this study revealed that SNORD61 and SNORD95, among 
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