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Genome and RNA sequencing have reliably demonstrated
that up to 90% of the human genome may be transcribed.
According to actual estimates, the proteome genome (i.e., all
genomic sequences involved in mRNA synthesis) occupies
only up to 4% of the human genome [1]. The remaining part,
which may be provisionally named as noncoding RNA
genome (ncRNA genome), comprises genes encoding a pleth-
ora of structurally and functionally different RNAs other
than mRNAs: since most of these apparently do not code
for proteins, they have been labelled noncoding RNAs
(ncRNAs) [2]. These data have determined a radical para-
digm shift in biomolecular medicine and modified our vision
of genome structure and functions. They also changed objec-
tives and perspectives of genomic research. As reminded
above, the ncRNA genome very likely occupies a very large
molecular space; accordingly, it seems logical to hypothesize
that the molecular explanation of important biopathological
phenomena (i.e., normal development and differentiation
together with their pathological alterations) is to be found
in these regions. It is interesting to remark that they were
once deemed to be devoid of any biological function and
inappropriately labeled as garbage DNA. Different parame-
ters are actually applied to classify and analyze ncRNAs: (1)
molecular length and structure [e.g., microRNAs (miRNAs),
long ncRNAs (lncRNAs), and circular RNAs (circRNAs)];
(2) mode of expression (housekeeping ncRNAs versus cell
type-specific ncRNAs); (3) molecular mechanism of action
(miRNAs are mechanically the best characterized ncRNAs);

(4) organism where they are expressed (eukaryotes, prokary-
otes, and Archaea). Concerning this last point, ncRNAs have
been detected in organisms at all evolutionary levels, includ-
ing bacteria: this confirms their high functional biomolecular
importance within living organisms. This special issue com-
prises 5 research and 6 review articles, which describe several
aspects of the molecular structure and functions of ncRNAs
(miRNAs, lncRNAs, and circRNAs), both in physiology
and in pathology. Identification and characterization of
structure and function of new RNA molecules are easier
and faster to obtain than in the past thanks to the recent
progress in high-throughput molecular biology techniques
and bioinformatic analysis, especially applied to next-
generation sequencing (NGS). Among ncRNAs, miRNAs
are the most known and well characterized: they belong to
the class of small ncRNAs and act as negative regulators of
gene expression at posttranscriptional level [3–6]. Each of
them is estimated to regulate the expression of up to 200 dif-
ferent target mRNAs; accordingly, miRNAs occupy a leading
position within molecular cell networks and their function is
critical in regulating both physiological and pathological
processes (e.g., cancer and neurodegenerative and neuropsy-
chiatric diseases). Research in the field of miRNAs, and
ncRNAs in general, ranges from investigation of pathways
that are involved in their use as therapeutic agents and as
diagnostic and prognostic biomarkers. All these aspects are
dealt with within this special issue. I. Grossi and colleagues
review the characterized functions of miR-193a-3p, both as
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physiological negative regulator of cell cycle progression in
several cell types (i.e., endothelial colony forming cells,
myofibers, and uterine epithelial cells) and as tumour sup-
pressor downregulated in several cancers. The same authors
suggest an in-depth analysis aimed to unravel the role of
miR-193a-3p in Parkinson’s disease or schizophrenia. Study
of physiological processes as ageing can suggest how a spe-
cific pathway is perturbed in pathological condition: this is
the case of the paper by P. Balaskas and colleagues who sug-
gest a battery of miRNAs for future functional studies in oste-
oarthritis based on their analysis of differential expression of
miRNAs in joints or cartilage during ageing. B. Banelli and
colleagues review the involvement of miRNAs in the patho-
genesis of glioblastoma multiforme (GBM), encompassing
the interplay between miRNAs and epigenetic cell networks
as well as the proposed role of miRNAs as candidates for
innovative therapies in GBM. Biomolecular effects of miR-
NAs are strictly related to cell context; for instance, a specific
miRNA can act as a tumour suppressor or oncogene in differ-
ent cancers, depending on the targets it recognizes in a spe-
cific biomolecular context. A. Izzo and colleagues deal with
this issue in a paper on the involvement of altered miRNAs
expression in heart defects of Down syndrome fetuses. M.
Rizzo et al. describe the targetome of miR-28-5p in the pros-
tate cancer cell context. Identification of molecular mecha-
nisms and pathways regulated by miRNAs is critical to
expand knowledge on cell physiological processes or to deter-
mine onset and progression of a disease: a major aim of this
work is to find new and effective therapeutic targets. Another
expanding field of interest is the search for ncRNAs batteries
as noninvasive diagnostic (i.e., liquid biopsies), prognostic,
and predictive biomarkers. M. Barchitta and colleagues
comprehensively review the role of miRNAs as potential bio-
markers for adverse pregnancy outcomes (i.e., preeclampsia,
spontaneous abortion, or preterm birth) and prenatal envi-
ronmental exposure; M. Celano and colleagues focus on the
possible use of miRNAs as sensitive and specific biomarkers
for diagnosis and prognosis of thyroid cancers. If miRNAs
likely are among the best functionally characterized ncRNAs,
lncRNAs are the most represented RNA species in eukaryotic
cells. Accordingly, the scientific community is making a great
effort to functionally characterize these molecules, most of
which are to date orphan of function. S. C. Credendino and
colleagues have identified new isoforms of lncRNA Klhl14-
AS, assaying their expression in a panel of mouse tissues
and paving the way to their functional characterization. A.
Matjašič and colleagues deal with the exploitation of
lncRNAs as potential biomarkers for a detailed classification
of gliomas by integrating their aberrant expression with that
of miRNAs. A. Bolha and colleagues review the literature on
the recently discovered circRNAs, by focusing on what is
known about their involvement in cancer etiology and their
use as effective biomarkers. It was becoming evident that cell
networks cannot be appropriately investigated without con-
sidering the interplay between coding and noncoding RNAs.
As reviewed byM. Ragusa and colleagues, the main challenge
of ncRNA research in the next few years will be to unravel
how ncRNAs can regulate each other in a cell type-specific
biomolecular context and how this intricate interactions

contribute to the final cell phenotype. A final and very impor-
tant consideration is that we are firmly convinced that all
present and future improvements (both theoretical and tech-
nological) of the scientific community should be considered
in light of bioethics: the thirst for knowledge is one of themost
sublime characteristics of man, but at its foundation there is
always an ethical motivation. In today’s scientific research,
the experiment, in itself, can modify irreversibly what we are
together with all that surrounds us (see CRIPSR/Cas9 tech-
nology). We must therefore be able to answer the following
question: can genetic self-transformation be considered a
legitimate means to free ourselves and increase individual
autonomy?We also must ask ourselves if this aspect of liberal
genetics may become something that could compromise indi-
viduals’ self-understanding. As H. Jonas has revealed, “The
value of all values is the possibility of value” [7].
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Circular RNAs (circRNAs) are a class of noncoding RNAs (ncRNAs) that form covalently closed continuous loop structures,
lacking the terminal 5′ and 3′ ends. CircRNAs are generated in the process of back-splicing and can originate from different
genomic regions. Their unique circular structure makes circRNAs more stable than linear RNAs. In addition, they also display
insensitivity to ribonuclease activity. Generally, circRNAs function as microRNA (miRNA) sponges and have a regulatory role
in transcription and translation. They may be also translated in a cap-independent manner in vivo, to generate specific proteins.
In the last decade, next-generation sequencing techniques, especially RNA-seq, have revealed great abundance and also
dysregulation of many circRNAs in various diseases, suggesting their involvement in disease development and progression.
Regarding their high stability and relatively specific differential expression patterns in tissues and extracellular environment
(e.g., body fluids), they are regarded as promising novel biomarkers in cancer. Therefore, we focus this review on describing
circRNA biogenesis, function, and involvement in human cancer development and address the potential of circRNAs to be
effectively used as novel cancer diagnostic and prognostic biomarkers.

1. Introduction

Noncoding RNAs (ncRNAs) represent a large, complex, and
heterogeneous group of RNA molecules that can be classified
into two major classes, according to the size of their tran-
scripts: the small ncRNAs (<200 bp) and the long ncRNAs
(lncRNAs) (>200 bp) [1, 2]. The small ncRNAs include
microRNAs (miRNAs), small nuclear RNAs (snRNAs),
PIWI-interacting RNAs (piRNAs), small interfering RNAs
(siRNAs), small nucleolar RNAs (snoRNAs), and others
[1], whereas lncRNAs comprise long intergenic ncRNAs
(lincRNAs), intronic ncRNAs, macroRNAs, sense ncRNA,
antisense RNAs, and others [2]. In addition, circular RNAs
(circRNAs) have been recently identified as a relatively large
class of ncRNAs, which are widespread and abundant in a
variety of eukaryotic organisms and involved in multiple
biological processes [3, 4]. CircRNAs may vary in length sig-
nificantly, most of them being longer than 200nt. However,
some exonic and intronic circRNAs were shown to be shorter
than 200 or even 100nt [5].

CircRNAs form covalently closed continuous loop struc-
tures, without terminal 5′ caps and 3′ polyadenylated tails.
They are generated by alternative splicing of pre-mRNA
transcripts, where an upstream splice acceptor is joined to a
downstream splice donor, in the process of back-splicing
[6–8]. In the last decade, RNA-seq and other next-
generation sequencing techniques have enabled a significant
breakthrough in circRNA discovery, leading to the identifica-
tion and characterization of a large number of circRNAs in
humans and other eukaryotes [9, 10]. Several research groups
have demonstrated a conservation of circRNA expression
across mammals. In addition, circRNAs appear to be stably
expressed in a cell/tissue-dependent and developmental
stage-specific manner [3, 9, 11, 12]. Emerging evidence
reveals the importance of circRNA involvement in regulating
gene expression at transcriptional and posttranscriptional
levels, and, furthermore, dysregulation in circRNA expres-
sion correlates with irregularities in developmental processes
and various disease states, including cancer [13–16]. Regard-
ing the observed correlation between altered circRNA
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expression profiles and a cancer patient’s clinical characteris-
tics and circRNA’s structural features that enable their abun-
dance and stability in various biological samples, we focus this
review on describing circRNA involvement in cancer devel-
opment. In addition, we address the potential of circRNAs
to be effectively used as novel biomarkers in cancer.

2. Biogenesis of CircRNAs

The majority of circRNAs originate from exons of protein-
coding genes, frequently consisting of 1–5 exons [9]. How-
ever, they may be also formed from intronic, noncoding,
antisense, 3′ UTR, 5′ UTR, or intergenic genomic regions
[9, 17]. CircRNAs are generated by a spliceosome-mediated
pre-mRNA back-splicing which connects a downstream
splice donor site (5′ splice site) to an upstream acceptor splice
site (3′ splice site) [18]. Similar to canonical (linear) splicing,
back-splicing appears to be extensively regulated by canoni-
cal cis-acting splicing regulatory elements and trans-acting
splicing factors. However, the regulation process of back-
splicing in controlling circRNA production fundamentally
differs from that of linear splicing, where the same combina-
tions of splicing regulatory elements and factors have distinct
or even opposite activity [18]. In addition, a single gene locus
can produce various circRNAs through alternative back-
splice site selection, when compared to canonical splicing of
linear RNAs [19]. Generally, circRNAs can be generated by
canonical and noncanonical splicing [20]. Regarding their
biogenesis from different genomic regions, circRNAs can be
categorized into four types, as determined by RNA-seq:
exonic circRNAs (ecircRNAs) [9, 11, 12], circular intronic
RNAs (ciRNAs) [17], retained-intron or exon-intron cir-
cRNAs (EIciRNAs) [11, 21], and intergenic circRNAs [9].
Schematic representation of ecircRNA, ciRNA, EIciRNA,
and intergenic circRNA biogenesis is shown in Figure 1.

EcircRNAs are the most abundant circRNA type,
accounting for over 80% of identified circRNAs, and are
predominantly located in the cytoplasm [3, 9, 12], though
the exact process of nuclear export remains to be elucidated.
It has been suggested that ecircRNAs may escape from the
nucleus during mitosis [22]. Although the exact mechanism
of circRNAs biogenesis remains unclear, three models of
circRNA formation have been proposed, including lariat-
driven circularization (exon skipping) [12] (Figure 1(b)),
intron pairing-driven circularization [12] (Figure 1(c)), and
resplicing-driven circularization [23] (Figure 1(f)). It has
been demonstrated that exon circularization depends on
several genomic features, essential for promoting circulariza-
tion. In general, exons comprising circRNAs are longer than
average exons, which is especially notable for single-exon
circRNAs, being approximately 3-fold longer, when com-
pared to other expressed exons [3, 12]. In addition, several
transcriptome analyses indicated a significant correlation
between the presence of flanking intronic regions, containing
the reverse complementary sequences (e.g., Alu elements)
that may promote intron pairing, and exon circularization
[12, 24, 25]. Normally, flanking introns containing inverted
tandem repeats, involved in back-splicing and circRNA

production, tend to be longer than introns generally, but
some can be shorter than average [11]. It has also been dem-
onstrated that relatively short (30–40nt) inverted repeats are
sufficient for intron base pairing and subsequent circRNA
formation [26]. However, not all intronic tandem repeats
can support exon circularization. In some cases, increased
stability of intron base pairing prevented circRNA formation
[26]. During the biogenesis process of circRNAs, introns may
not be spliced out completely but are retained between the
encircled exons in the newly generated circRNA. This phe-
nomenon results in the formation of EIciRNAs [21]. The
important role of RNA-binding proteins (RBPs) has been
demonstrated in the regulation of circRNA production,
which can act as trans-acting activators or inhibitors of
the circRNA formation mechanism. Quaking (QKI) and
muscleblind (MBL/MBNL1) proteins can bind to specific
sequence motifs of flanking introns on linear pre-mRNA
sequences, thus linking the two flanking introns together,
promoting cycling and subsequent circRNA generation
[27, 28] (Figure 1(d)). The process is similar to an intron
pairing-driven circularization model, only that here, RBPs,
after binding to specific putative binding sites, dimerize
which leads to pre-mRNA looping. Conversely, the RNA-
editing enzyme adenosine deaminase acting on RNA
(ADAR) antagonizes circRNA production by direct binding
and weakening RNA duplexes (e.g., inverted Alu repeats),
through the action of adenosine-to-inosine (A-to-I) editing
[25] (Figure 1(e)). High ADAR expression destabilizes intron
base pairing interactions, impairing pre-mRNA looping and
decreasing the likelihood of pre-mRNA circularization and
circRNA formation, for a subset of circRNAs [25, 29].

CiRNA formation differs from that of ecircRNA and
EIciRNA (Figure 1(g)). Stable ciRNAs can be formed, when
intron lariats escape the usual intron debranching and subse-
quent degradation, following the canonical spliceosome-
mediated pre-mRNA splicing [17]. CiRNA biogenesis
depends mainly on a 7nt GU-rich element near the 5′ splice
site and an 11nt C-rich element near the branch point site.
During back-splicing, the two elements bind into a lariat-
like intermediate, containing the excised exons and introns,
and are cut out by the spliceosome [17, 30]. Then, generated
stable lariats undergo 3′ tail degradation, which results in the
formation of the final ciRNA molecule [17]. Generally, ciR-
NAs may be sensitive to RNA debranching enzymes and
can be distinguished from ecircRNAs by the presence of
a 2′–5′ junction, a residue of the lariat structure, which
is evidently absent in ecircRNAs [17]. CiRNAs, along with
EIciRNAs, are predominantly located in the nucleus and
are believed to be involved in regulating expression of
local genes in cis [17, 21]. In addition, sequence analyses
have shown a weak but significant enrichment of con-
served nucleotides between few ciRNAs and intergenic
circRNAs [9]. However, there is currently very little infor-
mation on the overall characteristics and biogenesis pro-
cesses of intergenic circRNAs.

Despite a good deal of information on circRNA
biogenesis, relatively little is known about the metabolic
processing of these molecules within cells. Since circRNAs
are abundant and highly stable and show resistance to
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driven circularization (exon skipping). Following canonical splicing, exons in exon-containing lariats undergo back-splicing and
circularization, which results in the formation of ecircRNA or EIciRNA molecules. (c) Intron pairing-driven circularization, utilizing
coupling of flanking introns by direct base pairing between cis-acting regulatory elements that contain reverse complementary sequences
(e.g., Alu repeats). Intron pairing is followed by back-splicing and exon circularization. (d) CircRNA biogenesis, mediated by trans-acting
factors, such as RNA-binding proteins (RBPs) (e.g., QKI, MBL/MBNL1) that bind to specific sequence motifs of flanking introns on linear
pre-mRNA, dimerize, and facilitate back-splicing and exon circularization. (e) Regulation of circRNA biogenesis by the RNA-editing
enzyme ADAR. ADAR destabilizes intron base pairing interactions through the action of adenosine-to-inosine (A-to-I) editing, which
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intron debranching and degradation, following the canonical pre-mRNA splicing. (h) Formation of intergenic circRNAs. This figure is
adapted from Wang et al. [151].

3International Journal of Genomics



exonucleases (e.g., RNase R) [9, 31], they may accumulate
in the cell with a possible toxic effect. A study employing
three cell lines has shown that the aggregated excessive
circRNAs could be effectively eliminated from cells via
released vesicles such as exosomes and microvesicles [32].
An additional study has also demonstrated similar results,
where excessive circRNAs were enriched over their linear
isoforms within extracellular vesicles, when compared to
the producing cells [33].

3. Function of CircRNAs

CircRNAs have important functions in regulating gene
expression and may act as miRNA sponges, RBP sponges,
and regulators of transcription and translation [21, 34, 35].

Also, several circRNAs have shown the ability to be trans-
lated into peptides [18, 36–39]. Schematic representation of
these circRNA functions is shown in Figure 2.

miRNAs are approximately 22nt long ncRNAs, involved
in posttranscriptional regulation of gene expression, which
act by direct binding to specific target sites within UTRs
of mRNAs [40, 41]. The result of such miRNA-mediated
mRNA targeting is either blockage of the translation
process or complete degradation of the bound mRNA
molecule [41]. CircRNAs can act like miRNA sponges by
competing for miRNA binding sites (Figure 2(a)), thus
diminishing the effect of miRNA-mediated regulatory activ-
ities (e.g., posttranscriptional repression) [9, 34]. Indeed,
it has been demonstrated that overexpression of miRNA
sponge-acting circRNAs increases the expression of miRNA
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Figure 2: Schematic representation of circRNA functions. (a) CircRNAs may act as miRNA sponges by competing for miRNA binding sites,
diminishing the effect of miRNA-mediated regulatory activities. (b) CircRNAs may act as protein sponges, by binding RNA-binding proteins
(RBPs). (c) Some circRNAs may regulate protein expression by sequestering mRNA translation start sites. (d) CircRNAs may be translated to
form functional proteins. (e) CircRNAs (e.g., EIciRNAs and ciRNAs) may interact with transcription complexes and enhance the expression
of their parental genes.
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targets, whereas knockdown of these circRNAs had the
opposite effect [34]. The human cerebellar degeneration-
related protein 1 antisense (CDR1as) circRNA, also known
as a circular RNA sponge for miR-7 (ciRS-7), is the most well
characterized circRNA with miRNA sponge function. It
contains more than 70 selectively conserved miRNA target
sites and associates with Argonaute (AGO) proteins in a
miR-7-dependent manner [34]. Overexpression of ciRS-7
leads to a significant decrease in miR-7 activity and results
in increasing the miR-7 target gene expression level [34].
CiRS-7 is highly expressed in mammalian brain during neu-
ronal development [29]. Studies in mice have revealed an
overlapping coexpression of ciRS-7 and miR-7 in brain tis-
sues, which indicates that this circRNA may be crucial for
normal neuronal development [34]. In addition to miR-7
binding sites, ciRS-7 contains an additional binding site for
miR-671. The combination of ciRS-7 and miR-671 triggers
the linearization and AGO2-mediated cleavage of ciRS-7,
which enables the release of the absorbed miR-7 molecules
[42]. Mouse testis-specific sex-determining region Y (Sry)
linear isoform is expressed in the developing genital ridge
and has a fundamental role as a transcription factor in sex
determination [43]. However, in adult testes, the circular
form of Sry is expressed, with its circularization being
dictated by promotor usage and dependent on intron
pairing-driven circularization [43, 44]. Sry circRNA serves
as the miR-138 sponge and contains 16 miR-138 binding
sites [34]. Furthermore, cir-ZNF609 [45], mm9_circ_012559
[46], and circRNAs from the human C2H2 zinc finger gene
family [47] have also been assumed to function as miRNA
sponges. Overall, when compared to linear miRNA sponges,
circRNAs have proven themselves as more stable and there-
fore more effective [48, 49]. Also, their expression is not
affected upon miRNA binding [34]. On the other hand,
several studies implied that most circRNAs do not act like
miRNA sponges, since the majority does not have more
miRNA binding sites than colinear mRNAs [47, 50].

It has been demonstrated that circRNAs can bind to
several RBPs (Figure 2(b)), including AGO [9, 34], RNA
polymerase II [17], QKI [27], EIF4A3 [51], and MBL [28].
In addition, some ecircRNAs can store, sort, or localize RBPs
and presumably regulate the RBP function by acting as
competing elements, in a similar way as they affect miRNA
activity [9, 35].

CircRNAs form a large group of transcriptional and
posttranscriptional regulators, and their direct involvement
in regulating gene expression has been demonstrated in
several studies [9, 17, 21]. CircRNAs (e.g., EIciRNAs and ciR-
NAs) abundant in the nucleus displayed little target miRNA
binding sites, and knockdown of these circRNAs commonly
resulted in reduced expression of their parental genes
[17, 21]. EIciRNAs, such as circEIF3J and circPAIP2,
interact with U1 small nuclear ribonucleoprotein (snRNP)
and RNA polymerase II and upregulate their parental genes
in cis [21] (Figure 2(e)). Thus, these findings strongly imply
that circRNAs could function as scaffolds for RBPs regulating
transcription, as it had been determined for several lncRNAs
[52, 53]. During splicing, circRNAs and their corresponding
linear isoforms may compete with each other for biogenesis

[28]. However, the generated circular RNA forms may pro-
mote both circRNA and mRNA expression [21]. In addition,
some circRNAs may also regulate protein expression by
sequestering mRNA translation start sites [22] (Figure 2(c)).

It was shown that peptides could be translated from
ecircRNAs both in vitro and in vivo, when RNA molecules
contained the internal ribosomal entry site (IRES) ele-
ments or prokaryotic ribosome binding sites [36, 54, 55]
(Figure 2(d)). A recent study has strongly supported the
fact that a subset of Drosophila endogenous circRNAs
has the ability to be translated in vivo in a cap-independent
manner. Many of these translating ribosome-associated
circRNAs (ribo-circRNAs) shared the start codon with the
hosting gene, had evolutionary conserved stop codons, and
encoded at least one identifiable ribo-circRNA-specific
protein domain, implying these proteins are functional
[37]. Another endogenous protein-coding circRNA, circ-
ZNF609, has been identified in murine and human myo-
blasts. Circ-ZNF609 is involved in regulating myoblast
proliferation and is generated from the second exon of its
host gene. Its open reading frame (ORF) contains a start
codon, common with the linear transcript, and an in-frame
stop codon, created upon circularization. Circ-ZNF609 is
translated into a protein in a splicing-dependent and cap-
independent manner. However, molecular activity of circ-
ZNF609-derived proteins still needs to be determined [38].
It was also shown that the N6-methyladenosine (m6A) RNA
modification promotes endogenous circRNA translation in
human cells. The study revealed that m6A motifs are
enriched in many circRNAs and enable protein translation
in a cap-independent manner, involving the m6A reader
YTHDF3 and translation initiation factors eIF4G2 and
eIF3A [39]. In addition, association of many circRNAs with
polysomes has been determined [37–39]. These emerging
insights into circRNA protein-coding ability and their fur-
ther characterization may eventually reveal a vast assortment
of thus far uncharacterized proteins and throw light on the
processes they are involved in. Thus, it is getting progres-
sively clearer that beside their initially proposed regulatory
role as ncRNAs, circRNAs may also represent a novel type
of protein-coding RNA.

4. CircRNA Databases and Detection Tools

4.1. CircRNA Databases. There are several existing circRNA
databases that summarize and integrate the data obtained
from large-scale circRNA identification studies, utilizing
next-generation sequencing technology, which were per-
formed by different research groups. These databases enable
a transparent and comprehensive view on the spatiotemporal
presence and function of circRNAs in various biological
processes in different organisms, tissues, and cell types. The
9 most acknowledged circRNA databases, containing infor-
mation on human and animal circRNAs, are presented in
Table 1, along with their main features.

The circ2Traits database is a compiled collection of
data on circRNAs, categorized according to their potential
association with specific human diseases. CircRNAs are
grouped based on the number of disease-associated SNPs,
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AGO interaction sites, and their potential interaction with
disease-associated miRNAs, as determined by genome-
wide association studies. circ2Traits also stores complete
putative miRNA-circRNA-mRNA-lncRNA interaction net-
works for each of the described diseases [56].

The circBase database provides merged and unified
datasets of circRNAs and the evidence supporting their
expression. It is a database repository, containing circRNA
data from various samples of several species, including
human, mouse, fruit fly, and nematode. circBase enables
exploring of public circRNA datasets and also provides cus-
tom python scripts, needed to discover novel circRNA from
user’s own (RiboMinus) RNA-seq data. All circRNA tran-
scripts deposited in circBase have been annotated, their puta-
tive splice forms predicted and, where applicable, alignments
of reads spanning head-to-tail junctions provided [57].

CircInteractome is a web tool designed for mapping RBP
and miRNA binding sites on human circRNAs. CircInterac-
tome also enables the identification of potential circRNAs
that act as RBP sponges, designing junction-spanning
primers for specific circRNA detection, designing siRNAs
for circRNA silencing, and identifying potential IRES [51].
However, CircInteractome displays limited ability to predict
RBP and miRNA interactions when circRNAs form second-
ary or tertiary structures. Thus, experimental validation is
often needed to reliably verify RBP and miRNA functional
sites [51].

The CircNet database provides information on novel
circRNAs, integrated miRNA target networks, expression
profile of circRNA isoforms, genomic annotation of circRNA

isoforms, and sequence features of circRNA isoforms.
CircNet also provides tissue-specific circRNA expression
profiles, circRNA-miRNA-gene regulatory networks, and a
thorough expression analysis of previously reported and
novel circRNAs. Furthermore, CircNet generates an inte-
grated regulatory network that illustrates the regulation
between circRNAs, miRNAs, and genes [58].

CIRCpedia is an integrative database, which employs the
CIRCexplorer2 characterization pipeline for identifying and
annotating back-splicing and alternative splicing in cir-
cRNAs across different cell lines. Identified back-splicing
and alternative splicing in circRNAs, together with novel
exons, are formatted and classified for being easily searched,
browsed, and downloaded. Currently, CIRCpedia contains
information on circRNAs from human, mouse, fly, and
worm samples [19].

The circRNADb database is a comprehensive database
for human circRNAs with protein-coding annotations.
circRNADb provides detailed information on circRNA
genomic properties, exon splicing, genome sequences, anno-
tated protein-coding potential, IRES, ORF, and correspond-
ing references [59].

The starBase v2.0 database has been developed to system-
atically identify RNA-RNA and protein-RNA interaction
networks from large-scale CLIP-seq datasets, generated by
independent studies. starBase v2.0 distinctive features facili-
tate annotation, graphic visualization, analysis, and discovery
of miRNA-mRNA, miRNA-circRNA, miRNA-pseudogene,
miRNA-lncRNA, and protein-RNA interaction networks
and RBP binding sites [60].

Table 1: Databases containing circRNA data.

Name URL Description References

circ2Traits http://gyanxet-beta.com/circdb/

A database containing information on disease-associated
circRNAs and their complete putative interaction
networks with miRNAs, mRNAs, and lncRNAs

in specific diseases.

[56]

circBase http://www.circbase.org/
A collection of merged and unified datasets of circRNAs,

with evidence supporting their expression
[57]

CircInteractome https://circinteractome.nia.nih.gov/
A web tool designed for predicting and mapping RBP and

miRNA binding sites on reported circRNAs
[51]

CircNet http://circnet.mbc.nctu.edu.tw/
A database providing information on known and novel
circRNAs, circRNA-miRNA-gene regulatory networks,

and tissue-specific circRNA expression profiles
[58]

CIRCpedia http://www.picb.ac.cn/rnomics/circpedia/
A database holding information on identified and annotated

back-splicing and alternative splicing in circRNAs
from human, mouse, fly, and worm samples

[19]

circRNADb http://reprod.njmu.edu.cn/circrnadb
A comprehensive database for human circRNAs

with protein-coding annotations
[59]

starBase v2.0 http://starbase.sysu.edu.cn/
A database for decoding predicted interaction networks

between lncRNAs, miRNAs, circRNAs, mRNAs,
and RBPs from large-scale CLIP-seq data

[60]

deepBase v2.0 http://deepbase.sysu.edu.cn/
A platform for annotating, discovering, and
characterizing small ncRNAs, lncRNAs,

and circRNAs from next-generation sequencing data
[61]

TSCD http://gb.whu.edu.cn/TSCD/
An integrated database designed for depositing

features of human and mouse tissue-specific circRNAs
[62]
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deepBase v2.0 is a platform for annotating and discov-
ering small ncRNAs, lncRNAs, and circRNAs from next-
generation sequencing data. deepBase v2.0 provides a set
of tools to decode evolution, spatiotemporal expression
patterns, and functions of diverse ncRNAs across 19 species
from 5 clades, including human, mouse, fruit fly, and nema-
tode. The platform also provides an integrative, interactive,
and versatile web graphical interface to display multidimen-
sional data and facilitates transcriptomic research and the
discovery of novel ncRNAs [61].

TSCD (Tissue-Specific CircRNA Database) is an inte-
grated database designed for depositing features of human
and mouse tissue-specific circRNAs. TSCD provides a global
view on tissue-specific circRNAs and holds information on
their genomic location and conservation [62].

4.2. CircRNA Detection Tools. The detection and integration
of newly discovered circRNAs into circRNA databases are
predominantly dependent on complex bioinformatics analy-
ses of large-scale RNA-seq data. In order to identify and
annotate novel circRNAs, RNA-seq data undergoes thorough
and rigorous analysis utilizing various state-of-the-art cir-
cRNA detection tools and software packages. A compre-
hensive overview and evaluation of 11 different circRNA
detection computational pipelines have been summarized
in a recent review by Zeng et al. [63]. Among the described
circRNA detection tools, which were also compared with
regard to their precision and sensitivity, were circRNA_
finder [64], CIRCexplorer [24], DCC [65], find_circ [9],
UROBORUS [66], PTESFinder [67], KNIFE [68], CIRI
[69], MapSplice [70], segemehl [71], and NCLscan [72].
In general, these circRNA detection tools can be divided
into two categories, based on the different strategies used
for circRNA identification, according to the dependency
on genome annotation [63]. In the pseudo-reference-
based [73] or candidate-based approach [22], all possible
combinations of candidate circRNAs are constructed. Each
candidate comprises two well-annotated exons in which
the exon order is topologically inconsistent with the refer-
ence genome. The candidate is regarded as a circRNA if at
least one RNA-seq read has been identified, which maps
to its noncolinear junction site. The strategy relies on
candidate circRNAs that are constructed from preexisting
gene models and does not detect circRNAs from unanno-
tated transcripts [22, 73]. Conversely, the fragmented-
based [73] or segmented read approach [22] does not rely
on genome annotation. In this approach, RNA-seq reads
are mapped to genomic locations de novo. Reads that
cannot be mapped directly are split into two or more
segments, and each segment is mapped separately to the
reference genome. CircRNA back-splicing junctions are
identified, when segmented reads are mapped in a nonco-
linear manner [22, 73]. As described by Zeng et al. [63],
the tools that use the pseudo-reference-based approach
to detect circRNAs include PTESFinder, KNIFE, and
NCLscan, whereas circRNA_finder, CIRCexplorer, DCC,
find_circ, UROBORUS, CIRI, MapSplice, and segemehl
utilize the fragmented-based approach. In addition, sev-
eral integrated tools aimed to identify circRNAs with a

protein-coding potential have been developed, including
CircPro [74], IRESite [75], CPAT [76], Pfam 31.0 [77],
PhyloCSF [78], and ORF Finder from the NCBI data-
base. Also, the TopHat-Fusion algorithm has been designed
to detect circRNAs that are derived from gene fusion
events [79].

Despite several useful state-of-the-art circRNA detection
tools exist, their regular upgrades and the introduction of
novel, improved methods, with even higher precision and
sensitivity, are a prerequisite to overcome current and
future challenges in circRNA identification and characteri-
zation studies.

5. CircRNAs in Cancer

Current knowledge about the involvement of circRNAs in
cancer development and progression is limited, and the role
of circRNAs as miRNA sponges has been proposed as the
most frequent mechanism of circRNA activity in tumor cells
[80]. Generally, miRNAs are included in various cell pro-
cesses, including cellular differentiation, development, prolif-
eration, and apoptosis, where they play an important role as
regulators of gene expression [81]. These miRNA-mediated
processes are frequently deregulated in cancer and can
contribute to cancer initiation and progression [81]. Since
many circRNAs regulate miRNA action through sponge-
like binding (several are presented in Table 2), dysregulation
in circRNA expression may affect their interaction with
tumor-associated miRNAs, indicating an important role of
circRNAs in regulating cancer.

There is emerging evidence that miR-7 can directly
downregulate oncogenes in a variety of cancers [82, 83].
miR-7 has been shown to be involved in suppressing mela-
noma [84], breast cancer [85], glioma [86], gastric cancer
[87], liver cancer [88], non-small-cell lung cancer (NSCLC)
[89], colorectal cancer [90], and other cancer types. Since
circRNA ciRS-7 acts as a miR-7 sponge, quenching the
activity of miR-7 may increase the expression levels of
miR-7 target oncogenes, resulting in a decreased tumor
suppression [83]. Thereby, the ciRS-7/miR-7 axis is likely
involved in cancer-related pathways and cancer develop-
ment and progression [83]. However, despite its potential
oncogenic properties, only few studies have revealed
ciRS-7 involvement in cancer development through miR-7
binding. CiRS-7-mediated oncogenic activity, acting partly
through targeting miR-7, was recently demonstrated in
cancer tissues of hepatocellular carcinoma (HCC) patients.
When compared to healthy adjacent tissues, ciRS-7 expres-
sion levels were significantly upregulated and ciRS-7
expression inversely correlated with miR-7 [91]. In addi-
tion, knockdown of ciRS-7 in HCC cell lines suppressed
cell invasion and proliferation through miR-7 targeting
[91]. Similarly, elevated expression of ciRS-7 was deter-
mined in colorectal cancer tissues, when compared to
those of the adjacent normal mucosa, which was positively
associated with tumor size, T stage, lymph node metastasis,
and poor overall survival [92]. Downregulation of ciRS-7
increased miR-7 expression and significantly suppressed
colorectal cancer cell proliferation and invasion. As
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Table 2: CircRNAs associated with cancer.

CircRNA
Gene
symbol

Cancer type Expression
Fold

changea
Function References

CiRS-7/CDR1as∗ CDR1 HCC Up NA Sponge: miR-7 [91]

HCC∗ Downb NA Sponge: miR-7 [137]

Colorectal Up NA Sponge: miR-7 [92]

Colorectal∗ Up 2.4 Sponge: miR-7 [132]

GBM Down 3.5
Target of miR-671-5p

Association with cell proliferation and migration
[94]

Circ-Foxo3 FOXO3 Breast Down NA

Sponge: miR-22, miR-136, miR-138, miR-149,
miR-433, miR-762, miR-3614-5p,

miR-3622b-5p
Association with apoptosis-related proteins
Foxo3, MDM2, p53, and Puma and cell cycle

proteins CDK2 and p21

[95–97]

Circ-ABCB10 ABCB10 Breast Up 5.0–10.0 Sponge: miR-1271 [98]

Hsa_circ_001569 ABCC1 Colorectal Up NA Sponge: miR-145 [99]

HCC Up NA Promoting tumor growth [100]

CircHIPK3 HIPK3 HCC Up NA Sponge: miR-124 [101]

Bladder Down 4.6 Sponge: miR-558 [103]

Cir-ITCH ITCH ESCC Down NA
Sponge: miR-7, miR-17, miR-214

Inhibition of the Wnt/β-catenin pathway
[104]

Colorectal Down NA
Sponge: miR-7, miR-20a

Inhibition of the Wnt/β-catenin pathway
[105]

Lung Down NA
Sponge: miR-7, miR-214

Inhibition of the Wnt/β-catenin pathway
[106]

Hsa_circ_0067934 PRKCI ESCC Up 8.8 Promoting cell proliferation and migration [107]

Circ-ZEB1.5

ZEB1 Lung Down NA Sponge: miR-200a-3p [58]
Circ-ZEB1.19

Circ-ZEB1.17

Circ-ZEB1.33

CircMYLK MYLK Bladder Up NA Sponge: miR-29a-3p [109]

CircRNA_100290 SLC30A7 OSCC Up 6.9 Sponge: miR-29 family [110]

Hsa_circ_0016347 KCNH1 Osteosarcoma Up NA Sponge: miR-214 [111]

Hsa_circ_0001564 CANX Osteosarcoma Up NA Sponge: miR-29c-3p [114]

CircRNA_100269 LPHN2 Gastric Down NA Sponge: miR-630 [116]

Hsa_circ_0020397 DOCK1 Colorectal Up NA Sponge: miR-138 [117]

Hsa_circ_0000069 STIL Colorectal Up ≥1.0 Promoting cell proliferation,
invasion, and migration

[118]

Circ-TTBK2 TTBK2 Glioma Up NA Sponge: miR-217 [121]

cZNF292 ZNF292 Glioma Up NA
Promoting cell proliferation

and tube formation
[122]

f-circRNA
PML/
RARαc

APL Up NA
Promoting cell proliferation,

transformation, and tumorigenesis
[123]

CircTCF25∗ TCF25 Bladder Up 21.4 Sponge: miR-103a-3p, miR-107 [129]

Hsa_circ_001988∗ FBXW7 Colorectal Down NA ND [130]

Hsa_circRNA_103809∗ ZFR Colorectal Down 3.6
Sponge: miR-511-5p, miR-130b-5p,

miR-642a-5p, miR-532-3p, miR-329-5p
[131]

Hsa_circRNA_104700∗ PTK2 Colorectal Down 4.2
Sponge: miR-141-5p, miR-500a-5p,
miR-509-3p, miR-619-3p, miR-578

[131]

CircRNA_100876∗ RNF121 NSCLC Up 1.2 Sponge: miR-136 [133]
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demonstrated, ciRS-7 blocked miR-7 activity and positively
regulated the expression of EGFR and IGF-1R oncogenes,
indicating that the ciRS-7/miR-7 axis was associated with
colorectal cancer progression. However, ciRS-7 may also
regulate colorectal cancer progression through other mecha-
nisms than as a miR-7 sponge [92]. Conversely, miR-7
overexpression has also been associated with upregulated
oncogenes in several tumor cell lines and advanced colorectal
cancer tissues, when compared to healthy controls [93]. This
suggests that miR-671-mediated degradation of ciRS-7 may
diminish the ciRS-7-mediated miR-7 inhibition and enhance
miR-7 levels in tumor cells [83]. As a consequence, such
miR-671 action may contribute to the increase in down-
stream target oncogenes (e.g., EGFR and XIAP) and promote
vascularization, metastasis, and amplification of tumor
cells [83]. It was also demonstrated that overexpression
of miR-671-5p in glioblastoma multiforme (GBM) biopsies
and cell lines increased the migration and proliferation
rates of GBM cells [94]. Furthermore, overexpression of
miR-671-5p negatively correlated with the expression of
ciRS-7, CDR1, and VSNL1, which implied that the miR-
671-5p/CDR1as/CDR1/VSNL1 axis was functionally altered
in GBM [94].

The tumor suppressor gene FOXO3 encodes two
ncRNAs, the pseudogene Foxo3P and circ-Foxo3, both of
which may act as miRNA sponges. Foxo3P and circ-Foxo3
were highly expressed in noncancerous cells and could
function as miRNA sponges for several cancer-associated
miRNAs, including miR-22, miR-136, miR-138, miR-149,
miR-433, miR-762, miR-3614-5p, and miR-3622b-5p. How-
ever, among the two, circ-Foxo3 appeared to possess a
stronger sponging effect on these miRNAs [95]. In human
breast cancer cell lines, Foxo3P and circ-Foxo3 promoted
the translation of Foxo3 mRNA by binding regulatory miR-
NAs and increased Foxo3-mediated apoptosis. Also, mouse
xenograft models for breast cancer showed arrested tumor
growth in the presence of circ-Foxo3 due to apoptosis,
induced through combining circ-Foxo3, Foxo3P, and Foxo3
activity, when compared to controls [95]. Ectopic expres-
sion of circ-Foxo3 can result in the formation of the
circ-Foxo3-p21-CDK2 ternary complex, arising from bind-
ing circ-Foxo3 to cell cycle proteins CDK2 and p21. The
circ-Foxo3-p21-CDK2 ternary complex can suppress cell
cycle progression and inhibit tumor growth [96]. In addition,
expression of circ-Foxo3 was significantly increased during
breast cancer cell apoptosis, where circ-Foxo3 effectively

Table 2: Continued.

CircRNA
Gene
symbol

Cancer type Expression
Fold

changea
Function References

Hsa_circ_0001649∗ SHPRH HCC∗ Down NA

Sponge: miR-1283, miR-4310,
miR-182-3p, miR-888-3p, miR-4502,
miR-6811, miR-6511b-5p, miR-1972

Promoting metastasis

[127]

Gastric∗ Down NA ND [141]

Hsa_circ_0005075∗ EIF4G3 HCC Up NA
Sponge: miR-23b-5p, miR-93-3p,

miR-581, miR-23a-5p
Promoting cell adhesion

[128]

CircZKSCAN1∗ ZKSCAN1 HCC Down NA
Inhibition of cellular growth,

migration, and invasion
[138]

Hsa_circ_0005986 PRDM2 HCC Down 2.9 Sponge: miR-129-5p [139]

Hsa_circ_0004018∗ SMYD4 HCC Down NA
Sponge: miR-30e-5p, miR-647,

miR-92a-5p, miR-660-3p, miR-626
[140]

Hsa_circ_002059∗ KIAA0907 Gastric Down NA ND [16]

Hsa_circ_0000096∗ HIAT1 Gastric Down NA
Sponge: miR-224, miR-200a

Inhibition of cell growth and migration
[142]

Hsa_circ_0001895∗ PRRC2B Gastric Down NA ND [143]

Hsa_circ_0006633∗ FGGY Gastric Down NA ND [144]

Hsa_circ_0000190∗ CNIH4 Gastric Down NA ND [145]

Hsa_circ_0003159∗ CACNA2D1 Gastric Down NA ND [146]

CircPVT1∗ PVT1 Gastric Up NA
Sponge: miR-125 family

Promoting cell proliferation
[148]

Hsa_circ_100855∗ C11orf80 LSCC Up 10.5 ND [150]

Hsa_circ_104912∗ DENND1A LSCC Down 4.7 ND [150]

HCC: hepatocellular carcinoma; GBM: glioblastomamultiforme; ESCC: esophageal squamous cell carcinoma; OSCC: oral squamous cell carcinoma; APL: acute
promyelocytic leukemia; NSCLC: non-small-cell lung cancer; LSCC: laryngeal squamous cell cancer. Up: upregulated; down: downregulated. NA: not available
(data is presented in a graphical format in the original report). ND: not determined. ∗Potential cancer biomarker. aFold change values, relative to normal
controls. bExpression levels were not statistically significant. cOne or more f-circRNAs were generated from PML/RARα fusion gene, a product of the most
recurrent cancer-associated aberrant chromosomal translocation in APL. In addition, other chromosomal translocations may also generate f-circRNAs.
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bound to p53 and MDM2 proteins. As demonstrated,
elevated expression of circ-Foxo3 increased Foxo3 protein
levels but repressed p53 activity by promoting MDM2-
induced p53 ubiquitination and subsequent degradation.
Overexpression of circ-Foxo3 decreased the interaction
between Foxo3 and MDM2, increased Foxo3 activity, and
promoted cell apoptosis, through upregulating Puma expres-
sion [97]. Beside circ-Foxo3, circ-ABCB10 is another
circRNA associated with breast cancer. Circ-ABCB10 was
significantly upregulated in breast cancer tissues, and its
function as a sponge for miR-1271 has been determined.
Furthermore, in vitro circ-ABCB10 knockdown suppressed
proliferation and increased apoptosis of breast cancer
cells [98].

Hsa_circ_001569 was significantly overexpressed in
colorectal cancer tissues and was positively correlated with
the degree of clinical features (TNM stage) [99]. Hsa_
circ_001569 may act as a miR-145 sponge and represses the
transcriptional activities of miR-145, enabling upregulation
of miR-145 target genes E2F5, BAG4, and FMNL2. Thus, it
acts as a positive regulator in cell proliferation and invasion
of colorectal cancer [99]. Elevated expression levels of hsa_
circ_001569 were also determined in HCC tissues, when
compared to adjacent normal tissues. As in colorectal cancer,
expression of hsa_circ_001569 correlated with tumor differ-
entiation and TNM stages in HCC. The inhibitory effect on
HCC cell proliferation and tumor growth through hsa_
circ_001569 silencing was also demonstrated [100].

Among many dysregulated circRNAs in several cancer
types, a significant upregulation of circHIPK3 in HCC has
been demonstrated, when compared with its expression in
matched normal tissues [101]. CircHIPK3 could bind to 9
miRNAs with its 18 potential binding sites, including the
tumor-suppressive miR-124, thus inhibiting its activity.
Furthermore, circHIPK3 silencing significantly inhibited
human cancer cell proliferation [101]. By inhibiting miR-
124 activity, circHIPK3 might influence the proliferation of
tumor cells in prostate cancer through several oncogenes,
including iASPP [102]. CircHIPK3 was also significantly
downregulated in bladder cancer tissues and cell lines, where
it negatively correlated with cancer grade, invasion, and
lymph node metastasis [103]. Mechanistic studies revealed
that circHIPK3 abundantly spongedmiR-558 and suppressed
heparanase (HPSE) expression, which is involved in regulat-
ing tumor invasion and metastasis. In addition, overexpres-
sion of circHIPK3 effectively inhibited migration, invasion,
and angiogenesis of bladder cancer cells in vitro and sup-
pressed bladder cancer growth and metastasis in vivo, mainly
through targeting the miR-558/heparanase axis [103].

CircRNA cir-ITCH may act as a miRNA sponge for
cancer-associated miR-7, miR-17, and miR-214 in esopha-
geal squamous cell carcinoma (ESCC) [104] and miR-7 and
miR-20a in colorectal cancer [105] and as a sponge for
miR-7 and miR-214 in lung cancer [106]. Cir-ITCH expres-
sion was downregulated in ESCC, colorectal, and lung cancer
tissues, when compared to adjacent peritumoral tissues. In all
three cancer types, cir-ITCH activity could increase the level
of ITCH protein, a regulator of several tumor-associated
proteins, which is involved in the inhibition of the Wnt/

β-catenin signaling pathway. Therefore, cir-ITCH likely
plays an inhibitory role in ESCC and colorectal and lung
cancer, through promoting ITCH-mediated ubiquitina-
tion and subsequent proteasome-mediated degradation of
phosphorylated Dvl2 scaffold protein, which impairs the
canonical Wnt/β-catenin signaling [104–106].

Involvement of another circRNA in promoting ESCC has
been recently demonstrated. Hsa_circ_0067934 was signifi-
cantly overexpressed in ESCC tissues, when compared to
adjacent healthy tissues, and its expression positively corre-
lated with tumor differentiation, T stage, and TNM stage
[107]. In vitro studies revealed that hsa_circ_0067934
promoted ESCC cell proliferation, and its presence in the
cytoplasm suggested that hsa_circ_0067934 was involved in
posttranscriptional regulation of the ESCC cell cycle [107].
However, the exact molecular function of hsa_circ_0067934
still needs to be determined. Nevertheless, it would be
interesting to assess the possibility of correlation between
hsa_circ_0067934 and cir-ITCH in the development of
ESCC, due to their apparent contrary modes of action.

Identification of four circRNAs associated with lung
cancer has been performed, based on computational predic-
tions utilizing transcriptome sequencing datasets, by using
the CircNet database. As demonstrated, circRNAs circ-
ZEB1.5, circ-ZEB1.19, circ-ZEB1.17, and circ-ZEB1.33 were
upregulated in normal lung tissues, when compared to lung
cancer samples, and are presumably implicated in lung
cancer suppression by binding to miR-200a-3p [58], which
has been reported to target ZEB1 and to promote cancer
initiation [108]. Similarly, bioinformatics approaches utiliz-
ing correlated coexpression networks of bladder cancer
revealed a probable interaction between lncRNA H19 and
circRNA circMYLK, demonstrating their ability to competi-
tively bind to miR-29a-3p. Such miR-29a-3p targeting might
increase the expression of DNMT3B, VEGFA, and ITGB1
oncogenes, which suggested a possible involvement of H19
and circMYLK in the development, growth, and metastasis
of bladder cancer [109].

CircRNA_100290 was upregulated and coexpressed with
CDK6, a member of the cyclin-dependent kinase family, in
oral squamous cell carcinoma (OSCC) tissues, whenmatched
with noncancerous tissue samples [110]. CircRNA_100290
could directly bind to miR-29 family members, including
miR-29a, miR-29b, and miR-29c. Since CDK6 has been
determined as the direct target of miR-29b, circRNA_100290
evidently regulates CDK6 expression through sponging miR-
29. Furthermore, knockdown of circRNA_100290 decreased
the expression of CDK6, induced G1/S arrest, inhibited
proliferation of OSCC cell lines in vitro, and decreased the
growth of tumors in vivo. Thus, circRNA_100290 likely func-
tions as a regulator of cell cycle and cell proliferation [110].

Involvement of two circRNAs in regulating osteosarcoma
has been demonstrated recently. However, no correlation
between the two in promoting osteosarcoma has been deter-
mined yet. Hsa_circ_0016347 was significantly upregulated
in osteosarcoma tissues and cell lines, when compared to
adjacent nontumor tissues and normal osteoblasts, and has
been shown to sponge miR-214 [111], which is a known
tumor promoter in osteosarcoma [112, 113]. By inhibiting
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miR-214 activity, hsa_circ_0016347 increased the expres-
sion level of caspase-1, a direct target of miR-214, thus
enabling the formation of favorable tumor microenviron-
ment and promoting proliferation, invasion, and metastasis
of osteosarcoma cells [111]. Also, overexpression of hsa_
circ_0016347 increased either the size or the number of
pulmonary metastasis tumors [111]. In addition to hsa_
circ_0016347, a significant upregulation of hsa_circ_0001564
has been determined in osteosarcoma tissues and cell lines,
which acted as a miR-29c-3p sponge [114]. Through inhibit-
ing miR-29c-3p activity, hsa_circ_0001564 promoted tumor-
igenesis of osteosarcoma by regulating cell cycle and
proliferation of osteosarcoma cells [114].

As demonstrated before, circRNA_100269 has been
included in a group of circRNAs constituting the four-
circRNA-based classifier, which was used to predict the early
recurrence of stage III gastric cancer after radical surgery
[115]. Further analysis has revealed a significantly downreg-
ulated level of circRNA_100269 in gastric cancer tissues, than
in the corresponding adjacent healthy tissues, which corre-
lated with histological subtypes and the node invasion
number [116]. The study suggested that circRNA_100269
inhibits gastric cancer cell proliferation via inhibiting miR-
630 activity, whose expression was negatively correlated with
that of circRNA_100269 [116]. However, no confirmation of
such circRNA_100269 action has been performed in vivo.

A negative correlation between expression profiles of
miR-138 and hsa_circ_0020397 was determined in colo-
rectal cancer cells, where hsa_circ_0020397 was significantly
upregulated [117]. As determined, hsa_circ_0020397 acted
as a miR-138 sponge and promoted the expression of miR-
138 targets TERT and PD-L1, which promoted viability and
invasion of colorectal cancer cells and inhibited their apopto-
sis [117]. In addition, circRNA hsa_circ_0000069 was also
associated with colorectal cancer and was significantly
upregulated in colorectal cancer tissues and cell lines, when
compared to healthy controls [118]. Elevated expression of
hsa_circ_0000069 correlated with the tumor TNM stage
and could promote colorectal cancer cell proliferation,
invasion, and migration in vitro [118]. However, a more
detailed mechanism of hsa_circ_0000069 function still needs
to be determined.

miR-217 is a tumor-suppressive miRNA, associated with
various cancer types, including epithelial ovarian cancer
[119] and gastric cancer [120]. In glioma, miR-217 negatively
correlated with the pathological grades of tumors and exerted
tumor-suppressive activity in glioma cells [121]. CircRNA
circ-TTBK2 was significantly upregulated in glioma tissues
and cell lines and acted as a miR-217 sponge. By sequestering
miR-217 activity, circ-TTBK2 enabled higher expression of
oncogenic proteins HNF1β and Derlin-1, which promoted
cell proliferation, migration, and invasion, while inhibiting
apoptosis of glioma cells [121]. As demonstrated, miR-217
expression was negatively regulated by circ-TTBK2 expres-
sion in an AGO2-dependent manner and there was a
reciprocal repression feedback loop between circ-TTBK2
and miR-217 [121]. In addition, circ-TTBK2 knockdown
in combination with miR-217 overexpression led to tumor
regression in vivo [121].

In addition to circRNAs that predominantly act like
miRNA sponges, few circRNAs appear not to function in
such a manner (Table 2). It has been demonstrated that
downregulation of cZNF292 suppresses human glioma tube
formation via the Wnt/β-catenin signaling pathway. Thus,
cZNF292 downregulation also resulted in inhibition of
glioma cell proliferation and cell cycle progression [122].
However, the exact mechanism of cZNF292 activity still
needs to be determined. Furthermore, chromosomal translo-
cations may give rise to oncogenic fusion proteins that are
often involved in the onset and progression of various can-
cers. Such cancer-associated chromosomal translocations
may also result in the formation of fusion circRNAs (f-cir-
cRNAs), which are produced from transcribed exons of genes
affected by these oncogenic translocations [123]. Among
several distinctive chromosomal translocations in leukemia,
PML/RARα is the most frequent translocation in acute
promyelocytic leukemia (APL) [124], which can generate
one or more f-circRNAs from this fusion gene [123]. In addi-
tion, MLL/AF9 aberrant translocation also generated several
f-circRNAs in APL [123]. As demonstrated, f-circRNAs in
combination with other oncogenic stimuli, including onco-
genic fusion proteins, played an important role in promoting
APL cell proliferation, transformation, and tumorigenesis
progression in vivo [123]. In addition to APL, f-circRNAs
have also been identified in SK-NEP-1 sarcoma and H3122
lung cancer cell lines [123]. Thus, this study strongly implied
that f-circRNAs may have a potential diagnostic and thera-
peutic value in cancer.

In addition to the above-listed circRNAs, several research
groups have identified a vast assortment of circRNAs, by
using RNA-seq and other next-generation sequencing
techniques that are likely involved in mechanisms which
promote various cancers. The majority of the generated data
can be obtained from several circRNA databases, which are
presented in Table 1. Despite candidate cancer-specific
circRNAs are getting discovered on a regular basis, the data
currently remains insufficient to definitely associate individ-
ual circRNAs with a specific mechanism promoting a certain
cancer type. However, it has recently become clear that
circRNAs may represent promising biomarkers for various
cancer types.

6. CircRNAs as Cancer Biomarkers

CircRNAs are abundant and highly stable molecules,
exhibiting high cell/tissue and developmental stage specificity
[9, 11]. The unique circular structure makes circRNAs
insensitive to ribonucleases and enables them to exist intact
in various tissues and body fluids. It has been shown that
circRNAs may be stably expressed and present in relatively
high quantities in human blood [125], saliva [126], and
exosomes [33]. These characteristics make circRNAs ideal
candidates as noninvasive biomarkers for cancer diagnosis,
prognosis, and treatment. In addition, some circRNAs may
correlate with age, gender, TNM stage, metastasis, and
tumor size as it was determined for gastric cancer [16],
HCC [127, 128], and colorectal cancer [99], additionally
implying their suitability as cancer biomarkers. A number
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of circRNAs that have been associated with human cancer
are presented in Table 2. From these circRNAs, several
have been tested for their diagnostic performance and may
eventually become novel biomarkers for cancer diagnosis in
clinical practice.

6.1. CircRNAs as Biomarkers for Bladder Cancer. CircRNA
circTCF25 was found to be highly expressed in bladder can-
cer tissues, when compared to healthy controls. The analysis
was performed by using a total of 40 paired snap-frozen blad-
der carcinoma and matched paracarcinoma tissue samples.
The study showed that circTCF25 promotes proliferation
and metastasis of urinary bladder carcinoma by acting as a
sponge for miR-103a-3p and miR-107, which resulted in
upregulated CDK6 expression [129]. The data also suggested
that circTCF25 may be a new promising biomarker for
bladder cancer [129]. However, the diagnostic performance
of this circRNA still needs to be determined.

6.2. CircRNAs as Biomarkers for Colorectal Cancer. CircRNA
hsa_circ_001988 has been identified in colorectal cancer and
has been significantly downregulated in colorectal cancer
tissues, when compared to those of the matched normal
mucosa (n = 31) [130]. Evaluation of the diagnostic perfor-
mance of hsa_circ_001988 has shown its sensitivity of
68.0% and specificity of 73.0%. The receiver operating char-
acteristic curve (ROC) analysis showed an area under the
ROC curve (AUC) of 0.788, indicating that hsa_circ_001988
may become a novel potential biomarker in the diagnosis of
colorectal cancer [130].

CircRNAs hsa_circRNA_103809 and hsa_circRNA_
104700 were also significantly downregulated in colorectal
cancer tissues, where hsa_circRNA_103809 correlated with
lymph node metastasis and TNM stage and hsa_circRNA_
104700 with distal metastasis [131]. Analysis of both cir-
cRNAs was performed on 170 paired colorectal cancer tissues
and matched adjacent noncancerous tissue samples. The
evaluated diagnostic performances for hsa_circRNA_103809
(AUC 0.699) and hsa_circRNA_104700 (AUC 0.616) indi-
cated that both circRNAs may serve as reliable biomarkers
for colorectal cancer [131]. However, beside their dysregu-
lation and putative miRNA binding site determination
[131], the exact mechanisms of function for both cir-
cRNAs in colorectal cancer development have not been
elucidated yet.

Despite its assumed involvement in promoting various
cancer types, mainly due to its ability to sponge miR-7, the
clinical significance of ciRS-7 in colorectal cancer was only
recently demonstrated. CiRS-7 was significantly upregulated
in tumor tissues of colorectal cancer patients and correlated
with advanced tumor stage, tumor depth, and metastasis
[132]. The study included a training cohort comprised of
153 primary colorectal cancer tissues and 44 matched normal
mucosa tissues and an additional independent validation
cohort (n = 165). Correlation of upregulated ciRS-7 expres-
sion levels with poor patient survival strongly suggested that
ciRS-7 might serve as a novel prognostic biomarker in colo-
rectal cancer patients [132]. In vitro experiments revealed
that ciRS-7 inhibited miR-7 activity and activated the

EGFR/RAF1/MAPK pathway, which linked ciRS-7 activity
with colorectal cancer progression and aggressiveness [132].
Regarding the data obtained from the study, ciRS-7 suppres-
sion could increase the expression levels of miR-7 and reduce
EGFR-RAF1 activity. Thus, therapeutic targeting of ciRS-7
might represent a potential treatment option for patients
with colorectal cancer [132].

In addition, elevated expression levels of circRNA circ-
KLDHC10 in serum samples of colorectal cancer patients
were determined, when compared to those in healthy con-
trols (n = 11 for both sample groups). Since circ-KLDHC10
was abundant in exosomes, it has the potential to serve as a
novel circulating biomarker for colorectal cancer [33]. How-
ever, its oncogenic activity and diagnostic performance in
colorectal cancer still need to be determined.

6.3. CircRNAs as Biomarkers for Non-Small-Cell Lung Cancer
(NSCLC). CircRNA_100876 was significantly upregulated in
NSCLC tissues, when compared to their paired adjacent
nontumorous tissues (n = 101), and its elevated levels closely
correlated with lymph node metastasis and advanced tumor
staging in NSCLC [133]. As determined in a previous
study, circRNA_100876 could regulate MMP-13 expression
through inhibiting miR-136 activity and thus participated
in chondrocyte extracellular matrix degradation [134]. Since
MMP-13 is often overexpressed in lung cancer and can
increase the risk of metastasis [135, 136], circRNA_100876
might be involved in tumor cell growth, progression, and
metastasis in NSCLC, by regulating MMP-13 expression
as a miRNA sponge [133]. The Kaplan-Meier survival
analysis showed significantly shorter overall survival times
of NSCLC patients with elevated circRNA_100876 expres-
sion levels, when compared to patients with low expression
levels of circRNA_100876. Therefore, circRNA_100876
could be gradually used as a novel prognostic biomarker for
NSCLC [133].

6.4. CircRNAs as Biomarkers for Hepatocellular Carcinoma
(HCC). Hsa_circ_0001649 was significantly downregulated
in HCC tissues, when compared to paired adjacent healthy
liver tissues (n = 89), and its expression levels correlated with
tumor size and the occurrence of tumor embolus in HCC
[127]. Hsa_circ_0001649 may play a role in tumorigenesis
and metastasis of HCC through sponge-like activity toward
several miRNAs, including miR-1283, miR-4310, miR-182-
3p, miR-888-3p, miR-4502, miR-6811, miR-6511b-5p, and
miR-1972 [127]. The evaluated diagnostic performance
(sensitivity 81.0%; specificity 69.0%; and AUC 0.63) indi-
cated that hsa_circ_0001649 might serve as a novel potential
biomarker for HCC, with relatively high degrees of accuracy,
specificity, and sensitivity [127].

Another circRNA associated with HCC is hsa_circ_
0005075, which was significantly upregulated in HCC tissues,
when compared to paired adjacent normal liver tissues
(n = 30) [128]. Hsa_circ_0005075 correlated with tumor size
and showed a great diagnostic potential with a sensitivity of
83.3%, specificity of 90.0%, and AUC of 0.94 [128]. In
addition, the circRNA-miRNA-mRNA interaction network
revealed that hsa_circ_0005075 could potentially interact
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with miR-23b-5p, miR-93-3p, miR-581, and miR-23a-5p.
The study assumed that through its miRNA sponge-like
activity, hsa_circ_0005075 may participate in regulating cell
adhesion during HCC development, which is involved in
cancer cell proliferation, invasion, and metastasis [128].

The relationship between ciRS-7 and clinical features of
HCC was also demonstrated. In the study, ciRS-7 expression
was upregulated in 39.8% (n = 43) and downregulated in
60.2% (n = 65) tissues of HCC patients, when compared to
matched nontumor tissues (n = 108) [137]. Even though
ciRS-7 expression was slightly higher in HCC tissues, the
overall ciRS-7 expression levels were downregulated and
not significantly different from those in healthy controls
[137], which was in contrast with a previous study describing
ciRS-7 involvement in HCC [91]. However, upregulated
ciRS-7 expression significantly correlated with patient age,
serum AFP levels, and hepatic microvascular invasion
(MVI), which suggested ciRS-7 expression may be associated
with deterioration and metastasis of HCC [137]. Also, ciRS-7
could promote MVI by inhibiting miR-7 and disrupting the
PIK3CD/p70S6K/mTOR pathway [137]. The ROC curve
analysis showed that ciRS-7 was related to MVI in HCC
tissues with an AUC of 0.68, implying ciRS-7 expression level
could predict MVI. Considering these results, the study indi-
cated ciRS-7 may not be a key factor in HCC tumorigenesis,
but rather a risk factor for MVI in HCC [137].

The zinc finger family gene ZKSCAN1 can generate linear
ZKSCAN1mRNA and circular circZKSCAN1 isoforms, both
of which were associated with different regulatory roles in the
development of HCC, mostly through inhibiting growth,
migration, and invasion of HCC cells [138]. CircZKSCAN1
was significantly downregulated in HCC tissues, when com-
pared to paired adjacent healthy tissues (n = 102), and its
expression levels correlated with tumor numbers, cirrhosis,
vascular invasion, MVI, and tumor grade [138]. The ROC
analysis showed the AUC of circZKSCAN1 was 0.834 with
a sensitivity of 82.2% and specificity of 72.4%, indicating
circZKSCAN1 could be used as a biomarker to effectively
differentiate cancerous tissues from adjacent noncancerous
tissues in HCC [138].

In addition, two relatively recently identified tumor-
suppressive circRNAs were associated with clinical charac-
teristic of patients with HCC. Low expression levels of
hsa_circ_0005986 correlated with chronic hepatitis B family
history, tumor diameters, MIV, and Barcelona Clinic Liver
Cancer staging system (BCLC) stage [139]. The analysis
was performed on 81 paired HCC and matched nontumor-
ous tissue samples. As determined, hsa_circ_0005986 regu-
lated the HCC cell cycle and proliferation, by acting as a
miR-129-5p sponge and through promoting Notch1 gene
expression [139]. However, despite the study suggested
hsa_circ_0005986 could be used as a novel HCC biomarker,
no diagnostic performance of this circRNA has been per-
formed. Similar to hsa_circ_0005986, the decreased expres-
sion levels of hsa_circ_0004018 in HCC tissues correlated
with AFP level, tumor diameters, differentiation, BCLC stage,
and TNM stage, when compared to those in paired para-
tumorous tissues (n = 102) [140]. miRNA target prediction
analysis revealed that hsa_circ_0004018 could sponge

miR-30e-5p, miR-647, miR-92a-5p, miR-660-3p, and miR-
626, additionally implying its role in tumorigenesis of HCC
[140]. The evaluated diagnostic performance (sensitivity
0.716; specificity 0.815; and AUC 0.848) along with its
HCC stage-specific expression profile highlighted hsa_
circ_0004018 as a suitable biomarker for HCC diagnosis,
capable of distinguishing HCC tissues from healthy and
chronic hepatitis tissues [140].

6.5. CircRNAs as Biomarkers for Gastric Cancer. Significantly
downregulated expression profiles of hsa_circ_002059 have
been determined in gastric cancer tissues, when compared
to paired adjacent nontumor tissues (n = 101) [16]. In
addition, hsa_circ_002059 levels in plasma were significantly
different between 36 paired plasma samples from pre- and
postoperative gastric cancer patients. Also, lower expression
levels of hsa_circ_002059 were significantly correlated with
a patient’s distal metastasis, TNM stage, gender, and age.
Evaluated diagnostic performance of hsa_circ_002059 has
shown its sensitivity of 81.0%, specificity of 62.0%, and
AUC of 0.73, indicating hsa_circ_002059 represents a poten-
tial stable biomarker for gastric cancer [16].

Beside its role as a potential biomarker in HCC,
hsa_circ_0001649 has also been associated with diagnosis
of gastric cancer. Hsa_circ_0001649 was significantly down-
regulated in gastric cancer tissues, when compared to their
paired paracancerous histological normal tissues (n = 76),
and its expression levels correlated with pathological dif-
ferentiation [141]. Analysis of hsa_circ_0001649 serum
expression levels between paired pre- and postoperative
serum samples (n = 20) of gastric cancer patients showed that
hsa_circ_0001649 was significantly upregulated in serum
after surgery. Also, hsa_circ_0001649 expression levels were
more significantly decreased in poor and undifferentiated
tumors than in well-differentiated ones, indicating its poten-
tial negative correlation with gastric cancer pathological
differentiation [141]. The estimated diagnostic value of hsa_
circ_0001649 determined by the ROC analysis showed the
AUC of 0.834, with a sensitivity and specificity of 0.711 and
0.816, respectively [141]. These results suggest hsa_circ_
0001649 may become a novel noninvasive biomarker for
early detection of primary gastric cancer.

Hsa_circ_0000096 is a tumor-suppressive circRNA that
affects gastric cancer cell growth and migration through sup-
pressing the expression levels of cell cycle-associated (cyclin
D1, CDK6) and migration-associated (MMP-2, MMP-9)
proteins. Furthermore, hsa_circ_0000096 may also interact
with 17 types of miRNA, including miR-224 and miR-200a
[142]. Hsa_circ_0000096 was significantly downregulated
in gastric cancer tissues (compared to paired adjacent nontu-
morous tissues; n = 101), and cell lines and its aberrant
expression correlated with invasion and TNM stage [142].
The ROC analysis showed the AUC of hsa_circ_0000096
was 0.82. Intriguingly, the AUC was increased to 0.91 when
a combination of hsa_circ_0000096 and a previously
described hsa_circ_002059 was used [142]. Thus, these
results suggest that hsa_circ_0000096 could be used indepen-
dently or in combination with hsa_circ_002059 for effective
diagnosis of gastric cancer.
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In addition, four circRNAs have been recently proposed
as biomarkers for gastric cancer, all of which were statistically
significantly downregulated in gastric cancer tissues, corre-
lated with different clinical characteristics, and showed an
excellent diagnostic potential with relatively high accuracy,
specificity, and sensitivity [143–146]. Hsa_circ_0001895
expression levels were downregulated in 69.8% (n = 67)
gastric cancer tissues, compared to paired adjacent normal
tissues (n = 96), and significantly correlated with cell differ-
entiation, Borrmann type, and tissue CEA expression. The
evaluated diagnostic performance of hsa_circ_0001895
showed the AUC was up to 0.792 with a sensitivity and spec-
ificity of 67.8% and 85.7%, respectively. The optimal cutoff
value was 9.53 [143]. Interestingly, better sensitivity and
specificity were obtained with the use of hsa_circ_0001895,
when compared to common gastric cancer biomarkers
CEA, CA19-9, and CA72-4, which showed only 20.1–27.6%
sensitivity individually or 48.2% when used in combination
[147]. This indicates hsa_circ_0001895 may be effectively
used for screening and predicting the prognosis of gastric
cancer [143]. Downregulation of hsa_circ_0006633 was
associated with cancer distal metastasis and tissue CEA
levels. In the study, 96 paired gastric cancer tissues and their
adjacent nontumorous tissues were used. The evaluated diag-
nostic performance (sensitivity 0.60; specificity 0.81; and
AUC 0.741) and increased hsa_circ_0006633 levels in plasma
samples suggested that this circRNA could be used as a novel
noninvasive biomarker for screening gastric cancer [144].
Hsa_circ_0000190 levels in gastric cancer tissues were corre-
lated with tumor diameter, lymphatic metastasis, distal
metastasis, TNM stage, and CA19-9 levels. However, in
plasma samples, hsa_circ_0000190 correlated only with
CEA levels [145]. The analysis was performed by using 104
paired gastric cancer tissues and their adjacent nontumor
tissues, 104 plasma samples from gastric cancer patients,
and 104 plasma samples from healthy controls. The diagnos-
tic potential of hsa_circ_0000190 was determined in tissue
(sensitivity of 0.721, specificity of 0.683, and AUC of 0.75)
and plasma (sensitivity of 0.414, specificity of 0.875, and
AUC of 0.60) samples. When tissue and plasma hsa_
circ_0000190 were combined, the AUC was increased to
0.775, with a sensitivity and specificity of 0.712 and 0.750,
respectively [145]. Moreover, when compared to CEA and
CA19-9, hsa_circ_0000190 had a much higher sensitivity
and specificity in the screening of gastric cancer [145]. Low
hsa_circ_0003159 tissue levels in gastric cancer patients cor-
related with gender, distal metastasis, and TNM stage. The
analysis was performed on 108 paired gastric cancer tissues
and adjacent nontumorous tissue samples. The determined
sensitivity and specificity were 0.852 and 0.565, respectively.
The AUC of hsa_circ_0003159 was 0.75, which indicated
that hsa_circ_0003159 may be also used as a biomarker for
the diagnosis of gastric cancer [146].

In contrast to the above-listed circRNAs, circPVT1
expression levels were significantly upregulated in gastric
cancer cells and tissues, when compared to paired healthy
controls (n = 187) [148]. As demonstrated, circPVT1 may
promote gastric cancer proliferation through acting as a
sponge toward the miR-125 family members [148]. The

Kaplan-Meier analysis confirmed that circPVT1 could serve
as an independent prognostic biomarker for the overall sur-
vival and disease-free survival of patients with gastric cancer.
Furthermore, the combined detection of expressed circPVT1
and its linear isoform from the PVT1 oncogene enhanced the
prognosis of patients with gastric cancer [148]. In addition,
statistically significant upregulation of hsa_circ_0058246
was detected in tumor specimens of gastric cancer patients
with poor clinical outcomes (n = 43). Also, patients who
suffered recurrence of gastric cancer (n = 12) had a signifi-
cant increase in hsa_circ_0058246 expression levels [149].
However, further studies are needed to convincingly demon-
strate the suitability of hsa_circ_0058246 in diagnosis and
prognosis of gastric cancer.

6.6. CircRNAs as Biomarkers for Laryngeal Squamous Cell
Cancer (LSCC).Microarray and subsequent qRT-PCR analy-
ses of laryngeal squamous cell cancer (LSCC) tissues have
shown hsa_circ_100855 as the most upregulated and hsa_
circ_104912 as the most downregulated circRNA in LSCC
[150]. Hsa_circ_100855 levels were significantly higher in
LSCC tissues and in patients with T3-4 stage, neck nodal
metastasis, or advanced clinical stage. Conversely, hsa_
circ_104912 levels were significantly lower in LSCC tissues
than in corresponding adjacent nonneoplastic tissues. The
study included 4 matched samples of LSCC tissues and
corresponding adjacent nonneoplastic tissues for microarray
analysis and 52 matched cancerous and noncancerous tissues
for qRT-PCR analysis. Despite no diagnostic performance of
either circRNAs has been determined, hsa_circ_100855 and
hsa_circ_104912 may both serve as potential biomarkers
and therapeutic targets for LSCC [150].

7. Conclusions and Perspectives

CircRNAs appear to be stably expressed in a cell/tissue-
dependent and developmental stage-specific manner and
have been shown to be dysregulated in different cancers.
They are generally more stable than miRNAs and lncRNAs,
several of which are currently recognized as relatively well-
established biomarkers in cancer diagnosis. However, before
circRNAs could be routinely used as effective biomarkers for
early cancer diagnosis and prognosis, several important
issues should be addressed, including the determination of
their diagnostic performances for specific cancer types. As
demonstrated above, several circRNAs have shown satisfac-
tory diagnostic performances in distinguishing tumor from
healthy tissues and between specific cancer types. However,
suitable circRNAs as independent cancer biomarkers have
not been identified yet. CircRNAs could be used in combi-
nation with RNA-based and other conventional cancer
biomarkers, such as CEA, CA125, CA153, PSA, and AFP,
for more specific cancer diagnosis and accurate cancer prog-
nosis. In addition, their stability and abundance in exosomes
suggest that circRNAs may represent a new class of exosome-
based noninvasive cancer biomarkers. CircRNAs may also
have a potential in targeted cancer treatment, where they
could be utilized as sponges to bind to aberrantly expressed
regulatory RNAs and proteins (e.g., RBPs), thus diminishing
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their oncogenic activity. However, to achieve this, further
insights into circRNA’s molecular mechanisms and functions
in circRNA-mediated diseases are a prerequisite, before such
treatments may become applicable. Also, identification of
dysregulated circRNAs in other body fluids, such as urine
and cerebrospinal fluid, may be beneficial for noninvasive
cancer diagnosis. To conclude, circRNAs represent promis-
ing novel biomarkers for various cancer types and have a
great potential to be effectively used in clinical practice in
the near future.
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Glioblastoma is the most aggressive brain tumor and, even with the current multimodal therapy, is an invariably lethal cancer with a
life expectancy that depends on the tumor subtype but, even in the most favorable cases, rarely exceeds 2 years. Epigenetic factors
play an important role in gliomagenesis, are strong predictors of outcome, and are important determinants for the resistance to
radio- and chemotherapy. The latest addition to the epigenetic machinery is the noncoding RNA (ncRNA), that is, RNA
molecules that are not translated into a protein and that exert their function by base pairing with other nucleic acids in a
reversible and nonmutational mode. MicroRNAs (miRNA) are a class of ncRNA of about 22 bp that regulate gene expression by
binding to complementary sequences in the mRNA and silence its translation into proteins. MicroRNAs reversibly regulate
transcription through nonmutational mechanisms; accordingly, they can be considered as epigenetic effectors. In this review, we
will discuss the role of miRNA in glioma focusing on their role in drug resistance and on their potential applications in the
therapy of this tumor.

1. Introduction

Epidemiological studies estimate that more than 250,000 new
cases of central nervous system (CNS) tumors worldwide are
expected every year with variable incidence rates ([1] and
http://www.cancer.gov/types/brain/hp/adult-brain-treatment-
pdq). Although glioblastoma is considered a rare tumor
(Orphanet 360), it accounts for 4% of all cancer deaths mak-
ing it as one of the deadliest human tumors. According to
the current classification [2], approximately 38% of these
tumors are at high grade (WHO III, anaplastic astrocytoma
or AA and WHO IV, glioblastoma or GB) and hence are
virtually lethal.

Given the extremely limited success of the standard treat-
ment in prolonging survival in GB patients, considerable
efforts were undertaken to develop targeted therapies that
could significantly improve the outcome of these patients
[3]. In this respect, epigenetics and epigenetic modulators
have become a preferred field of investigation because of
their influence in many aspects of cancer [4, 5].

Epigenetics, at large, is the mechanism utilized by living
cells to decode and utilize properly the information contained
in the rawDNA sequence. In practice, epigenetics consists in a
“code” that lays on top of the genetic code and translates the
simple information into function [6]. By definition, epige-
netics does not change the “content of the information” (i.e.,
the sequence) and acts through reversible modifications like
cytosine methylation at CpG doublets, postsynthetic modifi-
cations of the histones (acetylation, methylation, phosphory-
lation, etc.), and changes in the chromatin conformation. In
the last years, a new class of effectors has been added to the
epigenetic machinery: the microRNAs or in general, the non-
coding RNAs that are capable of reversibly interfering with
the transcription and translation of the genes without altering
DNA sequence as expected for an epigenetic mechanism.

In this review, we will discuss some general aspects of
miRNA in glioma focusing on the circuitry between miRNA
and other epigenetic determinants like DNA methylation in
this tumor, their role in drug resistance, and their potential
therapeutic implications.
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2. Epigenetics and Epigenetic
Networks in Glioblastoma

Transcriptional profiling has delineated four major molecular
subtypes of glioblastoma that could be better characterized by
mutational, copy number variation, and methylation analyses
[7–9]. In particular, this classification defines two clinical
groups of GBs with distinct treatment response and outcome
(Table 1). Overall, GB could be classified as “primary,” a group
that includes three transcriptional subtypes (classical, mesen-
chymal, and neural) and “secondary” glioblastoma derived
from the evolution of low-grade GB that include the transcrip-
tional proneural subtype and that can be loosely subdivided in
two subgroups according to the mutational and chromosomal
status. The average survival is 31 months for secondary glio-
blastoma and only 15 months for the patients with primary
GB. As can be seen in Table 1, the major features that distin-
guish primary from secondary GB can be considered, at large
of epigenetic nature, namely, MGMT methylation status and
the CpG island methylator phenotype (CIMP).

One of the first evidences of the primary role of epige-
netic mechanisms in GB was the discovery of the effect of
the inactivation by methylation of the MGMT gene on the
sensitivity to the alkylating agent temozolomide (TMZ). In
two seminal papers published in 2005 [10, 11], Stupp et al.
and Hegi et al. established that the inactivation of theMGMT
gene by DNA methylation in the tumor is associated with
better survival in GB patients treated with TMZ and radio-
therapy compared to the patients with unmethylatedMGMT.
Hypermethylation of MGMT occurs also in primary GB;
however, it is a characteristic feature of secondary glioblas-
toma and is the “iceberg tip” of a more extensive alteration
of the DNA methylation status known as “CpG island meth-
ylator phenotype” or CIMP.

The concept of CIMP was developed in 1999 by Toyota
et al. that showed the concomitant presence of hypermethyla-
tion at many different CpG sites in a subset of colorectal cancer
patients with distinct clinicopathological characteristics and
favorable outcome [12]. Since then, CIMP was described in
many other tumors (for a recent review, see [13]) although it
is not clear if the CIMP phenotype is tissue-specific or if all
CIMP+ tumors represent a class of tumors with similar charac-
teristics. Moreover, the molecular parameters, including the
methylation cut-off levels and the genes to be considered to
positively assess the presence of CIMP in a given tumor are

not well established. The clinical characteristics of CIMP+
tumors differ; indeed, it differs in GB [8], colon carcinoma
[14], myeloid leukemia [15], and breast cancer [16]. The
CIMP+ phenotype is a predictor of better outcome whereas
in other tumors like neuroblastoma [17, 18] and melanoma
[19], CIMP+ tumors are associated with poor prognosis. A pos-
sible explanation for the nonuniversal clinical significance of
CIMP is the absence of accurate criteria that define CIMP so
that the true phenotype of the tumor cannot be always assessed.

In GB, the CIMP phenotype clearly distinguishes the
primary (CIMP−) from the secondary (CIMP+) tumors
and is tightly associated with inactivating mutations of
the IDH1 and IDH2 genes [8]. The mechanistic link
between IDH mutations and CIMP was discovered in
2012 when it was demonstrated that IDH1 is an epigenetic
controller that modulates the pattern of histone and DNA
methylation. This occurs through the inhibition by D-2-
hydroxyglutarate of the jumonji histone lysine demethy-
lases (KDM) and of the TET-hydroxylases that convert
5-methylcytosine into 5-hydroxyl-methylcytosine thus lead-
ing to the accumulation of 5-methylcytosine.

Recently, histone modifications also have gained impor-
tance in GB and the possibility of pharmacological interven-
tion on histone deacetylases (HDAC) has been exploited
[20]. Moreover, the involvement of KDM genes in GB devel-
opment and drug resistance has been demonstrated [21–23].

MicroRNAs, a class of noncoding RNAs, are considered
epigenetic modifiers because they control the functionality
of the genome by base pairing of nucleotides 2–8 of their
sequence to the 3’UTR of mRNA forming the so-called
“silencing complex” [24]. Since their inhibitory function is
sequence-specific and does not involve the permanent
alteration of the DNA sequence, miRNAs are considered an
integral part of the epigenetic machinery.

In glioblastoma, as in many other tumors, the remodeling
of the epigenome is an important aspect of the biology of the
tumor [25, 26] and the interaction between epigenetic factors
and the cell signaling cascade appears as a promising target
for new therapeutic approaches [20, 23, 25, 27, 28].

3. The Interplay between Tumor Suppressing
and Oncogenic miRNA in Glioblastoma

From the current release, 21 of the miRNA database lists
2588 mature and 1881 precursor human miRNA sequences

Table 1: Molecular characteristics of glioblastoma subtypes according to methylation, expression, mutation, copy number variations
patterns, and clinical outcome.

IDH1/IDH2 status Wild type Mutated

MGMT Mostly unmethylated Methylated

Methylation status CIMP− CIMP+

Mutations TERT ATRX-TP53 CIC-FUBP1

CNV EGFR+ NF1− PDGFRA+ PDGFRA+; 1p19q−
Molecular subtype Classical Mesenchymal Neural Proneural

Outcome Very poor outcome
Significantly improved

outcome

Significantly improved
outcome. Better response
to TMZ than 1p19q+
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(http://www.mirbase.org/cgi-bin/browse.pl?org=hsa). Each
of these miRNA can modulate the expression of several
mRNAs, and each mRNA can be modulated by several
miRNA generating an extraordinary complex regulatory net-
work. In a literature survey of miRNA deregulated in GB, it
was found that the majority of them (n = 253) were over-
expressed compared to normal brain tissue, 95 were
downmodulated, and conflicting results were reported for
17 of them [29].

The genes targeted by deregulated microRNAs in GB are
involved in many pathways including cell proliferation,
resistance to apoptosis, autophagy, invasion and metastasis,
angiogenesis, and drug resistance. Since microRNAs have
multiple targets in different tissues, they may have oncogenic
(oncomiR) or antioncogenic effects depending upon the
biological context.

Several miRNAs acting as tumor suppressor genes have
been identified; some of them are unique of glioblastoma
whereas others are involved also in other tumors. In princi-
ple, all miRNA interfering with the histone methyltransferase
EZH2 (Table 2) can be considered as tumor suppressors, in
particular let-7 which inhibits also oncogenes like MYC and
K-RAS [30, 31] and is capable of inhibiting glioblastoma cell
proliferation [32]. miR-128 and miR-34a are two examples of
miRNA acting as tumor suppressor in glioblastoma. miR-128
is an antiproliferative miRNA that interferes with multiple
pathways targeting genes involved in glioblastoma pathogen-
esis like EGFR and PDGFRA [33] andWEE1 [34] and E2F3a
[35]. miR-34a interferes with cell proliferation through mul-
tiple targets (CDK6, CCND1,NOTCH, and others). When the
functionality of miR-34a is restored, this miRNA acts as a
tumor suppressor gene reducing cell proliferation and
invasion [36]. MiR-124 and miR-137 are two microRNA sig-
nificantly downregulated in high-grade gliomas and in vitro
can induce phenotypic changes, growth arrest, and differen-
tiation in glioma stem cells and thus can be considered onco-
suppressive miRNA [37]. Most deregulated miRNAs in GB
interfere with cell proliferation pathways, particularly those
of EGFR and AKT. A prototype of this group of miRNA is
miR-7 whose transfection in GBM cells leads to decreased
invasiveness and increased apoptosis fulfilling the basic
requirements of a tumor suppressor [38, 39].

Many miRNAs are upregulated in glioblastoma and can
be functionally classified as oncomiR. Historically, miR-21
was the first oncogenic miRNA to be identified [40] and
can target a set of oncosuppressor genes including PTEN

[41] and the metalloproteinase inhibitor TIMP3 which is
involved in extracellular matrix remodeling, tumor infiltra-
tion, and angiogenesis [42, 43]. Thus, miR-21 targets an
entire network of tumor suppressor genes and its inhibition
by complementary oligonucleotides blocks GB cell growth
in vitro and in vivo [44]. It is reasonable to hypothesize that
the delivery of an inhibitor of miR-21 at the tumor site might
be a useful addition to the standard therapy.

The targeting of multiple oncosuppressor genes easily
explains the oncogenic mechanism of miR-21. On the con-
trary, the oncogenic properties of miR-221and miR-222,
overexpressed in a variety of tumors including GB, have
several oncogenic functions including the inactivation of
the cell cycle suppressors p27 and p57 [45, 46].

Apoptosis and autophagy are two mechanisms utilized to
eliminate dysfunctional or otherwise stressed cells, and resis-
tance to apoptosis is one of the hallmarks of cancer cells.
Unsurprisingly miRNA can target several genes at the center
of both mechanisms. Oncogenic antiapoptotic miRNAs like
mir-21[42],miR-221/mir-222[47],andmiR-335[48]areover-
expressed in glioblastoma and interfere with the p53/Bcl-2/
PUMA and TGF-β signaling (miR-21/miR-221/miR-222) or
with thepotential tumor suppressorDAAM1 (miR-335).Con-
versely, proapoptotic oncosuppressive miRNAs like miR-218
andmiR-451aredownmodulated inGB[49, 50]. Interestingly,
downmodulation of miR-221/miR-222 restores the p53 path-
way, activates apoptosis, and sensitizes GB cells to TMZ [51].
In addition to its antiapoptotic effect, miR-21, along with
miR-17, inhibits autophagy. Downregulation of thesemiRNA
increases the sensitivity of GB cells to TMZ and radiation
expanding the cell population undergoing apoptosis [52, 53].

Experimental models indicate that in GB exists a subpop-
ulation of cells possessing the characteristics of neural stem
cells that are responsible for continuous proliferation and
drug resistance [54, 55]. miRNA profiling revealed that
glioma cells have an expression profile remarkably similar
to that of embryonic and neural precursor cells and distinct
from that of a normal adult brain [56]. Interestingly, a set
of 71 miRNA deregulated in human spontaneous GB is
remarkably similar to that of chemically induced mouse
glioma suggesting a common pattern of cancer development
[56]. The miRNAs deregulated in GB and in neural precursor
cells are clustered in seven genomic regions and have been
associated with many other cancers like the mir-17 family
cluster [57–59], miR-182-183 cluster [60], miR-302-367
and miR-372 [59, 61, 62], and the Dlk1 domain [63].

Table 2: miRNA involved in the regulation of EZH2.

miRNA Action Reference

Let-7a Direct targeting of EZH2 in nasopharyngeal carcinoma, inhibition of glioma growth by targeting K-RAS [206, 207]

miR-26a Inhibits growth of nasopharyngeal carcinoma targeting EZH2 [208]

miR-101 miR-101 downregulation in GB results in EZH2-induced proliferation regulating the methylation status of CPBE1 [209, 210]

miR-124 Modulates the proliferation of epatocarcinoma cells by direct targeting of EZH2 [211]

miR-138 Blocks GB tumorigenicity by EZH2-CDK4/6-pRb-E2F1 signaling cascade [212]

miR-214 Targeting of EZH2 in skeletal muscles [213]

miR-708 Inhibits GB cell proliferation targeting EZH2, AKT1, MMP2, CCND1, Parp-1, and Bcl-2 [214]

3International Journal of Genomics

http://www.mirbase.org/cgi-bin/browse.pl?org=hsa


In GB, recurrent chromosomal aberrations are lacking;
nevertheless, chromosomal instability (CIN) is considered
an important mechanism for the establishment and mainte-
nance of tumor heterogeneity [64]. CIN has the dual function
of responding to various stressing conditions while being, at
the same time, the origin of further genome destabilization.
The comparison by genome-wide analysis between long-
survival GB outlier patients (OS> 33 months) and short-
term survivors (OS< 7 months) showed significantly lower
genetic alterations in the short-term survivors than in long-
term survivors [65]. The increased genomic instability of
long-surviving patients might be responsible for the
increased vulnerability of the cells to the standard radio-
and chemotherapy. Along with this line, it was shown that
glioma stem cells have high CIN that accounts for maintain-
ing tumor heterogeneity and that increasing CIN further
abolishes tumorigenicity as if an upper limit of genetic insta-
bility exists to initiate tumor formation [66].

Unsurprisingly, miRNAs are implicated in the molecular
mechanisms of CIN and the intervention of these molecules
into chromosomal instability has been studied in several
tumors but, to the best of our knowledge, not yet in glio-
blastoma. Several miRNAs, like miR-26a and miR-28-5p,
interfere with genes involved in cell replication and cell
cycle checkpoints [67, 68] while others like miR-1255b,
miR-148b∗, and miR-193b∗ reduce homologous recombi-
nation at G1 thus maintaining genomic stability [69].
Other miRNAs like miR-214 [70], miR-137 [71], miR-

1255b, miR-148b∗, and miR-193b∗ [69] regulate at a
different level the DNA repair mechanisms.

4. miRNA Targeting Immune Checkpoints
and InflammatoryMolecules in Glioblastoma

Targeting the immune checkpoint gene PD1, its ligand
PDL1, and other genes like CTLA-4 has raised considerable
attention in the recent years because of the dramatic antitu-
mor effect exerted by antibodies against these molecules par-
ticularly in tumors with limited therapeutic options like lung
cancer and melanoma (reviewed in [72, 73]). In this respect,
glioblastoma is not an exception and GB escapes T-cell kill-
ing by activating immune checkpoints [74]. In an experimen-
tal model of glioma, the blockade of three immune
checkpoints (IDO, CTLA-4, and PD1) significantly increased
the survival of tumor-bearing mice [75]. However, these find-
ings might not be generally applicable because of the extreme
heterogeneity of this tumor and the absence of solid predic-
tive biomarkers of sensitivity to immune checkpoints inhibi-
tors [76]. Immune checkpoints can be modulated by
microRNAs [77], and Figure 1 summarizes some of the inter-
action of the complex network between miRNA, genes, and
immune checkpoints.

Intuitively, this complex network requires an extremely
precise tuning since immune checkpoint molecules can
be blocked by a given miRNA (e.g., miR-34a and miR-
138) that, at the same time, can indirectly promote the

PD-L1 PD1

Immune cell

CTLA-4

Tumor cell

Antigen-presenting cell

CD 80

miR-21

PTEN

miR-197

STAT3

CKS1B

miR-424
miR-138-5p

p53

miR-34a
miR-200

miR-424

miR-513

IFN-�훾

miR-28

miR-138

miR-155

Figure 1: Interactions between miRNA and immune checkpoints. This nonexaustive scheme shows the major interactions between miRNA
and immune checkpoint molecules. Red and green arrows indicate the suppressive or activating interactions, respectively.

4 International Journal of Genomics



expression of cytokines that in turn induce the expres-
sion of the same checkpoint molecules that are targeted
by the miRNA.

Microglia and astrocytes, along with macrophages, are
part of the glioma microenvironment, astrocytes are part of
the brain immune system as they express cytokines and
chemokines, and glioma cells produce and are targets of
inflammatory molecules [78, 79]. Glioma cells produce IL-1
which is a potent inducer of angiogenesis and invasion and
in glial cells, strongly upregulates miR-155 implicated in
inflammation-mediated cancer development [80]. Besides
miR-155, other IL-1-induced miRNAs involved in inflamma-
tion, miR-21, and miR-146 are upregulated in gliomas [81].
Interestingly, miR-146 is a negative regulator of astrocyte-
mediated inflammation [82], and upregulation of this
miRNA decreases the expression of its target TRAF6 that is
linked to seizure frequency in glioma patients suggesting that
miR-146 could be involved in the epileptogenic focus
surrounding the tumor [81].

5. Invasiveness and the Blood Brain Barrier as
Escape Mechanisms from Therapy

An important mechanism contributing to the failure of treat-
ment in GB is the invasiveness of the tumor. Brain is a partic-
ular environment that is made impermeable to external
molecules by the blood brain barrier (BBB); this prevents
the efficient targeting of glioma cells with antineoplastic
drugs unless the BBB is severely damaged as in glioma above
2–4mm [83]. Nevertheless, GB can escape treatment also
because of its capacity to infiltrate the brain forming niches
in regions where the BBB is intact. Invasiveness is part of
the epithelial to mesenchymal transition (EMT), a mecha-
nism through which cells lose the epithelial phenotype and
acquire that of mesenchymal cells. Several miRNAs are
involved in EMT or in general into the mechanisms of inva-
sion; they include miR-21, miR-146, miR-10b, and miR-7
that target directly or indirectly metalloproteinase inhibitors
[84, 85], adhesion molecules, and other genes involved in
metastasis and cell invasion [86–88].

GB is a highly vascularized tumor, and this feature likely
contributes to the invasive and proliferative capacity of the
tumor and to the shielding of GB cells behind the BBB. A
set of miRNA (miR-296, miR-125b, and others) can directly
or indirectly fine-tune angiogenic factors and promote
neoangiogenesis in GB [89, 90]. In GB, angiogenesis can be
stimulated also by other mechanisms like hypoxia through
the targeting of HIF3A by miR-210-3p that results in the
overexpression of VEGF [91]. Interference with VEGF is
not the only angiogenic mechanisms exerted by miRNA in
glioma; indeed, neovascularization can be promoted by
miR-93 that targets integrin-β8 involved in cell-cell and
cell-matrix interactions [92]. The transport mechanisms of
miRNA across the BBB is still debated and could involve
extracellular vesicles (EV) like exosomes that could serve as
a communication tool in nonpathologic situations [93] or
between tumor cells and their environment and trigger cell
proliferation [94].

MicroRNAs have also an important role in drug and
radioresistance as will be described in another part of
this review.

6. Circulating miRNA as Glioma Biomarkers

Circulating nucleic acids and circulating tumor cells [95, 96]
are extensively exploited as tumor markers to predict out-
come and to monitor the response to therapy. Importantly,
in GB, response to therapy often results in enhancement of
the captation of the contrast medium that can be disguised
as progression (“pseudoprogression”) challenging the imag-
ing assessment of the disease [97]. The distinction between
true progression and pseudoprogression is a diagnostic need
required for optimizing patient’s care.

Overall, both blood and cerebrospinal fluid are a source
of circulating biomarkers and relevant glioma mutations like
those of IDH1/IDH2 can be detected in circulating DNA
[98]. On the contrary, circulating tumor cells are so scarce
in glioma that, with the available technologies, their clinical
potentials remain an open issue. Similarly, serum proteomics
has not yet provided clinically useful results [99].

Extracellular vesicles (EV) are an attractive source of cir-
culating biomarkers because they act as a cargo for many
types of molecules that are protected from degradation
[100]. EV are released by all cells to enable the communica-
tion between nonadjacent cells, and EV secretion is an early
response of cancer cells to a variety of stress conditions
including treatment [101]. Interestingly, EV are not ran-
domly loaded and their content seems to reflect the biology
of the donor cells making EV an ideal source of circulating
biomarkers [102]. Although the utilization of EV in the clin-
ical context is still in its infancy, promising results were
obtained in two small GB trials. One of these was aimed at
comparing the level of the DNA repair enzymes MGMT
and APNG in the parental tissue and in EV before and after
TMZ treatment [103]. In the second study, exosome mRNA
was examined to study the changes of expression of immune
markers and cytokines after inoculation of a tumor
vaccine in glioblastoma patients [104]. Both studies dem-
onstrate that in principle, molecules carried by EV can
be utilized to develop robust assays to monitor disease
progression in glioblastoma.

Different studies reported the miRNA profiling in the
plasma of glioma patients or evaluated the level of defined
circulating miRNA known to be involved in this tumor. A
restricted signature of eleven miRNAs was selected through
a systematic review of the literature and utilized to screen a
small cohort of GB patients, and the results showed that the
level of expression of miR-497 and miR-125b could distin-
guish between low- and high-grade glioma [105]. In princi-
ple, these types of markers could be very useful to monitor
the evolution of primary low-grade glioma into secondary
GB for better timing the beginning of therapeutic procedures.
The expression of miRNA deregulated in GB was included in
several studies on circulating biomarkers. Indeed, miR-21
was found overexpressed in plasma of glioblastoma patients
compared to normal controls while miR-128 and miR-342-
3p were downmodulated in the same set of patients [106].
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Expression of these miRNA returned to baseline levels
after treatment suggesting that circulating miRNA can be
utilized to monitor disease response to treatment and
disease relapse [106]. Interestingly, a recent whole miRNA
profiling from the plasma of a relatively large set of
glioblastoma patients identified a signature predicting
disease-free and overall survival independently from other
clinicopathological factors [107].

In conclusion, there are strong indications that circulat-
ing biomarkers have the potential to recapitulate the molecu-
lar complexity of GB and that they could gain clinical
relevance. Nevertheless, more informative biomarkers are
needed to develop robust and reproducible assay before a
liquid biopsy could become a standard clinical practice.

7. MicroRNA and DNA Methylation:
Interplay between Epigenetic Factors

The effects of miRNA dysregulation have been extensively
studied initially at the level of single interaction between
miRNA and its target gene or genes in a countless number
of pathologic and physiologic conditions and more
recently as components of signatures or within functional
pathways. Intriguingly, miRNA can also be subjected to
epigenetic control through DNA methylation and histone
modifications [108] thus establishing a complex interplay
capable of interfering, directly or indirectly, with multiple
pathways in extraordinary complex networks that have
been partially explored in several tumors including
glioblastoma [109–115].

The effect of miRNA on epigenetic modifier genes and
the influence of DNA methylation on miRNA expression in
glioblastoma have been studied in some detail. In particular,
targeting of DNMT3a and DNMT3b by miRNA-29, miRNA-
29a, and miRNA-148 was observed, and it is generally
believed that this interaction may contribute to the general
hypomethylation seen in cancer [116–118]. However, the
direct link between the expression of the miRNA-29 family
and of miRNA-148 and the methylation status of glioblas-
toma cells has not yet been studied.

EZH2 is a histone methyltransferase that catalyzes the
trimethylation of H3 at lysine 27 (H3K27), a postsynthetic
modification of H3 leading to transcriptional inactivation
[119]. Furthermore, EZH2 promotes the de novo DNA
methylation interacting with DNMT3A and DNMT3B
[120]. In glioblastoma, and other tumors, EZH2 is overex-
pressed and acts as an oncogene with multiple mode of
actions including cell invasion utilizing largely tumor-
specific mechanisms [121, 122], cell cycle progression, main-
tenance of cell stemness [123], and, last but not least, the
development of drug resistance [123, 124] and inhibition of
apoptosis [119]. It thus appears that EZH2 is at the center
of many cancer-related pathways and that it must be kept
under stringent transcriptional control. Several miRNAs,
reported in Table 2, and lncRNAs are integral components
of mechanisms that regulate EZH2 expression; however, the
role of some of them in GB has not yet been investigated or
experimentally proven.

Although manipulating EZH2 expression may seem a
promising and logical strategy for the therapy of GB and
other tumors, it must be reminded that knocking down a
gene that masters DNA and histone methylation will epige-
netically influence a vast number of genes with unpredictable
effects. Indeed, it was shown that prolonged inhibition of
EZH2 results in GB tumor progression whereas short-term
inhibition improves survival in animal models [125]. How-
ever, it is likely that the major benefits from EZH2 inhibition
will derive from appropriate scheduling of cytotoxic and
epigenetic drugs as recently proposed [27].

Acetylation and deacetylation of histones H3 and H4 are
postsynthetic modifications that contribute to the switching
between permissive (acetylated) and repressed (deacetylated)
conformation of the chromatin [126]. Acetylation and deace-
tylation are driven by two sets of enzymes: histone acetyl-
transferase (HAT) and histone deacetylases (HDAC) that
include several variants. In glioblastoma, the expression of
HDAC1 and HDAC3 is inversely correlated with survival of
GB patients, whereas that of HDAC4, HDAC5, HDAC6,
and HDAC11 is positively correlated with survival of glioma
patients [127]. HDAC1 is a known target of miR-449 and
miR-874 [128, 129] but the clinical relevance of the expres-
sion pattern of these miRNA in GB is not known. HDAC4
is targeted by miR-1 andmiR-155 [130, 131]; in contrast with
the HDAC expression data, exogenously expressed miR-1
that putatively should interfere with HDAC4 acts as a
tumor suppressor gene prolonging survival in an animal
model [132]. On the contrary, the expression of miR-155
in glioma is prevalent in high-grade tumors with a worse
prognosis [133].

Several other genes belonging to the epigenetic machin-
ery are targeted by miRNA; their involvement in glioblas-
toma is not yet well established, and they will not be
discussed here.

Besides controlling epigenetic modifier genes, miRNA
can be subjected to epigenetic control. This control can be
exerted at three levels: DNA methylation, histone modifica-
tion, and combined DNA methylation and histone modifica-
tion. Approximately half of the knownmiRNAs are hosted in
CpG -rich regions and are thus potential targets of DNA
methylation; indeed, the effect of DNMT inhibitors has been
tested on several cancer cells showing the activation of the
miRNA-target gene axis [114, 115, 134]. To the best of our
knowledge, the systematic analysis of miRNA silenced by
DNA methylation in glioma has not yet been performed;
nevertheless, several examples of miRNA silenced by DNA
methylation in GB have been described along with the func-
tional effects of their reexpression [135].

miR-211 targets MMP9, activates the caspase-9/caspase-
3 apoptotic cascade, and was found to be hypermethylated
in GB [136]. miR-204, methylated and downregulated in gli-
oma, when activated suppresses the expression of stem tran-
scription factor SOX4, reduces cell invasion, and prolongs
survival in animal models [137]. miR-23 is hypermethylated
in GB and is reactivated by 5-Azacytidine treatment leading
to cell cycle arrest [138]. miR-145 is underexpressed in astro-
cytoma compared to normal brain, functionally acts as a
tumor suppressor gene targeting SOX2, a stem-maintaining
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gene, and reduces proliferation and migration of GB cells tar-
geting CTGF and NEDD9 [135, 139, 140]. miR-137 is epige-
netically inactivated in many cancers, and its expression is
diminished in GB and in glioma stem cells. Reexpression of
miR-137, hypermethylated in GB tumor samples, promotes
neural differentiation and decreases the expression of stem
cell markers (Oct4, SOX2, and Nanog) [141]. Furthermore,
miR-137 is also an inhibitor of EZH2 [142]. In one of the
most comprehensive methylation analysis of miRNA pro-
moter regions to date [143], 29 miRNAs differentially
methylated in high-grade glioma were identified. The hyper-
methylation (and low expression) of three of them, miR-155,
miR-210, and miR-355, was a strong predictor of better out-
come and longer PFS. However, upon validation in different
patient series and in multivariate models, only miR-155
remained of prognostic value independently from other indi-
cators like histology, MGMT methylation, and IDH1/IDH2
mutation. Therefore, miR-155 can be considered both as an
oncomiR in GBM with multiple biological roles including
the activation of the NFkB pathway [143]. On the other hand,
miR-155 could act also on the immune cell compartment by
downmodulating the immune checkpoint molecule CTLA-4
exerting the function of a tumor suppressor miRNA (Figure 1
and [144]). miR-181c, another example of miRNA downreg-
ulated by epigenetic mechanisms in glioblastoma, targets the
NOTCH2 pathway and is important in self-renewal, prolifer-
ation, and invasion of GB cells [145]. This miRNA was sorted
out by chromatin immunoprecipitation/sequencing screen-
ing as a region containing H3K4me3 and H3K27ac marks
partially overlapping with a CpG-rich region close to miR-
181c that is hypermethylated in GB [146].

8. miRNA and Chemo- and
Radioresistance in Glioblastoma

The response to treatment in GB patients is variable and
probably depends from tumor heterogeneity that originates
from genetic and epigenetic alterations which can influence
the behavior of the disease. In this respect, the relation
between miRNA and chemo- and radiotherapy has been
extensively exploited to search for new possible therapeutic
targets or to predict and improve the response to treatment.

Earlier preclinical studies showed that cisplatin could
increase the efficacy of TMZ by decreasing the activity of
MGMT [147] but several clinical trials have tested the
activity of cisplatin in GB patients with limited success
[148, 149]. Indeed, GB cells after an initial and positive
response to cisplatin develop chemoresistance. Many bio-
logical pathways underlie the resistance to cisplatin and
platinum derivatives [150], and several miRNAs contribute
to the reduction of platinum sensitivity. Let-7b seems to
be involved in cisplatin resistance affecting the cyclin D1
pathway [151], and miR-873, which targets Bcl-2, is down-
regulated in a time-dependent manner by cisplatin and, if
overexpressed, increases apoptosis in cisplatin-resistant GB
cells [152].

Temozolomide is, at the moment, the first-line drug for
high-grade glioma treatment independently from the
methylation status of MGMT (https://www.cancer.gov/

types/brain/hp/adult-brain-treatment-pdq#link/_1089_toc).
Several mechanisms of resistance to TMZ have been identi-
fied (reviewed in [153]), and epigenetic mechanisms, besides
MGMT methylation, are explored as possible effectors of
constitutive or acquired TMZ resistance in GB patients. In
this respect, a substantial body of evidence gained mostly in
preclinical models supports the idea that many miRNAs
interfere with the response of the cells to TMZ.

As discussed above, miR-21 is consistently upregulated in
astrocytic tumors (grade II–IV) [154] and downmodulates
an entire set of oncosuppressor genes [41, 155, 156]. Indeed,
miR-21 has antiapoptotic activity in glioblastoma cells [40]
and treatment of GB cells with TMZ results in miR-21
overexpression while its inhibition with specific anti-miR-
21 results in high apoptotic levels upon treatment with
TMZ [157].

The AEG-1 (astrocyte elevated gene-1), overexpressed in
GB tumor samples, favors the infiltration capabilities of
established GB cell lines [158], and its downmodulation by
siRNA sensitizes the cells to TMZ. AEG-1 is directly targeted
by miR-136 that, when exogenously overexpressed, increases
the cytotoxic activity of TMZ [159]. In principle, the expres-
sion of miR-136 could be utilized as an indicator of drug
response in GB patients.

Direct targeting of genes controlling the apoptotic
pathway is another mechanism capable to modulate TMZ
resistance in GB cells. For example, miR-139 inhibits the
expression of the antiapoptotic gene Mcl-1, a member of
the Bcl-2 family, and sensitizes GB cells to the effect of
TMZ [160]. Similarly, miR-143 targets several genes involved
in the pathogenesis of cancer like K- and N-RAS, Bcl-2, and
IGF-IR. The overexpression of miR-143 sensitizes GB cells
to apoptosis induced by TMZ and inhibits invasion and pro-
liferation, and this effect has been attributed to the direct tar-
geting of N-RAS and, indirectly, to the dephosphorylation of
AKT and to the downmodulation of HIF and VEGF as a
result of N-RAS inhibition [161].

A more direct link with TMZ resistance is attributed to
miRNA targeting directly MGMT. The inhibition of MGMT
through different mechanisms besides DNA methylation
silencing may at least partly explain the positive response to
treatment in patients without methylation ofMGMT. In this
respect, miR-603 and miR-181d directly target and indepen-
dently coregulate MGMT inducing sensitivity to TMZ [162].

As mentioned in a previous section of this review,
miR-29c is a direct inhibitor of the de novo DNA methyl-
transferases DNMT3a/DNMT3b and is an indirect suppres-
sor of MGMT via silencing of Sp1, a MGMT transcription
factor. Interestingly, forced expression of miR-29c, which
is downmodulated in glioblastoma, sensitizes cells to
TMZ [163].

Along with chemotherapy, radiotherapy is an integral
part of the clinical management of GB and different miRNAs
are involved in radiosensitization or radioresistance.

Low levels of ATM protein are a major determinant of
radiosensitivity in glioblastoma, and ATM is the target of
different miRNAs such as miR-100 and miR-26a. High level
of miR-100 expression was found in the radiosensitive gli-
oma cell line; on the other hand, its ectopic expression in
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radioresistant cells downmodulates ATM and sensitizes the
cells to ionizing radiation [164]. Ionizing radiation induces
ATM expression (and radioresistance), and miR-26a restores
radiosensitivity by targeting ATM [164]. It thus appears that
drug and radioresistance in GB are controlled by an array of
miRNA that directly or indirectly interferes with multiple
pathways involved in drug and radiation response.

9. miRNA and Innovative
Therapies in Glioblastoma

The development of multiomics strategies has led to impres-
sive advancements of the knowledge on the mechanisms
behind cell transformation and has opened the possibility
of selectively targeting cancer cells in many types of tumors
including GB [165–168].

In principle, a drug-based “biologic therapy” is aimed at
changing the cell phenotype through the use of molecules
capable of blocking well-defined pathways. This can be
achieved either through the functional inhibition of the enzy-
matic activities of a given protein or through the ablation of
the protein itself. The first strategy leaves the protein unmod-
ified while the second acts on the expression of the target
protein and, in theory, should be more effective.

Transcriptional inhibition of a given gene can be
obtained by RNA interference, a mechanism originally
described in worms [169] and later in higher organisms
[170–172]. In practice, it was observed that double-
stranded RNA delivered into the cells caused the degradation
of the target mRNA and this system is now widely employed
for the transient or stable gene inactivation. MicroRNA,
because of their hairpin and partially complementary struc-
ture, can be considered as an endogenous form of interfering
RNA that depending on the extent of complementarity with
their targets can either stop the translation or promote the
degradation of the mRNA.

A major question to be answered is if miRNA modu-
lation of gene transcription is powerful enough to have a
therapeutic consequence in glioma also in view of the
necessity of obtaining an adequate delivery at the tumor
site. While in vitro assays demonstrated the feasibility of
this approach, the in vivo translation of these studies
appears a much more complex task. The partial knowledge
of the miRNA networks, pathways, target genes, and of
their interplay in healthy and diseased cells adds further
difficulties to the short-term therapeutic utilization of these
strategies.

One of the questions that need to be answered is if
miRNA has the potential to enter the routine clinical prac-
tice. Along with this review, we have seen that suppressing
certain oncomiR (i.e., miR-21) or inducing the expression
of tumor suppressor miRNA like let-7 has dramatic effects
on cell behavior and suppress GBM viability. Nevertheless,
many major issues still remain, first of all, the problem of
delivery, and also the choice between monospecific syn-
thetic siRNA and polyspecific miRNA mimics or miRNA
antagonists. siRNAs have the obvious advantage to selec-
tively target specific pathway components while miRNA
can interfere with multiple pathways at once. However,

the off-target effects of the miRNA have to be carefully
evaluated. Furthermore, if a siRNA cocktail seems a rea-
sonable tool, the utilization of a miRNA cocktail seems
more complex also because of the conspicuous off-target
effect of this cocktail and because of the interactions
between different miRNAs [114].

9.1. Biological Therapies in GB: The Delivery Issue. In Glio-
blastoma, the presence of the BBB represents a major
challenge to the utilization of miRNA in therapy because if
the BBB is damaged and permeable at the tumor site, its
integrity is maintained at the infiltrating tumor areas that
are those responsible for tumor relapse after initial surgery
and radiochemotherapy [83]. Nevertheless, some prelimi-
nary results support the use of antago-miR or miRNA
mimics in the therapy of glioma although the issue of the
active concentration that can be achieved at the tumor site
needs to be taken into consideration.

The ideal goals of the delivery across the BBB are
as follows:

(i) to increase the local drug concentration

(ii) to increase the possibility of using drugs that do not
pass through the BBB

(iii) to increase the possibility of reaching the tumor
niches surrounded by integral BBB that are respon-
sible for tumor relapse

(iv) to increase the possibility of using antitumor drugs
in low-grade glioma protected by a functional BBB

Delivery systems can be passive or active. The objective of
the passive methods is the permeabilization of the BBB with
hyperosmotic agents, surfactant, ultrasounds, and electro-
magnetic waves to transiently open the tight cell-cell junc-
tions of the BBB [173]. In this respect, a randomized phase
III clinical trial showed that the combined treatment of
TMZ and pulsed electric fields is superior to the standard
TMZ treatment [174]. The direct infusion of drugs or other
bioactive molecules at the site of the lesion after craniotomy,
even if highly selective, was found of limited utility because of
the poor diffusion in the perilesional area where the tumor
niches are [175].

Active transport toward the lesion is considered, in gen-
eral, a more efficient mode to selectively deliver drugs or
other molecules within the brain. The most promising active
delivery systems are those based on nanoparticles of less than
200 nm [176] that carry on their surface molecules that can
be recognized by specific receptors on the BBB, like transfer-
rin, lactoferrin, transferrin receptor, and glutathione [177].

The most commonly utilized carriers for drug delivery in
the CNS are liposomes at a single or double layer of approx-
imately 100nm of diameter that are engineered with
molecules for tumor targeting [178, 179]. Some liposomal
formulations have entered into the clinical practice, and
others are being tested in clinical trials [179–183].

Other utilized delivery systems are the polymeric colloids
(PDP) [184–186] or other colloidal formulations (LNC)

8 International Journal of Genomics



[187–189] that can be modified to pass the BBB and to target
the tumor utilizing two ligands [185]. The delivery systems
based on nanoparticles are highly promising but their toxic-
ity, biocompatibility, and payload retention must be carefully
evaluated [190, 191].

9.2. Targeting Glioblastoma Cells with miRNA. Convention-
enhanced delivery, a drug delivery method based on catheters
stereotactically implanted to infuse the treatments directly to
the tumor site, was utilized to deliver let-7a into the brain of
mice xenografted with an aggressive GB. This treatment was
well tolerated and was effective in reducing the expression of
HMGA2, one of the targets of let-7a [192].

Although direct delivery of miRNA into the brain seems
to be effective, intuitively non- or minimally invasive drug
delivery methods may be preferable. In this respect, nanopar-
ticles seem a very promising strategy and were exploited to
deliver at the tumor site not only a variety of drugs but also
miRNA [193]. In principle, nanoparticles should overcome
the poor systemic stability of oligonucleotides and improve
their delivery; as said above, different nanoparticle formula-
tions are available each with advantages and disadvantages
but they can all be engineered to target the tumor site
and, in the case of brain tumors, to transit the BBB. To
date, the most common carriers are targeted liposomes
of 100nm [178, 194] that are being tested in animal
models [180, 181].

Several types of nanoparticles have been utilized to
carry a number of miRNA and to test their biological
effects. For example, antago-miR-21 carried by RNP were
utilized to successfully rescue the expression of antionco-
genic PTEN and of PDCD4 and to promote tumor regres-
sion in a model system [195]. Similarly, antago-miR-21,
delivered by poly(lactic-co-glycolic acid) (PLGA), sensitizes
the effect of TMZ in vitro [196].

Another interesting example of cooperative treatment in
glioblastoma is provided by a multifunctional delivery system
MSNPs (mesoporous silica nanoparticle) charged with TMZ
molecules and decorated by an anti-miR-221 PNA-
octaarginine conjugate (R8-PNA221) that increases the
biological effect of TMZ in drug-resistant cells [197]. A
similar effect was seen with miR-34a encapsulated in a poly-
glycerol scaffold [198].

Mesenchymal stem cells (MSC) are an interesting and
potentially very effective method to target sites of injury
or of inflammation and tumors for therapeutic purposes
[199, 200], and it was demonstrated that functional miRNA
can be conveyed to neural progenitor cells by cocultivation
with appropriately engineered MSC [201].

As mentioned above, miR-10b is involved in tumor inva-
sion and is an optimal therapeutic target because of its high
and generalized expression in all GB subtypes [86–88]. A
preclinical in vivo study focused on the inhibition of miR-
10b in an orthotopic GB xenograft model compared the
results of different delivery methods utilizing as endpoint
the inhibition of the tumor growth [202]. Brain injections,
systemic injections, and intracranial osmotic pumps were
compared, and each one showed weak and strong points.
The antagonist of miR-10b administered by the three routes

resulted in the inhibition of miR-10b and in turn reactivated
its target genes, attenuated tumor growth, and prolonged
survival. Considering the possible translation from the bench
to the bedside, the systemic injections of miR-10b inhibitor
were less invasive compared to the other routes and had
minimal or no side effects on extracranial tissues and with a
good delivery through the BBB.

miRNA “sponges” are oligonucleotide sequences that
contain many binding sites for a specific miRNA or miRNA
family and act as competitive inhibitors of the binding of the
miRNA to their targets [203]. The utility of these “sponges”
in GB was recently demonstrated for miR-23b in an orthoto-
pic in vivo model and showed the reduction of angiogenesis,
migration and invasion, and in turn the malignancy of the
tumor [204]. Circular RNAs (circRNA) are natural examples
of sponges that are highly resistant to degradation and that
are now subject of in-depth investigations because of their
strong regulatory activity on miRNA [205].

10. Conclusions

MicroRNAs are epigenetic regulatory molecules that posses-
sing multiple targets have a profound impact on cell physiol-
ogy and pathology. MicroRNAs are players of the “epigenetic
orchestra” that fine-tune the coordinate transcription of the
genetic information. It is quite clear that control exerted by
miRNA is extraordinary complex, that indeed a single
miRNA can bind many genes, and that each gene can be
recognized by many miRNAs in an extremely complex direct
and indirect regulatory circuitry. Obviously, mastering this
network could have dramatic effects on cell behavior.

Therefore, it is not surprising that although our knowl-
edge of the complex effects and interactions between miRNA
and genome is still incomplete, the potential implications of
miRNA for the diagnosis and prognosis, for the patients’
stratification and for their personalized therapy, were not
overlooked. However, in order to translate the impressive
basic knowledge so far gained on miRNA onto the clinical
practice, several issues urgently need to be addressed. Besides
the technicisms of delivery and targeting, the major problem
remains that of understanding the miRNA effects not
anymore at the level of single miRNA-target interaction,
but utilizing a “holistic” approach to fully appreciate the bal-
ance between miRNA and target genes of opposite functions.

It is quite clear that this will be a highly demanding, but
exciting, task for the scientists of the immediate future.
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Over the past few years, noncoding RNAs (ncRNAs) have been extensively studied because of the significant biological roles that
they play in regulation of cellular mechanisms. ncRNAs are associated to higher eukaryotes complexity; accordingly, their
dysfunction results in pathological phenotypes, including cancer. To date, most research efforts have been mainly focused on
how ncRNAs could modulate the expression of protein-coding genes in pathological phenotypes. However, recent evidence has
shown the existence of an unexpected interplay among ncRNAs that strongly influences cancer development and progression.
ncRNAs can interact with and regulate each other through various molecular mechanisms generating a complex network
including different species of RNAs (e.g., mRNAs, miRNAs, lncRNAs, and circRNAs). Such a hidden network of RNA-RNA
competitive interactions pervades and modulates the physiological functioning of canonical protein-coding pathways involved
in proliferation, differentiation, and metastasis in cancer. Moreover, the pivotal role of ncRNAs as keystones of network
structural integrity makes them very attractive and promising targets for innovative RNA-based therapeutics. In this review we
will discuss: (1) the current knowledge on complex crosstalk among ncRNAs, with a special focus on cancer; and (2) the main
issues and criticisms concerning ncRNAs targeting in therapeutics.

1. Introduction

When the Human Genome Project (HGP) began in the late
1990s, researchers hypothesized that our genome comprised
about 100,000 protein-coding genes [1]. Over the years, this
estimate has been continuously downsized. In 2001, the
International Human Genome Sequencing Consortium
(IHGSC) published the initial sequence of the human
genome and proposed that the number of protein-coding
genes was about 30,000 [2]. At the same time, Celera Geno-
mics (a competitor group of IHGSC) estimated this number
at 26,000 [3]. In 2004, when the final draft of the human
genome was published, this number was further reduced to
24,500 [4], but in 2007 an additional analysis established that
it was around 20,500 [5]. More recently, new studies updated

the number of human protein-coding genes to 19,000 [6].
This estimate is particularly surprising, because it would sug-
gest that less than 2% of the whole human genome encodes
for proteins; accordingly, the keystone of Homo sapiens
complexity could lie in the 98% of our DNA (the genome
dark matter), which does not encode proteins but would be
endowed with critical regulatory functions. In the last decade,
two important scientific initiatives supported by the US
National Institutes of Health (i.e., the projects ENCODE and
Roadmap Epigenomics) reported seminal data on hundreds
of thousands of functional regions in the human genome,
whose function is to supervise gene expression [7, 8]. These
data suggested that much more space in our genome is com-
mitted to regulatory than to structural functions. Moreover,
these studies proposed that about 80% of the human genome
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is dynamically and pervasively transcribed, mostly as non-
protein-coding RNAs (ncRNAs). The biological relevance of
the noncoding transcriptome has become increasingly unde-
niable over the last few years. Studies of comparative genomics
showed that the relative proportionof genome space, occupied
by the proteome-encoding genome as opposed to the regula-
tory (non-protein-encoding) genome is very variable among
evolutionarily distant species; for instance, the protein-
coding genome represents almost the entire genome of the
unicellular yeast Saccharomyces cerevisiae, whereas it consti-
tutes only 2% of mammalian genomes [9]. Moreover and
intriguingly, the noncoding transcriptome is frequently
altered in major diseases, including cancer [10–12]. These
observations strongly suggest that ncRNAs are closely related
to the complexity of higher eukaryotes and that their dysfunc-
tionmay result in pathological phenotypes. RNA is a structur-
ally versatile molecule, able to perform several molecular
functions. By simple base pairing with other nucleic acids,
RNA can recognize and bind both DNA and RNA targets in
a very specific manner and regulate their transcription,
processing, editing, translation, or degradation. An intriguing
field for future explorations is the tridimensional folding of
RNAmolecules, which confers them allosteric properties: this
increases the range of potential molecular interactors (includ-
ing proteins); additionally, dynamic conformational changes
can be triggered by ligand binding. Moreover and different
from proteins, RNA can be rapidly transcribed and degraded
making it a very dynamic molecule that can be quite rapidly
synthesized without additional time and energetic costs of
translation [13]. For all these reasons, over the past few years,
ncRNAs have been extensively studied because of the signifi-
cant biological roles that they play in regulation of cellular
mechanisms. Noncoding RNA genes can generally be divided
into two major categories by their transcript sizes: (1) long
noncoding RNAs (lncRNAs) are longer than 200 nucleotides;
and (2) small noncoding RNAs have a length equal to or lower
than 200 nucleotides [i.e., microRNAs (miRNAs), small
interfering RNAs (siRNAs), small nuclear RNAs (snRNAs or
U-RNAs), small nucleolar RNAs (snoRNAs), PIWI-
interacting RNAs (piRNAs), and tRNAs] [14]. To date, most
research efforts have been focused on how ncRNAs (in partic-
ular, miRNAs) modulate the expression of protein-coding
genes and their roles in human pathophysiology. However,
recent evidence has shown the existence of unexpected inter-
play among ncRNAs, which influences cell physiology and
diseases. In addition to the canonical multilayered control of
expression of protein-coding genes (briefly described below),
ncRNAs can interact with and regulate each other through
variousmolecularmechanisms generating a complex network
including different species of RNAs. In such a regulatory
network, ncRNAs also compete among each other for binding
tomRNAs, thus acting as competing endogenous RNAs (ceR-
NAs). In this review,wewill summarize the current knowledge
on the complex crosstalk amongncRNAs (includingmiRNAs,
lncRNAs, and circRNAs) and how they could reciprocally
interact to regulate cancer progression and dissemination.

1.1. miRNAs.miRNAs are 18–25 nucleotides long, evolution-
arily conserved, single-stranded RNAs, which negatively

modulate the expression of their target mRNAs (more than
60% of protein-coding genes) by binding to the 3′-UTR of
specific mRNA targets, leading either to their translational
repression, cleavage, or decay [15–17]. This binding occurs
through a specific miRNA region (named seed region), which
is a contiguous string of at least 6 nucleotides beginning at
position two of the 5′ of the molecule [18]. The block of
translation is due to the inhibition of mRNA 5′-cap recogni-
tion and interference on the interaction between the mRNA
and the 60S ribosomal subunit, while mRNA degradation is
promoted by mechanisms of decapping and deadenylation
[19]. These molecular mechanisms are mediated by an
RNA-induced silencing complex (RISC) that includes pro-
teins belonging to the Argonaute (AGO) family; specifically,
RISC endonuclease activity depends exclusively on AGO2
protein [20]. A single miRNA can control the expression of
several mRNAs, and a single mRNAmay be targeted by more
than one miRNA, thus creating a complex interplay of coop-
erative regulation [21]. To date, more than 2500 mature
miRNAs have been included in the miRbase database [22].

Extensive studies have shown that miRNAs control piv-
otal cellular processes, (e.g., cell proliferation, differentiation,
migration, cell death, and angiogenesis), thus contributing to
the pathogenesis of diseases such as cancer. Indeed, several
miRNAs have been identified as potential oncogenes or
tumor suppressors in cancer development and progression
[23]. In the last two decades, their mutations and altered
expression were reported to be causally related to the neo-
plastic features of the cells, thus providing new perspectives
for the understanding of the complex regulatory networks
that rule tumor biology [24]. miRNA dysfunctions exert a
pleiotropic effect on the expression of their mRNA targets
impairing the functioning of biological networks. It has been
convincingly demonstrated that different cancer histotypes
display specific miRNA expression patterns: this phenome-
non would be helpful to improve diagnosis of poorly differ-
entiated tumors and predict prognosis in cancer [25, 26].
Moreover, multiple experimental evidence has shown that
miRNAs can be also secreted by cancer cells into bodily
fluids, sending oncogenic signals through circulation, which
could advantageously mold the extracellular tumor environ-
ment [27]. These discoveries gave a new intriguing diagnostic
and prognostic role to circulating miRNAs, paving the way
for their potential use as noninvasive molecular RNA
markers in clinical management of cancer patients [28–30].

1.2. lncRNAs. lncRNAs are the most heterogeneous class of
non-protein-coding RNAs with lengths ranging from 200nt
to 100,000 nt. They include transcripts that may be classified
as (a) intergenic lncRNAs, (b) intronic lncRNAs, (c) sense or
antisense transcripts, (d) pseudogenes, and (e) retrotranspo-
sons [14]. Currently, LNCipedia 4.0 records more than
118,000 human lncRNAs, which are usually expressed in a
developmental and tissue-specific manner [31]. lncRNAs
regulate gene expression at different levels, including chro-
matin modification, alternative splicing, and protein localiza-
tion and activity [32]. Such a wide range of mechanisms is
due to their ability to bind to DNA, RNAs, and proteins.
lncRNAs, thanks to their binding to promoter DNA, can
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prevent the access of transcription factors to their own pro-
moter binding sites and impede the transcription of specific
genes (e.g., DHFR) [33]. Some lncRNAs (e.g., HOTAIR) are
associated with chromatin-modifying complexes (e.g., poly-
comb repressive complex 2) to regulate epigenetic silencing
of target genes [34]. Much evidence has also shown that
lncRNAs may work as molecular scaffolds to connect two
or more proteins in functional complexes or can serve to
localize protein complexes to appropriate cellular compart-
ments [35]. Antisense lncRNAs can target, by direct sequence
complementarity, their antisense mRNAs and, accordingly,
modulate alternative splicing processes or protect 3′-UTR
from miRNA binding, increasing the stability of mRNAs
(e.g., ZEB2-AS1, BACE1-AS) [36, 37]. Several recent studies
have shown that lncRNAs are critically involved in a wide
range of biological processes, such as cell cycle regulation,
pluripotency, differentiation, and cell death [38–41]. Dysreg-
ulation of lncRNA activity has been frequently reported in
association to diseases, including several types of cancer. Spe-
cifically, upregulated lncRNAs in cancer seem to possess
tumor-promoting abilities, whilst downregulated lncRNAs
exhibit tumor-suppressive roles [42–47]. Although several
lncRNAs have been reported to be dysregulated in neoplastic
phenotypes, their mechanistic role in cancer biology has not
been satisfactorily explained for most of them. However, sci-
entific evidence strongly suggests a promising role for
lncRNAs as cancer-related biomarkers and potential targets
for innovative therapeutic approaches.

1.3. circRNAs. Circular RNAs (circRNAs) represent a
recently discovered class of noncoding RNAs, composed of
single-stranded, covalently closed, exonuclease-resistant cir-
cular transcripts [48]. Although the existence of circular
RNAs has been known since the 70s [49], for a long time such
molecules were considered only by-products of pre-mRNA
processing and therefore interpreted as artifacts of aberrant
RNA splicing [50]. However, recent advances in RNA
sequencing technologies have revealed a ubiquitous, and in
some cases abundant, expression of endogenous circRNAs
in mammalian genomes [51, 52]. circRNAs are a circularized
isoform of linear protein-coding genes generated through
backsplicing, a molecular process that is different from the
canonical splicing of linear RNAs. Circular RNA biogenesis
can occur both from exons (exonic circRNAs or ecircRNAs),
through different mechanisms of backsplicing and introns
(intronic circRNAs or ciRNAs), when lariat introns escape
typical debranching processes [53]. Currently, about 35,000
circRNAs are reported in the circBase database [54], but
molecular functions and biological processes, in which they
are involved, remain elusive for most of them. Recent emerg-
ing evidence convincingly suggests that circRNAs may play
an important role in RNA-RNA interactions. In some
instances, circRNAs exhibit multiple binding sites for the
same miRNA and represent a potential molecular sponge
for sequestering the most abundant miRNAs [55]. In other
words, circRNAs may negatively regulate the function of
miRNAs, and, thus, protect miRNA targets, by acting as
competing endogenous RNAs. As some papers would sug-
gest that ceRNA role of circRNAs could not be their main

function in cell biology, other molecular functions have been
proposed for circRNAs (a) to bind and sequester RNA bind-
ing proteins (RBPs) [56–58] and (b) to be translated into pro-
teins when recognized by ribosomes in the presence of
internal ribosome entry sites (IRESs) [59, 60]. As circRNAs
are potentially able to control different layers of gene expres-
sion, it is not surprising that their dysregulation is associated
with human pathologies, including cancer [61–63]. Most
reports that connect circRNAs and tumors mainly concern
comparative gene expression profiling studies between tumor
and normal samples. These investigations have shown that
circRNAs are frequently downregulated in several types of
cancer (e.g., colorectal cancer, ovarian cancer, and gastric
cancer) [64–66]. Just few of these studies attempted to func-
tionally explain how abnormal expression of circRNAs could
impair physiological cell homeostasis and thus promote can-
cer phenotypes [67–69].

2. Noncoding RNAs: Different Ways to
Interplay among Each Other

Interplay between ncRNAs obviously occurs because of
sequence complementarity; for instance, ncRNAs may share
miRNA response elements (MREs) with mRNAs and thus be
targeted in the same manner [70]. The effects of miRNAs
binding to other ncRNAs (i.e., lncRNAs and circRNAs)
could be twofold: on the one hand, miRNAs could be seques-
tered and prevented from acting on the protein-coding
mRNAs; on the other hand, miRNA binding to lncRNAs
and circRNAs could promote their decay, similarly to
mRNAs. In the next paragraphs, we will discuss the different
mechanisms of ncRNA interaction and their influence on
cancer biology.

2.1. miRNAs Induce Degradation of lncRNAs. Several papers
have reported that miRNAs can bind lncRNAs and promote
their degradation contributing to cancer processes (Table 1).
lncRNAs are structurally similar to mRNAs; indeed, they
have 5′-caps and 3′-poly(A) tails [71]; accordingly, the pro-
teins involved in the regulation of decapping, deadenylation,
and degradation of mRNAs may also control the turnover of
lncRNAs by binding of specific miRNAs.

UCA1 (urothelial cancer associated 1), an lncRNA
upregulated in several tumors (i.e., bladder cancer, tongue
squamous cell carcinoma, breast cancer, and ovarian cancer)
[72–75], possesses two predicted binding sites for miR-1, a
well-known tumor suppressor miRNA. The binding of
miR-1 to UCA1 has been confirmed by luciferase reporter
assay in bladder cancer and, accordingly, in vitro upregula-
tion of miR-1 induced UCA1 downregulation and caused a
decreased cell growth and migration and also an augmented
apoptosis. Such functional effects were reverted after UCA1
overexpression and silencing of AGO2, suggesting that
miR-1 was able to downregulate UCA1 expression in an
AGO2-mediated manner [76].

MALAT1 (metastasis-associated lung adenocarcinoma
transcript 1) is one of the most studied and abundant
lncRNAs: its expression was initially associated with metasta-
sis in non-small-cell lung carcinoma (NSCLC) [77], but then

3International Journal of Genomics



its deregulation has been reported in several other neoplastic
diseases [78–80]. The 3′ end of MALAT1 is cleaved by RNase
P and RNase Z, producing a tRNA-like ncRNA, called
mascRNA (MALAT1-associated small cytoplasmic RNA),
which will be exported into the cytoplasm [81], while most
of the MALAT1 molecules are localized to nuclear speckles
where they regulate alternative splicing of specific pre-
mRNAs [82]. Moreover, MALAT1 may bind CBX4 (chro-
mobox 4), a component of polycomb repressive complex 1
(PRC1), and modulate its localization in interchromatin
granules, leading to activation or inhibition of gene expres-
sion [83]. Through these molecular mechanisms, MALAT1
controls the expression of several genes related to cell cycle
and metastatic processes, thus influencing cell proliferation,
migration, and invasion. Recent publications reported that
MALAT1 is a target of a number of tumor suppressor miR-
NAs, which could induce its degradation and suppress its
oncogenic effects. Leucci et al. reported miRNA-mediated
regulation of MALAT1 in the nucleus of Hodgkin lymphoma
and glioblastoma cell lines through direct binding of miR-9
to two different MREs in an AGO2-dependent manner
[84]. There is evidence of a posttranscriptional regulation of
MALAT1 by miR-101 and miR-217 in esophageal squamous
cell carcinoma (ESCC) cells [85]. MiR-101 and miR-217 are
functionally involved in several cancers as tumor suppressors
and exhibited a significant negative correlation with
MALAT1 in ESCC tissue samples and adjacent normal tis-
sues. Enforced expression of miR-101 and miR-217 signifi-
cantly repressed MALAT1 expression, leading to inhibition
of cell growth, invasion, and metastasis in ESCC cells [85].
In bladder cancer, MALAT1 is inversely expressed with
miR-125b. This miRNA was partially complementary with
MALAT1 and bound it in in vitro models. MiR-125b was
downregulated in bladder cancer, and its overexpression
decreased the expression of MALAT1, causing an inhibition

of bladder cancer cell proliferation, motility, and activation
of apoptosis [86].

Additionally, miR-125b was also identified as a posttran-
scriptional regulator of HOTTIP (HOXA distal transcript
antisense RNA) in hepatocellular carcinoma (HCC) [87].
HOTTIP is one of the most upregulated lncRNAs in HCC,
also in early stages of HCC onset, and maps in antisense posi-
tion to the distal end of the HOXA gene cluster. HOTTIP
promotes tumor growth and metastasis in vitro and in vivo
through regulation of the expression of its neighboring
HOXA genes (e.g., HOXA10, HOXA11, and HOXA13).
MiR-125b has been reported to be frequently downregulated
in HCC, and a negative correlation of expression between
miR-125b and HOTTIP existed in such cancer. The interac-
tion between miR-125b and HOTTIP was validated by
luciferase reporter assay; this was confirmed by ectopic
expression of miR-125b that induced downmodulation of
HOTTIP [87].

HOTAIR (HOX antisense intergenic RNA) is one of the
most intensively studied lncRNAs, as it is frequently associ-
ated with different neoplasias. HOTAIR exerts its oncogenic
functions by working as a scaffold to assemble polycomb
repressive complex 2 (PRC2) on the HOXD gene cluster
and inducing the transcriptional silencing of multiple metas-
tasis suppressor genes (e.g., the protocadherin gene family)
[34, 88]. HOTAIR is posttranscriptionally destabilized by
several tumor suppressor miRNAs in different cancers.
Chiyomaru et al. reported a functional binding between
miR-34a and HOTAIR in prostate cancer cell lines treated
with genistein, an isoflavone with antitumor activity: miR-
34a directly bound to two MREs within HOTAIR RNA and
lowered its levels [89]. Yoon et al. reported that human anti-
gen R (HuR), let-7b, let-7i, and AGO2 cooperatively bind
HOTAIR and promote HOTAIR decay, thus inhibiting the
processes of ubiquitination and proteolysis of Ataxin-1 and

Table 1: miRNAs inducing degradation of lncRNAs.

miRNA lncRNA/circRNA target Tumor miRNA role PMID

let-7b lincRNA-p21 Cervical carcinoma Tumor suppressor 22841487

let-7b, let-7i HOTAIR Cervical carcinoma Tumor suppressor 24326307

miR-1 UCA1 Bladder cancer Tumor suppressor 25015192

miR-9 MALAT1 Hodgkin lymphoma, glioblastoma Tumor suppressor 23985560

miR-21 CASC2 Renal cell carcinoma Oncogene 27222255

miR-21 CASC2 Glioblastoma Oncogene 25446261

miR-21 GAS5 Breast cancer Oncogene 23933812

miR-34a HOTAIR Prostate cancer Tumor suppressor 23936419

miR-101 MALAT1 Esophageal squamous cell carcinoma Tumor suppressor 25538231

miR-125b HOTTIP Hepatocellular carcinoma Tumor suppressor 25424744

miR-125b MALAT1 Bladder cancer Tumor suppressor 24396870

miR-141 H19 Gastric cancer Tumor suppressor 26160158

miR-141 HOTAIR Renal carcinoma Tumor suppressor 24616104

miR-217 MALAT1 Esophageal squamous cell carcinoma Tumor suppressor 25538231

miR-671 CDR1AS Glioblastoma Oncogene 26683098

This table reports for each miRNA: (1) its lncRNAs/circRNA target; (2) tumor where such interaction was reported; (3) its function in cancer (oncogene or
tumor suppressor); and (4) bibliographic reference reported as Pubmed ID (PMID).
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Snurportin-1, promoted by HOTAIR [90]. Interestingly,
HuR and let-7b/AGO2 complex also decreased the stability
of lincRNA-p21, an oncogenic lncRNA that reduced transla-
tion of beta-catenin and JUNB (JunB proto-oncogene, sub-
unit of transcription factor AP-1) mRNAs in human
cervical carcinoma HeLa cells [91]; even if in other experi-
ments HuR was not able to transfer let-7b to AGO2 [92]. In
another paper by Chiyomaru et al., it was reported that
HOTAIR expression is negatively correlated to that of miR-
141 in renal carcinoma cells (RCC) [93]. MiR-141 belongs
to the miRNA-200 family, which has been reported to inhibit
epithelial-mesenchymal transition (EMT) by ZEB1 (zinc fin-
ger E-box-binding homeobox 1) repression and E-cadherin
upregulation [94]. MiR-141 was able to target and cleave
HOTAIR in an AGO2-dependent manner, and such molecu-
lar action downregulated the expression of ZEB2 (zinc finger
E-box-binding homeobox 2) induced by HOTAIR [93].

Expression of miR-141 was also found to be negatively
correlated to that of lncRNA H19 (H19, imprinted mater-
nally expressed transcript) in gastric cancer [95]. H19, an
oncofetal lncRNA, is highly expressed during embryogenesis
[96] and is upregulated in several cancers, including gastric
cancer [97]. H19 acts as the primary miRNA precursor of
miR-675, which in turn targets and represses RB1 (RB tran-
scriptional corepressor 1) mRNA [98]. Overexpression of
H19 enhances tumor cell growth and induces EMT; addi-
tionally, H19 modulates miRNA processing through its
interaction with proteins involved in this molecular process
(i.e., Drosha, Dicer). MiR-141 was shown to bind H19 in gas-
tric cancer, and suppress H19 expression and its tumor-
promoting functions [95].

MiR-21 is the most commonly upregulated miRNA in
cancer: its genetic locus is often amplified in solid tumors,
and its expression is promoted by a variety of cancer-
related stimuli [99]. MiR-21 enhances cell proliferation,
migration, and invasion by targeting several tumor suppres-
sor genes, such as CCL20, CDC25A, PDCD4, and PTEN
[100–103]. Recent findings showed that some lncRNAs could
be added to the repertoire of miR-21 targets. Zhang et al.
reported that expression of miR-21 and lncRNA GAS5
(growth arrest-specific 5) is negatively correlated in breast
cancer and that miR-21 binds a miR-21-binding site in exon
4 of GAS5, thus inducing AGO2-mediated suppression of
GAS5 [104]. GAS5 is an lncRNA with tumor-suppressive
properties: its overexpression sensitizes cancer cells to UV
or doxorubicin and decreases tumor proliferation and cell
invasion. Interestingly, GAS5 also negatively regulated miR-
21 at the posttranscriptional level through the RISC complex,
suggesting the existence of a reciprocal negative feedback
loop between GAS5 and miR-21 [104]. In two different stud-
ies on renal cell carcinoma and glioblastoma, it has been
shown that miR-21 targeted and suppressed the expression
of the tumor suppressor lncRNA CASC2 (cancer susceptibil-
ity candidate 2) in an AGO2-dependent manner [105, 106].
Indeed, the overexpression of miR-21 abrogated the inhibi-
tion of proliferation, migration, and the induction of apo-
ptosis promoted by CASC2. Notably, when CASC2 was
upregulated, miR-21 expression decreased: this suggests
reciprocal repression between miR-21 and CASC2 [106].

The first experimental evidence that lncRNAsmay be tar-
geted by miRNAs was reported for the antisense transcript of
the cerebellar degeneration-related protein 1 (CDR1, also
known as CiRS-7 or CDR1AS), which is a circular RNA pro-
duced by a backsplice event [107]. MiR-671, a nuclear-
enriched miRNA, induced cleavage of CDR1AS in an
AGO2-dependent manner. Repression of miR-671 promoted
the upregulation of both CDR1AS and CDR1, suggesting that
CDR1AS was able to stabilize the sense transcript CDR1.
Currently, this represents the only report on circRNA tar-
geted and degraded by a miRNA. The interaction between
miR-671 and CDR1AS could affect the biopathological
molecular asset of glioblastoma multiforme (GBM), the most
prevalent and aggressive cancer originating in the central
nervous system, mainly in the brain. Indeed, Barbagallo
et al. demonstrated that miR-671-5p is significantly upregu-
lated in GBM. Enforced expression of miR-671-5p increased
migration and decreased proliferation rates of GBM cell
lines, suggesting its potential role as a novel oncomiRNA in
GBM [108]. Expression of miR-671 was inversely correlated
to that of CDR1AS and CDR1 in GBM biopsies and the
expression of CDR1AS and CDR1 decreased when the
miR-671 mimic was used, suggesting that the interaction of
these molecules could be functionally altered in a GBM
model [108].

2.2. lncRNAs as Decoys of miRNAs. The most explored mech-
anism of functional interactions between lncRNAs and miR-
NAs is based on sharing the same miRNA target sequence in
both lncRNAs and mRNAs. In this way, lncRNAs are able to
sequester miRNAs away from mRNAs, functioning as
“miRNA sponges” or “miRNA decoys.” Through such a
competitive endogenous mechanism of interaction, lncRNAs
decrease the quantity of available miRNAs and increase,
accordingly, translations of their mRNA targets. lncRNAs,
working as competitive endogenous RNAs, have been
extensively described in molecular circuits involved in
tumors (Table 2).

EWSAT1 (Ewing sarcoma-associated transcript 1) is an
lncRNA with oncogenic functions in Ewing’s sarcoma and
nasopharyngeal carcinoma (NPC). EWSAT1 has two MREs
for the miR-326/330-5p cluster and promoted the develop-
ment and progression of tumors functioning as a ceRNA
for these miRNAs, which in turn induced the expression of
Cyclin D1, target of miRNAs from the miR-326/330-5p
cluster [109].

Xia et al. showed that both lncRNA FER1L4 (FER-1-like
family member 4, pseudogene) and PTEN (phosphatase and
tensin homolog) mRNA had binding sites for oncomiR miR-
106a-5p and were downregulated in gastric cancer [110]. As
FER1L4 behaved as a ceRNA for miR-106a-5p, FER1L4
downregulation released miR-106a-5p that targeted PTEN
mRNA, reducing its expression. Dysregulation of FER1L4-
miR-106a-5p-PTEN axis increased cell proliferation by
promoting the G0/G1 to S phase transition [110].

FTH1P3 (ferritin heavy chain 1 pseudogene 3) has been
shown to function as a molecular sponge for miR-224-5p in
oral squamous cell carcinoma (OSCC) [111]. Overexpression
of FTH1P3 promoted proliferation and colony formation in
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OSCC cells and the upregulation of FZD5 (frizzled class
receptor 5), target of miR-224-5p and an oncogene involved
in activation of Wnt/β-catenin signaling.

It has been demonstrated that lncRNA GAS5 acts as a
tumor suppressor in NSCLC by targeting and suppressing
miR-135b [112]. GAS5 is downregulated in NSCLC and its
expression is inversely correlated to that of miR-135b. After
exposure to irradiation, expression of GAS5 and miR-135b
was altered, as GAS5 was overexpressed whereas miR-135b

was downregulated. Ectopic overexpression of GAS5 led to
miR-135b downregulation, repression of cell proliferation,
invasion, and improved radiosensitivity [112].

High expression of lncRNA H19 in breast cancer stem
cells (BCSCs) is functionally critical for stemness mainte-
nance [113]. In these cells, H19 functions as a molecular
sponge for let-7a/b, leading to upregulation of pluripotency
factor LIN28, a let-7 target that is highly abundant in
BCSCs. Intriguingly, H19 is reciprocally repressed by its

Table 2: lncRNAs acting as decoy of miRNAs.

lncRNA miRNA target Tumor lncRNA role PMID

CCAT1 let-7 Hepatocellular carcinoma Oncogene 25884472

EWSAT1 miR-326/−330-5p cluster Nasopharyngeal carcinoma Oncogene 27816050

FER1L4 miR-106a-5p Gastric cancer Tumor suppressor 26306906

FTH1P3 miR-224-5p Squamous cell carcinoma Oncogene 28093311

FTX miR-374a Hepatocellular carcinoma Tumor suppressor 27065331

GAS5 miR-135b Non-small cell lung cancer Tumor suppressor 28117028

H19 let-7a, let-7b Breast cancer Oncogene 28102845

HOST2 let-7b Epithelial ovarian cancer Oncogene 25292198

HOTAIR miR-1 Hepatocellular carcinoma Oncogene 27895772

HOTAIR miR-152 Gastric cancer Oncogene 26187665

HULC miR-372 Liver cancer Oncogene 20423907

lincRNA-RoR miR-145 Breast cancer Oncogene 25253741

lincRNA-RoR miR-145 Endometrial cancer Oncogene 24589415

LOC100129148 miR-539-5p Nasopharyngeal carcinoma Oncogene 28328537

MALAT1 miR-1 Breast cancer Oncogene 26676637

MALAT1 miR-145 Cervical cancer Oncogene 26311052

NEAT1 miR-449-5p Glioma Oncogene 26242266

PVT1 miR-152 Gastric cancer Oncogene 28258379

PVT1 miR-186 Gastric cancer Oncogene 28122299

RMRP miR-206 Gastric cancer Oncogene 27192121

SPRY4-IT1 miR-101-3p Bladder cancer Oncogene 27998761

TUG1 miR-145 Bladder cancer Oncogene 26318860

TUG1 miR-299 Glioblastoma Oncogene 27345398

TUG1 miR-300 Gallbladder carcinoma Oncogene 28178615

TUG1 miR-9-5p Osteosarcoma Oncogene 27658774

TUSC7 miR-10a Hepatocellular carcinoma Tumor suppressor 27002617

TUSC7 miR-211 Colon cancer Tumor suppressor 23558749

TUSC7 miR-23b, miR-320d Gastric cancer Tumor suppressor 25765901

UCA1 miR-143 Breast cancer Oncogene 26439035

UCA1 miR-16 Bladder cancer Oncogene 26373319

UCA1 miR-204-5p Colorectal cancer Oncogene 27046651

UCA1 miR-216b Hepatocellular carcinoma Oncogene 25760077

UCA1 miR-485-5p Epithelial ovarian cancer Oncogene 26867765

UCA1 miR-507 Melanoma Oncogene 27389544

XIST miR-139-5p Hepatocellular carcinoma Oncogene 28231734

XIST miR-181a Hepatocellular carcinoma Tumor suppressor 28388883

XIST miR-34a-5p Nasopharyngeal carcinoma Oncogene 27461945

XIST miR-92b Hepatocellular carcinoma Tumor suppressor 27100897

This table reports for each lncRNA: (1) miRNA sponged; (2) tumor where such interaction was reported; (3) its function in cancer (oncogene or tumor
suppressor); and (4) bibliographic reference reported as Pubmed ID (PMID).
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targets let-7a/b, but this negative feedback loop can be
interfered with by LIN28 because of its ability to inhibit
let-7a/b expression [113]. Let-7b expression is also buff-
ered by lncRNA HOST2 (human ovarian cancer-specific
transcript 2) in ovarian cancer cells. By binding to let-7b,
HOST2 negatively regulates its availability and induces
the expression of its oncogenic targets that enhance cell
growth and motility in ovarian cancer [114].

Let-7 decoy by lncRNAs was also reported by Deng et al.
Upregulation of lncRNA CCAT1 (colon cancer associated
transcript 1) in HCC tissues was associated with increased
cell proliferation and migration [115]; these oncogenic activ-
ities were mediated by its molecular sponge function for let-
7: inhibition of let-7 caused upregulated expression of let-7
targets: HMGA2 (high mobility group AT-hook 2) and
MYC (MYC proto-oncogene, bHLH transcription factor).
Interestingly, other studies reported that MYC, by binding
to CCAT1 promoter, induces CCAT1 transcription in colon
cancer and gastric carcinoma [116, 117], suggesting the exis-
tence of a positive feedback loop between CCAT1 and MYC
mediated by let-7 decoy.

Recent works reported the inhibitory effect of HOTAIR
on miRNAs functions in different neoplasias. Su et al. found
that HOTAIR was highly expressed in HCC tissues and pro-
moted HCC cell proliferation and progression of tumor
xenografts [118]. These oncogenic effects were partially due
to HOTAIR ability of repressing miR-1 expression. More-
over, also miR-1 was able to negatively regulate HOTAIR
expression, thus generating a reciprocal repression feedback
loop between these two ncRNAs [118]. Other experimental
evidence showed that HOTAIR was capable of binding and
downregulating miR-152 in gastric cancer [119]. HOTAIR
overexpression in gastric cancer tissues led to decreased
expression of miR-152 and to upregulation of its target,
HLA-G (human leukocyte antigen G), which in turn facili-
tated tumor escape mechanisms [119]. Downregulation of
miR-152 in gastric cancer could be also caused by PVT1
(plasmacytoma variant translocation 1), an oncogenic
lncRNA that acts as a precursor of six miRNAs (i.e., miR-
1204, miR-1205, miR-1206, miR-1207-5p, miR-1207-3p,
and miR-1208) [120]. Indeed, PVT1 had three MREs for
miR-152 and suppressed its expression inducing the
upregulation of miR-152 targets (i.e., CD151, FGF2)
[121]. Upregulation of PVT1 in gastric cancer was also
associated with inhibition of miR-186 function. Indeed,
PVT1 bound miR-186 and induced upregulation of HIF-
1α (Hypoxia-inducible factor 1-alpha subunit), a target of
miR-186 which was related to poor prognosis and inva-
siveness in gastric cancer [122].

Wang et al. studied in liver cancer the molecular sponge
action of lncRNAHULC (highly upregulated in liver cancer).
HULC was able to downregulate several miRNAs, including
miR-372. Repression of miR-372 enhanced the translation
of its target gene, PRKACB (protein kinase cAMP-activated
catalytic subunit beta), which in turn promoted phosphoryla-
tion of protein CREB1 (cAMP responsive element-binding
protein-1) and affected deacetylation and methylation of his-
tones [123]. This process resulted in alterations of chromatin
organization and increased expression of HULC, thus

showing that HULC was involved in an autoregulatory loop
that mantained its abundant expression in liver cancer [123].

Jin et al. reported an association between MALAT1
upregulation and tumor growth and metastasis in triple-
negative breast cancer (TNBC) tissues [124]. These tumori-
genic properties of MALAT1 were mediated by its ability to
decoy miR-1 and, consequently, increase the expression of
miR-1 target, SNAI2 (snail family transcriptional repressor
2), also named Slug, an oncogene involved in regulation of
cancer cell invasion. Moreover, overexpression of miR-1
was able to reduce MALAT1 expression, demonstrating a
reciprocal negative loop between lncRNA and miRNA
[124]. The miRNA sponge function of MALAT1 was also
reported for cervical cancer [125]. Indeed, MALAT1 levels
were found to be more abundant in radio-resistant than in
radio-sensitive cancers. Moreover, expression of MALAT1
and of its potential binding partner, miR-145, reverted in
response to irradiation. The authors demonstrated that there
was a reciprocal repression between MALAT1 and miR-145,
which regulated the molecular mechanisms of radio-
resistance of cervical cancer [125].

Notably, tumor suppressor miR-145 was frequently
reported to be buffered by lncRNAs in cancer models. MiR-
145 negatively regulated cell invasion in TNBC, and its
downregulation was related to overexpression of lincRNA-
RoR (long intergenic ncRNA Regulator of Reprogramming),
which acted as competitive endogenous RNA for miR-145
[126]. LincRNA-RoR-mediated downregulation of miR-145
led to upregulation of ARF6 (ADP-ribosylation factor 6),
which is strongly involved in metastatic processes; indeed,
ARF6 affected E-cadherin localization and impaired cell-cell
adhesion, promoting cell invasion in TNBCs [126]. Zhou
et al. reported a further effective interaction between
lincRNA-RoR and miR-145 in endometrial cancer. Linc-
RoR functioned as a miR-145 sponge by repressing the
miRNA-mediated degradation of core stem cell transcription
factors (i.e., Nanog, Oct4, and Sox2), thereby maintaining the
pluripotency of endometrial cancer stem cells [127].

Decoying of miR-145 was performed also by TUG1
(taurine upregulated 1), which is a well-known oncogenic
lncRNA, frequently upregulated in cancer and functionally
related to several aggressive features of tumors. In bladder
cancer, TUG1 decreased the expression of miR-145 and
caused upregulation of ZEB2, miR-145 target, promoting
EMT, and increasing the metastatic proneness of bladder
cancer cells [128]. The ceRNA role of TUG1 was also proved
in other tumors. Overexpression of TUG1 was involved in
glioblastoma angiogenesis by modulation of endothelial cell
proliferation, migration, and tube formation. These cellular
processes were mediated by TUG1 interaction with miR-
299, which was downregulated in glioblastoma. In fact,
knockdown of TUG1-induced upregulation of miR-299 and
concomitant decrease of VEGFA (vascular endothelial
growth factor A), target of miR-299. These molecular events
resulted in a reduced tumor microvessel density in xenograft
glioblastoma models [129]. Ma et al. showed that upregula-
tion of TUG1 in gallbladder carcinoma (GBC) was related
to GBC cell proliferation and metastasis, and such oncogenic
activities were, at least partly, due to the sponge activity of
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TUG1 that bound miR-300 and negatively regulated its
expression [130]. In osteosarcoma, TUG1 acted as a ceRNA
by sponging miR-9-5p, inducing the upregulation of tran-
scription factor POU2F1 (POU class 2 homeobox 1) [131].
POU2F1 is frequently upregulated in osteosarcoma and is
involved in cell proliferation, differentiation and immune
and inflammatory processes. Because POU2F1 is a target of
miR-9-5p, silencing of TUG1-inhibited cell proliferation
and colony formation, while inducing G0/G1 cell cycle arrest
and apoptosis. These cellular processes were mediated by
upregulation of miR-9-5p and repression of POU2F1
expression [131].

The tumor suppressor TUSC7 (tumor suppressor candi-
date 7; also named LOC285194) is an lncRNA transcription-
ally induced by TP53 (tumor protein 53); it was initially
discovered as depleted in osteosarcoma, inducing abnormal
proliferation of osteoblasts, and associated with poor survival
of osteosarcoma patients. Competitive endogenous binding
between TUSC7 and onco-miRNAs has been frequently
reported as associated with cancer-related processes. Wang
et al. studied the biopathological meaning of strong downreg-
ulation of TUSC7 in HCC [132]. They found that ectopic
expression of TUSC7 inhibited cell metastasis, invasion,
and EMT, by functioning as a competitive sponge for miR-
10a. Moreover, this miRNA was able to promote the EMT
process in HCC through directly binding and repressing
EPHA4 (EPH tyrosine kinase receptor A4) [132]. Moreover,
exon 4 of TUSC7 harbors two binding sites for miR-211
[133]. In colon cancer, miR-211 enhanced cell growth, but
this effect was reverted by enforced expression of TUSC7,
which buffered the activity of miR-211 [133]. The tumor sup-
pressor role of TUSC7 was also demonstrated in gastric can-
cer. TUSC7, downregulated in gastric cancer, was an
independent prognostic marker of disease-free survival in
patients, and its ectopic expression suppressed cancer cell
growth both in in vitro and in vivo models, in part by nega-
tively regulating the expression of miR-23 [134].

Unquestionably, one of the most iconic lncRNA acting as
miRNA sponge is UCA1, which was reported to bind and
repress several miRNAs in multiple tumors. UCA1 binding
to miR-143 was proved in breast cancer, where UCA1 was
able to modulate cell growth and apoptosis by downregulat-
ing miR-143: this in turn led to upregulation of BCL2
(BCL2, apoptosis regulator) and ERBB3 (erb-b2 receptor
tyrosine kinase 3) [135]. The role of UCA1 in bladder cancer
was associated with ROS (reactive oxygen species) metabo-
lism [136]. Silencing of UCA1 decreased ROS production
and promoted mitochondrial glutaminolysis in bladder can-
cer cells. In these cells, UCA1 acted as a ceRNA by sponging
and downregulating miR-16. This induced the upregulation
of GLS2 (Glutaminase 2), one of the miR-16 targets, which
enhanced glutamine uptake and the rate of glutaminolysis,
which is known to increase in cancer cells. UCA1-induced
GLS2 maintained the redox balance and protected cancer
cells by reducing excessive ROS production [136]. Oncogenic
activity of UCA1 in CRC was the result of its decoy function
for miR-204-5p, a critical tumor-suppressive miRNA [137].
UCA1, upregulated in CRC, inhibited miR-204-5p activity,
thus promoting the upregulation of miRNA targets CREB1,

BCL2, and RAB22A (RAB22A, member RAS oncogene) and
regulating cell proliferation and apoptosis [137]. UCA1 upreg-
ulation in HCC was associated to cell growth and metastasis;
these processes were induced by UCA1 binding to miR-216b
and resulted in miR-216b downregulation [138]. Decreased
levels of miR-216b led to the derepression of its target FGFR1
(fibroblast growth factor receptor 1) and the activation of ERK
pathway [138]. Association between UCA1 and metastatic
process was also reported for epithelial ovarian cancer [139].
In fact, UCA1 promoted the expression of MMP14 (matrix
metallopeptidase14), a key protein involved in cell invasion,
by working as a molecular sponge of miR-485-5p, a miRNA
targeting MMP14 [139]. FOXM1 (forkhead box protein M1)
is a transcription factor critical for G2/M-phase transition
and DNA damage response, and it is also a target of miR-
507. UCA1-mediated regulation of FOXM1 was discovered,
in melanoma cells, to be based on the ceRNA function of
UCA1 for miR-507, resulting in an increased malignant ability
of these cells [140].

Finally, a ceRNA role in cancer was also reported for
XIST (X-inactivate specific transcript). XIST was the first
lncRNA to be functionally characterized, and it is considered
the major effector of the X inactivation process during devel-
opment in female mammals [141]. Its dysregulation was
found in several tumors (e.g., breast cancer, glioblastoma,
and hepatocellular carcinoma), suggesting that XIST could
have a potential diagnostic power in cancer [142–144]. In
vitro downregulation or upregulation of XIST was associated
with altered cell proliferation, metastasis, and apoptosis in
several cancer models. Song et al. discovered that XIST over-
expression was related to metastasis and poor prognosis of
NPC patients [145]. XIST induced the upregulation of E2F3
(E2F transcription factor 3), which is a critical protein for
tumor cell proliferation. The authors demonstrated that
XIST-promoted activation of E2F3 was caused by the com-
petitive sponge role of XIST for miR-34a-5p (a well-known
tumor suppressor miRNA), which targets E2F3 [145]. On
the other hand, Chang et al. showed that XIST acts as tumor
suppressor and inhibits metastatization and progression in
HCC by binding miR-181a and reducing its availability; XIST
induces PTEN upregulation, thus decreasing cell prolifera-
tion, invasion, and migration [146].

2.3. circRNAs as miRNA Sponges. circRNAs are considered
new potential players among ceRNAs: they may harbor
shared MREs and compete for miRNA binding with mRNAs
[69]. Indeed, circRNAs competitively suppress the activity of
miRNAs by adsorbing and sequestering them. As miRNAs
are strongly involved in nearly all aspects of cellular physiol-
ogy and perform pivotal roles in initiation and progression
of cancer, circRNAs could reasonably be considered as a
new class of RNA molecules closely associated with
regulation of proliferation, differentiation, and metastatic
processes (Table 3).

Zheng et al. reported that circ-TTBK2 (tau tubulin
Kinase 2) is significantly upregulated in glioma tissues and
cell lines, differently from its linear counterpart [147].
Overexpression of circ-TTBK2 is associated with increased
cell proliferation rate, invasion, and decreased apoptosis.
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Circ-TTBK2 harbors MREs for miR-217, which has a tumor-
suppressive role in glioma cells. In fact, circ-TTBK2 and
miR-217 interact with each other in an AGO2-dependent
manner and upregulation of circ-TTBK2 induced the malig-
nant behavior of glioma cells via downregulation of miR-217.
Thus, HNF1β (HNF1 homeobox B), a direct target of miR-
217, was derepressed and bound to the promoter of
Derlin-1 increasing its expression. Finally, Derlin-1 was
able to promote cell proliferation, migration, and invasion
and inhibit apoptosis of glioma cells by activating PI3K/
AKT and ERK pathways. Moreover, restoration of miR-
217 expression reversed the circ-TTBK2-induced promo-
tion of cancer progression, suggesting a reciprocal negative
feedback between circ-TTBK2 and miR-217 [147].

MiR-145 is a well-known tumor suppressor miRNA
in CRC targeting the oncogenes ERK5 (mitogen-activated
protein kinase 7) and IRS1 (insulin receptor substrate 1);
furthermore, its ability to predict survival of CRC patients
was also shown. In a study by Xie et al., it was demonstrated
that downregulation of miR-145 in CRC was mechanistically
explained by the role of circ_001569 acting as a miRNA
sponge to directly inhibit miR-145 action [148]. Circ_001569
was found to be upregulated in CRC tissues and correlated
with progression and aggressiveness of the disease. Notably,
circ_001569 did not directly affect miR-145 expression, but
through a sponge mechanism it inhibited its posttranscrip-
tional activity; accordingly, it upregulated its targets E2F5
(E2F transcription factor 5), BAG4 (BCL2-associated
athanogene 4), and FMNL2 (formin-like 2), which were
responsible for cell proliferation and invasion promotion by
circ_001569 [148].

Further work on CRC, investigating the role of cir-ITCH
on the biopathology of this cancer, found a potential interac-
tion between cir-ITCH and either miR-7 or miR-20a [149].
Cir-ITCH was downregulated in CRC tissues and its ectopic
expression led to decreased cell proliferation. This cellular
effect was due to cir-ITCH sponge activity for miR-7 and
miR-20a; both can bind the 3′-UTR of ITCH (Itchy E3 Ubiq-
uitin Protein Ligase), which is the linear isoform of cir-ITCH.
Cir-ITCH-induced upregulation of ITCH promoted the
ubiquitination and degradation of phosphorylated DVL2
(dishevelled segment polarity protein 2) and, accordingly,
inhibited the Wnt/β-catenin pathway, by repressing the

expression of MYC and CCND1 (cyclin D1) [149]. Interest-
ingly, other authors found very similar findings in ESCC:
cir-ITCH worked as a miRNA sponge for miR-7, miR-17,
and miR-214, increased ITCH expression, and promoted
ubiquitin-mediated DVL2 degradation, thus inhibiting
canonical Wnt signaling [150].

Besides the cir-ITCH-induced decoy function for miR-7
described above, sponging of miR-7 by CDR1AS was one of
the earliest and the most studied ceRNA mechanisms in
ncRNA biology, which is also related to cancer. Expression
of CDR1AS was found to be elevated in HCC tissues and
inversely correlated to miR-7 expression, which was poorly
expressed in the same samples [151]. Despite the oncogenic
role of miR-7 (previously reported for CRC and ESCC), this
miRNA exhibited tumor-suppressive properties in HCC.
CDR1AS has sixty-three MREs for miR-7 and strongly sup-
presses its activity. Knockdown of CDR1AS promoted the
expression of miR-7 and suppressed its targets, CCNE1 (cyclin
E1) and PIK3CD (phosphatidylinositol-4,5-bisphosphate 3-
kinase catalytic subunit delta): this molecular cascade resulted
in a reduction of cell proliferation and invasion in HCC [151].

By expression profiling in OSCC, Chen et al. identified the
upregulation of a circRNA named circRNA_100290, which
was functionally related to abnormal control of cell cycle and
cellular proliferation in OSCC cells [152]. circRNA_100290
worked as a miRNA sponge for several members of the miR-
29 family, decreasing the quantity of available miR-29s and,
accordingly, promoting translation of one of their targets,
CDK6 (cyclin-dependent kinase 6), which in turn could
induce transition from G1 to S phase in cancer [152].

The first circular transcript identified was Sry circRNA:
its encoding gene maps to the sex-determining region of
human Y chromosome and was discovered as highly
expressed in adult mouse testis [153]. Initially, Sry circRNA
was considered an artifact of aberrant RNA splicing and no
specific function was attributed to it. The role of Sry circRNA
has recently begun to be investigated. Sry circRNA harbors
sixteen putative target sites for miR-138 and its function as
a miR-138 sponge was demonstrated by Hansen et al. [55].
Currently, no experimental evidence of Sry circRNA-miR-
138 axis dysregulation has been reported in cancer; however,
as reviewed by Zhao and Shen, miR-138 could target
different cancer-related transcripts [154]. For instance,

Table 3: circRNAs acting as miRNA sponges.

circRNA miRNA target tumor circRNA role PMID

circRNA_0005075
miR-23b-5p, miR-93-3p, miR-581,

miR-23a-5p
Hepatocellular carcinoma Oncogene 27258521

circRNA_001569 miR-145 Colorectal cancer Oncogene 27058418

circRNA_100290 miR-29 family Oral cancer Oncogene 28368401

Cdr1as miR-7 Hepatocellular carcinoma Oncogene 27391479

cir-ITCH miR-7, miR-20a Colorectal cancer Tumor suppressor 26110611

cir-ITCH miR-7, miR-17, miR-214 Esophageal squamous cell carcinoma Tumor suppressor 25749389

ciR-SRY miR-138 Cholangiocarcinoma Oncogene 27671698, 23446431

cir-TTBK2 miR-217 Glioma Oncogene 28219405

This table reports for each circRNA: (1) miRNAs sponged; (2) tumor where such interaction was reported; (3) its function in cancer (oncogene or tumor
suppressor); and (4) bibliographic reference reported as Pubmed ID (PMID).
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downregulation of miR-138 promoted the malignant
progression in cholangiocarcinoma by its target RhoC (ras
homolog gene family, member C) [155]. These observations
could suggest that the role of competitive endogenous bind-
ing between Sry circRNA and miR-138 would be worthy of
in-depth analysis in cancer phenotypes.

3. Noncoding RNA Network: Future
Perspectives for New
Therapeutic Approaches

The existence of a complex RNA-based regulatory signaling,
which controls cancer-related pathways, is evident from the
experimental evidence collected to date. Such a partially
hidden network of RNA-RNA interactions pervades and
defines the correct functioning of canonical protein-coding
pathways, classically involved in proliferation, differentia-
tion, and invasion in cancer (Figure 1). The complexity of
this noncoding landscape is dramatically expanded by the
presence of several positive and negative regulatory loops:

these make RNA signaling very robust and persistent, though
complex and hard to functionally unveil. From a network
biology point of view, it is possible to identify some ncRNA
hubs that are a crossroad among different RNA-based cir-
cuits; accordingly, they represent a keystone of network
structural integrity. For instance, the tumor suppressor
miR-1 could repress and be sponged by the three most potent
oncogenic lncRNAs, HOTAIR, UCA1, and MALAT1, which,
in turn, could inhibit dozens of miRNAs with tumor-
suppressive properties [76, 118, 124]. The signaling passing
through let-7a/b appears extremely complex and pronged.
Let-7a/b could be considered a crossroad of multiple inter-
plays among cancer-related ncRNAs: let-7a/b and MYC are
reciprocally negatively regulated through lncRNA CCAT1
[115], but MYC expression could be indirectly impaired by
miR-7, which, in turn, is buffered by different circRNAs
[156]. Moreover, let-7a/b could indirectly suppress the β-
catenin pathway, which in a different way could be activated
by lncRNA FTHIP3 [111], but also is regulated by molecular
axis miR-21-GAS5-miR-135b [112]. This unexpected cross-
talking between ncRNA signaling could shed a light on
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Figure 1: Network of noncoding crosstalking in cancer. Molecular interplay among ncRNAs (i.e., miRNAs, lncRNAs, and circRNAs) in
cancer. RNA-RNA interactions were retrieved from papers cited in this review. Lines with arrowheads represent expression activation,
those with bars represent expression inhibition.
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expression relationships among ncRNAs and mRNAs, which
have been frequently reported in cancer literature, but to date
have not been satisfactorily explained [157–159]. This sce-
nario is made more complex by the tissue-specific expression
pattern of all ncRNAs, which could effectively influence the
occurrence of specific interactions among ncRNAs. In other
words, specific and effective functional interplays among
ncRNAs in a particular biological system could occur only
if RNA molecules, binding each other, are present at appro-
priate concentrations. Effectiveness of Ago binding to miR-
NAs and their targets is dependent on the relative
concentration of the miRNA and its target pool [160, 161].
Effective Ago binding occurs when the miRNA : target ratio
is close to one but rises dramatically with increasing miR-
NA : target ratios [162]. Only the most abundant miRNAs
show detectable activity, while poorly expressed miRNAs
(<100 copies per cell) possess exiguous regulatory properties
[163]. However, functional binding between a miRNA and its
target can be perturbed by overexpression of other RNAs
with multiple shared MREs (e.g., other mRNAs, lncRNAs,
and circRNAs) [164]. Such competition among different
RNA molecules occurs in a threshold-like manner [165].
Mathematical models predict ceRNA functional effects when
miRNA and target levels are near equimolar [166]. However,
when the target pool exceeds the threshold set by the buffer-
ing miRNA concentration plus the equilibrium dissociation
constant (KD) of the miRNA : target interaction, smaller
changes in target (i.e., ceRNA) concentration could result in
remarkable changes in the concentration of free unrepressed
targets [165, 167]. In fact, poorly expressed miRNAs appear
to be more susceptible to ceRNA control than more abun-
dant miRNAs. This phenomenon could explain why in
in vitro experiments a specific miRNA, when ectopically
overexpressed, degraded its lncRNA target, but at the same
time the enforced upregulation of lncRNA suppressed
miRNA activity (e.g., miR-1/MALAT1, miR-21/GAS5)
[104, 124]. Taken together, these considerations strongly
suggest that miRNA functionality and the switch to
ceRNA-promoted repression of miRNAs would be based
on the stoichiometric equilibrium among miRNAs and
ceRNAs. Based on these observations, physiological ceRNA
expression changes could not affect highly expressed miR-
NAs; however, the relationship between cellular abundance
of RNAs and effectiveness of competitive endogenous
interactions remains to be fully unveiled in pathological
models, in which strong dysregulation of specific ceRNAs
could be present [162, 166, 168].

In spite of unclear stoichiometric relationships among
ncRNAs in cancer, multiple experimental evidence shows
that in vitro and in vivo modulation of ncRNAs strongly
impair aggressive properties of cancer cells. The emerging
role of ncRNAs as key regulators of cancer-related signaling
makes them very attractive and promising targets for novel,
potentially groundbreaking therapeutic approaches. RNA-
based therapeutics has several advantages compared to other
strategies. RNAs are molecules more druggable than proteins,
because their targeting is mainly based on nucleic acid
complementarity; therefore, an RNA-based drug would be
quite easy to design and inexpensive to synthesize (i.e., ASOs,

ribozymes, and aptamers) [14]. It is worth stressing that the
development of RNA therapeutic strategies has to challenge
the redundancy and complexity of the multiple regulatory
loops, present in the ncRNA network. It would be quite naive
to hypothesize to slow down in vivo tumor progression by
targeting a single ncRNA molecule: this would be very hard
also for protein-based drugs. This axiom should lead
researchers to develop multitargeted RNA therapies to
improve their impact on oncogenic signaling. In theory, the
β-catenin pathway, frequently hyperactivated in cancers,
could be effectively attenuated by simultaneous silencing of
miR-21, miR-135b, and FTH1P3 together with restoring
physiologic levels of GAS5, CASC2, and miR-224-5p. Fur-
thermore, simultaneous repression of HOTAIR, MALAT1,
and UCA1 with reactivation of miR-1 would result in a pleio-
tropic favorable effect on different cancer-related processes,
such as cancer growth, metastatic behavior, and cell death.
Such a synergic approach based on simultaneous administra-
tion of miRNA mimics and siRNAs against ncRNAs in
in vitro and in vivomodels has already provided encouraging
results. Ideally, such therapeutic approaches would be greatly
improved by innovative knockout technologies (such as
CRISPR/CAS9), which would avoid potential saturation of
RISC complexes, typically occurring by using siRNAs or
miRNA mimics [169]. The main issue related to ncRNA
therapeutics is to develop efficient delivery systems, which
should be able to maintain RNA stability in the circulation
and guarantee an effective tissue-specific uptake, as well as
minimize off-target side effects. Rapid progress in drug deliv-
ery technologies has provided promising chemical and nano-
technological resources well adaptable to RNA therapeutics:
chemical modifications of antisense molecules (e.g., steroids
and cholesterol) [170], adenoviral vectors [171], cationic
liposomes [172], and polymer-based nanoparticles [173].
Recently, an exosomal-based miRNA delivery system has
been developed. Such a system appears to be very promising
because exosomes are less toxic and better tolerated by the
organism and naturally protect their molecular cargo in the
blood [174].

4. Conclusions

A better knowledge on the complex interplay among
ncRNAs, together with the development of selective methods
for RNA delivery to cancer cells, will provide great benefits
for cancer treatment. Needless to say, researchers will have
to overcome many technical challenges to develop effective
RNA-based anticancer strategies realistically applicable to
patients. Before ncRNA targeting is pervasively applied in
clinical settings, it will be indispensable to organize large
collaborative efforts between research institutes and
industry to fully realize the clinical potential of this very
promising approach.
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miR-28-5p is an intragenic miRNA which is underexpressed in several tumor types showing a tumor suppressor (TS) activity.
Routinely, the known miR-28-5p targets are validated in specific tumor contexts but it is unclear whether these targets are also
being regulated in other tumor types. To this end, we adopted the miRNA pull out assay to capture the miR-28-5p targets in
DU-145 prostate cancer (PCa) cells. Firstly, we demonstrated that miR-28-5p acts as a TS-miRNA in PCa, affecting cell
proliferation, survival, and apoptosis. Secondly, we evaluated the enrichment of the 10 validated miR-28-5p targets in the pull
out sample. We showed that E2F6, TEX-261, MAPK1, MPL, N4BP1, and RAP1B but not BAG1, OTUB1, MAD2L1, and p21
were significantly enriched, suggesting that not all the miR-28-5p targets are regulated by this miRNA in PCa. We then verified
whether the miR-28-5p-interacting targets were regulated by this miRNA. We selected E2F6, the most enriched target in the
pull out sample, and demonstrated that miR-28-5p downregulated E2F6 at the protein level suggesting that our approach was
effective. In general terms, these findings support the miRNA pull out assay as a useful method to identify context-specific
miRNA targets.

1. Introduction

It is well known that the deregulation of miRNA expres-
sion is one of the causes or contributory causes of cancer
development. miRNAs may act as tumor suppressors (TS),
oncogenes, or both depending on the tumor context [1].
miR-28-5p is an intragenic miRNA downregulated in several
tumor types, such as hepatocellular carcinoma [2], renal cell
carcinoma [3], natural killer/T-cell lymphoma [4], B-cell
lymphoma [5], colorectal cancer (CRC) [6], and CRC liver
metastasis [7, 8], although in some cases, an increased
expression level of miR-28-5p has been observed (ovarian,
esophageal, and cervical cancer) [9–11]. Most of the papers

regarding the role of miR-28-5p in tumors suggested a
prevalent tumor suppressor activity of this miRNA
in vitro [2, 3, 5, 6, 12]. Very recently, it has been demon-
strated that the miR-28-5p reexpression in xenograft models
of Burkitt (BL) and diffuse large B-cell lymphoma (DLBCL)
as well as in a BLmurine model blocked tumor growth, open-
ing the way to miR-28-5p-based replacement therapy as a
novel therapeutic strategy for these diseases [13].

The molecular targets through which miR-28-5p exerts
its anti- or proproliferative role are only partially known.
For example, miR-28-5p reduced cell growth and migration
in hepatocellular carcinoma [2] and in CRC [6] cells inhibit-
ing the expression of IGF-1, CCND1, and HOXB3 genes. In
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addition, miR-28-5p acted as a TS-miRNA in renal cell carci-
noma by directly repressing the expression of RAP1B [3] and
in B-cell lymphoma by directly inhibiting BAG1 expression,
a gene involved in the MAP-kinase pathway regulation [5].

To date, there are no data either on the role of miR-28-5p
in prostate cancer (PCa) or on the targets regulated by this
miRNA in PCa cells. In this work, we evaluated whether
the miR-28-5p targets validated in other types of tumors were
regulated in PCa cells using the miRNA pull out assay, a tech-
nique that allows the isolation of all the targets of a given
miRNA in specific biological contexts. We demonstrated that
miR-28-5p exerted TS activity in PCa cells and that not all
validated miR-28-5p targets are regulated by this miRNA in
the PCa context.

2. Materials and Methods

2.1. Cell and Culture Conditions. DU-145 and A-549 cells
were grown in RPMI Medium 1640 (EuroClone) whereas
PC-3 cells were grown in HAM’s medium (EuroClone) and
MCF-7 cells in DMEM low glucose (EuroClone). 10% FBS
(fetal bovine serum, EuroClone), 1% penicillin/streptomycin
(2mM, EuroClone), and 1% L-glutamine (2mM, Sigma-
Aldrich) were added to the medium. The cells were incubated
at 37°C in a humidified atmosphere containing 5% CO2.

2.2. Transfection. Transient transfections of double-stranded
miRNA mimics (miR-28a-5p) or negative control (miR-NC)
(GenePharma) in DU-145 cells were carried out using
Lipofectamine 2000 (Thermo Fisher): 1.5× 105 cells were
seeded in P30 dishes and after 48 hours, cells were transfected
with miRNA mimic using 10 μl of Lipofectamine accord-
ing to the protocol provided by the manufacturer. The
suspension of the transfected cells was used for cellular and
molecular assays.

2.3. Cell Proliferation. 1× 105 cells were seeded in a series of
30mm diameter dishes and grown for 96 hours. At 24-hour
intervals, cells were collected and counted.

2.4. Cell Cycle Analysis. Cell cycle analysis was performed
as follows: 5× 105 cells were fixed with 95% cold ethanol
and labelled with 300 μl of 50 μl/ml propidium iodide
(Sigma-Aldrich) solution. After overnight incubation at
4°C, the cell cycle analysis was performed with Accuri™ C6
flow cytometer (BD Biosciences). Using specific software
supplied with the instrument, the percentage of cells in each
phase of the cell cycle was determined considering the
parameters SSC-H/FL2-A.

2.5. Survival Assay. Survival was measured as follows: cells
were collected and seeded at cell density of 200 cells/60mm
diameter culture dish to allow colony formation. After
10–12 days, dishes were stained with 0.1% CV and the ratio
(number of colonies/number of seeded cells) was used to
calculate the fraction of surviving cells.

2.6. Apoptosis Assay. Apoptosis was measured as follows:
1× 106 cells were suspended in 300 μl Binding Buffer 1X
and left at room temperature for 15 minutes. Thereafter,

cell labelling was done according to the kit Annexin V-
FITC. Cells were then passed through flow cytometer BD
Accuri C6 (BD Biosciences) and analyzed using FL3-H/
FL1-H parameters.

2.7. miRNA Pull Out Assay. The miRNA pull out assay
was performed as described in Rizzo et al. [14]. Briefly,
DU-145 cells were transfected using Lipofectamine 2000
(Thermo Fisher) with 60 nM of either miR-28a-5p duplex
(ds-miR-28aCT) or a mix of 3′ biotin-tagged miR-28a-5p
8tU (nucleotide 8 was a thiouridine) and miR-28a-5p 18tU
duplexes (ds-miR-28aBIO). The day after transfection, cells
were irradiated with UV (365nm, 2 J/cm2) using Bio-Link
crosslinking (BLX) (Ambrose Lourmat) and total RNA
extracted adding TRIzol reagent (Thermo Fisher) directly
to adherent cells and following the instructions provided
by the manufacturer. 15 μg of RNA was incubated for
4 hours at 4°C with 100 μl of streptavidin-conjugated beads
(Streptavidin Sepharose High Performance, GE Healthcare),
and the RNA complexed with the beads recovered using the
Trizol protocol. We performed three biological replicates
obtaining three miR-28CT (miR-28 control) and three
miR-28BIO (miR-28) pull out samples.

2.8. Quantification of miRNAs and mRNAs (qRT-PCR). Total
RNA was extracted from 1× 106 cells using the miRNeasy
mini kit following the manufacturer’s recommendations.
1 μg of total RNA was retrotranscribed using either the
miScript II RT kit (Qiagen) or the QuantiTect Reverse
Transcription Kit (Qiagen) for the miRNA or the mRNA
quantification, respectively. The reverse transcription was
performed following the manufacturer’s instructions. miR-
NAs and the mRNAs were quantified with Rotor-Gene Q
2plex (Qiagen), using the miScript SYBR Green PCR Kit
(Qiagen) and the SsoAdvanced™ SYBR® Green Supermix
(Bio-Rad), respectively, according to the manufacturer
protocols. The relative quantification was performed using
the Rotor-Gene Q software, normalizing to the internal con-
trols (U6, SNORD55, and SNORD110 for miRNA and
GAPDH, ACTB, and HPRT for mRNA). The relative miR-
28a-5p expression level in tumor cell lines was evaluated with
respect to the normal cell RNA (FirstChoice Human Total
RNA, Ambion). All reactions were performed in triplicate,
and the results are the mean of three biological replicates.

2.9. Western Blot Analysis. Proteins were extracted from cell
pellets using lysis buffer (1M Tris HCl pH8, Triton X-100
1%, and Na deoxycholate 0.25%) with the addition of PMSF
1mM. The proteins were then quantified colorimetrically
using the BioRad protein Assay Reagent (Bio-Rad). Absor-
bance was measured at 595nm with ChroMate microplate
reader (Awareness Technology). The proteins were separated
on polyacrylamide gels SDS-PAGE (10%, gel precast Mini-
PROTEAN® TGX Stain-Free™, Bio-Rad) and transferred to
0.2 μm nitrocellulose membranes by electro blotting using
the Trans-Blot Turbo Blotting System (Bio-Rad). The result-
ing blots were blocked with 5% nonfat dry milk solution in
TBST. Anti-GAPDH (Cell Signaling) (1 : 20000), anti-E2F6
(Santa Cruz Biotechnology) (1 : 500), and PARP-1 (Santa
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Cruz Biotechnology) (1 : 500) primary antibodies were used.
Incubation was performed overnight at 4°C, and bands were
revealed after incubation with the recommended secondary
antibody coupled to peroxidase using ECL (GE Healthcare).
Scanned images were quantified using ImageJ software and
normalized to GAPDH.

2.10. Statistical Analyses. Results are expressed as mean SD of
at least three independent experiments, and data are analyzed
using Student’s t-test (∗P < 0 05, ∗∗P < 0 01, ∗∗∗P < 0 001,
and ∗∗∗∗P < 0 0001).

3. Results

3.1. miR-28-5p Exerted a TS Activity in PCa Cells. To investi-
gate the role of miR-28-5p in PCa, we first evaluated its
expression in two PCa cell lines (DU-145 and PC-3) com-
pared to normal cells (Figure 1(a)). We also evaluated the
expression of miR-28-5p in lung (A-549) and breast

(MCF-7) cancer cells, demonstrating that miR-28-5p was
markedly downregulated in all the analyzed cancer cell lines.

In order to test whether miR-28-5p behaves as a TS in
PCa cells, we first measured cell proliferation of DU-145
and PC-3 cells after miR-28-5p reexpression. Data showed
a significant inhibition of cell proliferation of both PCa cell
lines (Figures 1(b) and 1(c)). Similar results were obtained
when the miR-28-5p was transfected in breast and colon can-
cer cell lines (Figures 1(d) and 1(e)).

To further investigate the biological effects of the miR-
28-5p in PCa, we checked the colony-forming ability (CFA)
and the cell cycle after miRNA reexpression in DU-145 cells.
Data showed that miR-28-5p reexpression resulted in both a
significant reduction of CFA (Figure 2(a)) and a slight but
significant increase of cells in G1 phase (Figure 2(b)), sug-
gesting that the proliferation was negatively affected. Finally,
we demonstrated that the miR-28-5p reexpression increased
apoptosis in DU-145 cells (Figures 2(c) and 2(d)). Overall
data suggested that the miR-28-5p acts as a TS-miRNA in
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Figure 1: miR-28-5p expression and effect on tumor cells. (a) Analysis of the miR-28-5p expression level with qRT-PCR in prostate
(PC-3 and DU-145), lung (A-549), and breast (MCF-7) cancer cell lines compared to the normal cell RNA. Cell proliferation of DU-145
(b), PC-3 (c), A-549 (d), and MCF-7 (e) cells at different time points or at 96 hours after the miR-28-5p reexpression. ∗∗∗P < 0 001,
unpaired t-test.
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PCa, probably by regulating key pathways involved not only
in tumor cell proliferation but also in tumor cell survival.

3.2. Some Validated miR-28-5p Targets Interacted with miR-
28-5p in PCa. To investigate which targets were regulated
by miR-28-5p in PCa, we transfected this miRNA in
DU-145 cells and the miRNA pull out assay was performed
[14]. This technique allowed the capture and the isolation
of the miR-28-5p/target complexes using a biotinylated
version of miR-28-5p. We considered the miR-28-5p targets
deposited in miRTarBase (http://mirtarbase.mbc.nctu.edu.tw),
in particular, the ones validated with the luciferase reporter
assay (Table 1).

Using qRT-PCR, we checked the enrichment of these
targets in the pool of miR-28-5p-captured targets (miR-28
pull out sample) and found that RAP1B, N4BP1, MPL,
MAPK1, TEX-261, and E2F6 were enriched by more than
2-fold in the miR-28-5p pull out sample (Figure 3(a)). These
results suggested that not all the miR-28-5p-validated targets
interact and, as a consequence, may be regulated by miR-28-
5p in PCa cells.

To verify whether the enrichment of the selected targets
in the miR-28-5p pull out sample was indicative of the

miRNA regulatory function, we selected the most enriched
one, that is, E2F6, and determined its expression after the
miR-28-5p reexpression in DU-145 cells. We demonstrated
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Figure 2: Effects of miR-28-5p reexpression on DU-145 cells. Cell survival (a) and cell cycle (b) in DU-145 cells after miR-28-5p reexpression.
Apoptosis analysis measured with both annexin assay (c) and western blot of PARP-1 and cleaved PARP-1 (d) in miR-28-5p-transfected
DU-145 cells. ∗∗P < 0 01 and ∗∗∗P < 0 001, unpaired t-test.

Table 1: miR-28-5p targets validated with gene reporter assay
according to miRTarBase.

miR-28-5p
target

Tumor type Reference

p21 Choriocarcinoma cells [15]

MPL Myeloproliferative neoplasms [16]

N4BP1
Myeloproliferative neoplasms/

ovarian cancer
[9]

OTUB1 Myeloproliferative neoplasms [16]

TEX-261 Myeloproliferative neoplasms [16]

MAPK1 Myeloproliferative neoplasms [16]

E2F6 Myeloproliferative neoplasms [16]

MAD2L1 B-cell lymphomas [5]

BAG1 B-cell lymphomas [5]

RAP1B
B-cell lymphomas/renal cell

carcinoma
[3, 5]
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that E2F6 was inhibited by miR-28-5p reexpression only at
the protein level (Figures 3(b) and 3(c)), indicating that
E2F6 was regulated by miR-28-5p in PCa.

4. Discussion

miRNAs are key inhibitors of gene expression that play a piv-
otal role in tumor development and progression affecting
genes and pathways involved in all the hallmarks of cancer
[17, 18]. By regulating oncogenes or TS genes, they can act,
respectively, as a TS or oncogenes, although it is known that
the role of a specific miRNA in cancer is not absolute but
strongly related to the tumor context [1]. Therefore, it is
not surprising that miR-28-5p may act as an oncogene (e.g.,
[9]) or as a TS (e.g., [13]), even though in most tumors, it
showed an antiproliferative effect. It is possible that, depend-
ing on the expression level of the targets or on the effect of
regulators which interfere with miRISC binding or function,
not all the targets of a particular miRNA can be bound and
regulated by the miRNA in a specific context [19, 20].

In this work, performing the miR-28-5p pull out assay,
we have explored whether the known miR-28-5p targets,

deposited in miRTarBase and validated with at least the
luciferase reporter assay, interacted and were regulated by
miR-28-5p in PCa. Under this strategy was that, among all
miR-28-5p-validated targets, the ones that interact with
miR-28-5p in PCa have higher chance to be regulated by
the miRNA in this tumor. We first evaluated the miR-28-
5p role in PCa, and we demonstrated for the first time that
this miRNA is underexpressed in these cells and that its reex-
pression inhibited cell proliferation and survival. These data
led us to conclude that miR-28-5p acted as a TS-miRNA in
PCa. As it has been demonstrated that miR-28-5p negatively
regulated genes involved in tumor cell growth in lung [12] as
well as in colon rectal [6] cancer cells, we checked the expres-
sion level and the effects of miR-28-5p in lung and colon
cancer cell lines as a positive control.

Using the miRNA pull out assay, we found that not all
the validated miR-28-5p targets were enriched in the miR-28
pull out sample. Among the enriched targets that are more
strongly associated with cancer (i.e., RAP1B, N4BP1,
MAPK1, and E2F6), almost all are protumoral. Indeed, both
MAPK1 and RAP1B, a Ras-related small GTP-binding pro-
tein that acts as GTPase in several signaling cascades, are
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Figure 3: miR-28-5p target validation. (a) miR-28-5p-validated target enrichment quantified by qRT-PCR in miR-28-5p pull out sample
compared to miR-28-5p control pull out sample (CT). E2F6 mRNA (b) and protein (c) quantification in DU-145 cells transfected with
miR-28-5p or miR-NC. ∗P < 0 05, ∗∗P < 0 01, ∗∗∗P < 0 001, and ∗∗∗∗P < 0 0001 unpaired t-test.
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proproliferative proteins involved as oncogenes in the
development and progression of several tumor types (e.g.,
[21, 22]). In particular, it has been demonstrated that miR-
28-5p suppressed cell proliferation and migration by directly
inhibiting RAP1B in renal cell carcinoma [22]. These obser-
vations are consistent with a possible regulation by miR-28-
5p, suggesting the utility of our approach to identify
context-specific miRNA targets. In the same way, it has been
reported that when PCa evolves from a benign to more
aggressive stage, it becomes resistant to apoptosis due to the
increased expression of antiapoptotic proteins [23] such as
E2F6 [24]. Indeed, we demonstrated that E2F6, the most
enriched target in the miR-28-5p pull out sample, was regu-
lated by miR-28-5p at the posttranscriptional level. We can
speculate that the target enrichment level in the miRNA pull
out sample might facilitate the identification of the targets
affected by the regulation of the miRNA. In addition, we also
showed that the miR-28-5p reexpression induced apoptosis
in DU-145 cells. Given that DU-145 cells (androgen inde-
pendent PCa cell line) are an advanced PCa in vitro model,
miR-28-5p reexpression may be taken into consideration as
a novel therapeutic approach for PCa at this stage. Further-
more, we demonstrated that E2F6 is regulated by miR-28-
5p in DU-145 cells; thus, it is conceivable that E2F6 could
be one of the mediators of the apoptosis induced by miR-
28-5p reexpression.

In conclusion, in this work, we demonstrated that the
capture of the targets that interact with a given miRNA in a
specific tumor is a suitable approach to identify the subset
of targets that have a higher probability of being regulated
by that miRNA in the context under evaluation. In the future,
the identification of all the miR-28-5p targets (miR-28-5p
targetome) could help to decipher the genes and pathways
affected by the regulation of this miRNA in PCa.
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Long noncoding RNAs (lncRNAs) and microRNAs (miRNAs) play a significant role in cancer development as regulators of
protein-coding genes. Their dysregulation was in some extent already associated with glioma, the most aggressive primary brain
tumours in adults. The correct diagnosis and treatment selection due to high tumour heterogeneity might be difficult and
inadequate, resulting in poor prognosis. Studies of expression patterns of noncoding RNAs (ncRNAs) could provide useful
insight in glioma molecular development. We used the qPCR approach to screen and investigate the expression of lncRNAs that
were previously deregulated in other cancer types. The study showed altered expression levels for numerous lncRNAs across
histologically different glioma samples. Validation of few lncRNAs showed association of expression levels with histological
subtype and/or malignancy grade. We also observed deregulated and subtype-distinctive expression for four lncRNA-associated
miRNAs. Expression of few lncRNAs and miRNA was also associated with patients’ survival, showing potential prognostic
value. Several ncRNAs, some already related to glioma and some, to the best of our knowledge, investigated for the first time,
might be of greater importance in glioma molecular development and progression. Finding the subtype-specific lncRNA and/or
miRNA expression patterns may contribute additional information for a more objective classification.

1. Introduction

Long noncoding RNAs (lncRNAs) are a group of noncoding
RNAs (ncRNAs), classified by the length longer than 200 bp
ranging up to 100 kb, and do not appear to have coding
potential [1, 2]. Based on their loci of origin, lncRNAs can
be classified as intergenic/intronic, sense/antisense, bidirec-
tional, or overlapping with protein-coding genes or other
ncRNAs [3, 4]. Their lack of coding potential does not mean
lack of function; their role in cancer development and pro-
gression was already confirmed, although mechanisms of
their function are still not fully understood [5] and have yet
to be investigated in detail. With progression in expression
profiling, tens of functional examples have arisen that associ-
ate lncRNAs with diverse range of cellular processes [2, 3].
Mechanistically, various lncRNAs act as the cotranscrip-
tional regulators of protein-coding genes [6] and are involved

in various biological and developmental pathways, including
the acquisition and maintenance of cell characteristics [7].
Certain lncRNAs were found to be closely associated with
initiation, proliferation, invasion, and recurrence of glioma
and may therefore be exploited for the purposes of subclassi-
fication, diagnosis, and prognosis [8]. Genetic and epigenetic
changes that permit the survival of abnormal cells and
formation of tumour mass often include genes that control
critical biological processes and pathways, such as cell prolif-
eration, adhesion, migration, and differentiation [9]. In
tumour, deregulated cell proliferation is a critical event
required for tumour to grow and invade, that is, for tumour
progression [10]. Regulatory lncRNAs can intercede both
tumour suppressor and oncogenic effects [3, 5, 11], and their
aberrant expression emphasizes their role in variety of
diseases [5, 12]. Altered expression of certain cancer type-
specific lncRNAs can reflect disease progression [13] and
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might serve as potential biomarkers [11, 12]. Another inter-
esting and also the most characterized group of ncRNAs
are microRNAs (miRNAs), small, ~22-nucleotide long
ncRNAs, which negatively regulate the expression of mRNA
by binding on the untranslated mRNA and preventing their
translation [14, 15]. In addition to lncRNAs, miRNAs can
also function as tumour-suppressors or oncogenes. They
can be expressed as single genes, gene clusters, or from
introns of protein-coding as well as nonprotein-coding genes
such as lncRNAs [16].

lncRNAs are widely expressed in mammalian nervous
system [7], and several were identified to be specifically
linked with neuro-oncological disorders [4, 17], including
tumours of central nervous system (CNS) [7]. Glioma are
the most common form of primary brain tumours in adults,
and despite the progress in therapy, the prognosis of patients,
especially those with glioblastoma (GBM), remains ruthless
[18]. The lack of effective drugs and lack of inefficient treat-
ment are probably consequences of glioma’s heterogeneous
and invasive nature. Regarding the latter, the exact pathways
of glioma biogenesis and progression are thus still in question
[19]. Numerous studies underline the association of changed
expression profiles of specific lncRNAs with tumour histo-
logical grade [1, 3]. Aberrant lncRNA expression affects the
expression of the target gene, which in turn leads to cell
dysfunction and disease progression [2, 20], and may have
a direct role in driving the disease state [3]. Indeed, altered
expression of lncRNAs and miRNAs has been correlated
with development of various cancer types and they could also
help elucidate the mechanisms underlying glioma malignant
transformation [12, 13]. In addition, as some glioma sub-
types are known to have distinct molecular features [21],
expression analyses of coding and noncoding genes can also
provide additional information to further distinguish them
(classification biomarkers) [13]. Only a few years ago, the
golden standard for glioma classification has based mainly
on their morphological features, including cells of origin,
degree of differentiation, and grade of anaplasia [21]. How-
ever, histological diagnoses of glioma tend to be very difficult
since many cases are morphologically alike, partly due to the
lack of specific (particularly molecular) distinguishable
markers [13]. The number of protein-coding genes only
differs little between organisms, and as seen, they are not
sufficient to properly explain the human gene expression
complexity. It is suggested that the expression complexity
could be explained right with these noncoding but transcrip-
tionally active genes [22]. Certain lncRNAs, such as H19,
MALAT, and linc-POU3F3, have been shown to be involved
in cancer progression, and also glioma of different malig-
nancy grades show different patterns of lncRNA expression
[22–24]. Also, expression of miRNAs shows biomarker
potential, used as diagnostic support or for prognostic and
therapeutic application [25, 26].

The purpose of this study was to examine the lncRNA
expression profile of 90 lncRNAs, previously reported to be
involved in various types of cancer (Human LncProfiler™
qPCR Array Kit (System Biosciences, CA, USA)), in gli-
oma samples and to characterize potential glioma-related
lncRNAs. Expression of several selected, differentially

expressed lncRNAs was validated on a bigger number of bio-
logical replicates. We searched which of validated lncRNAs
might encode, be coexpressed, or coregulated with miRNAs.
Those miRNAs were also analysed for potential correlation
with their host or coregulated lncRNAs. At last, we evaluated
the prognostic value of aberrant ncRNA’s expression.

2. Materials and Methods

2.1. Tissue Samples and Clinicopathological Data. The study
was approved by the National Medical Ethics Committee of
the Republic of Slovenia (115/5/14). Sixty-four tumours that
were surgically removed from the patients between 2008 and
2012 were chosen for the study. We randomly chose 17 gli-
oma tissue samples for initial expression profiling from our
previous glioma data set, with respect to appropriate RNA
yield and integrity values. Expression validation set further
included 60 glioma tissue samples, of which there were also
13 samples from the initial profiling set.

Tumours were stabilized in RNAlater (Applied Biosys-
tems, USA) immediately after surgical biopsy and incubated
at 4°C for 7 days. After incubation, samples were stored at
−20°C until RNA extraction, as recommended by the manu-
facturer. All tumours were evaluated by a neuropathologist in
order to assess glioma subtype and tumour grade (see
Table 1). The tumour biopsies used in the study belonged
to 36 female and 28 male patients (median age at diagnosis:
51.8 years± SD 16.2). As the expression study was conducted
in the year 2012, sample classification is based primarily on a
neuropathologist’s evaluation of morphological features and
previous diagnosis if existed and only in some cases based
on the status of p53 and 1p/19q codeletion. Samples of
diffuse and anaplastic astrocytoma were united in one
subgroup, that is, grade II + III astrocytoma, for simpler

Table 1: Clinicopathological characteristics of patients in the study.

Patients’ demographics

Number of patients 64

Sex (female/male) 36/28 (1.3 : 1)

Median age at diagnosis
(years) (min.–max.)

51.8 (3.9–83.1 years)

Number< 50 years 29

Number> 50 years 35

Glioma classification Glioma subtype WHO grade

(i) Astrocytoma (AC)

4 diffuse AC WHO II

6 anaplastic AC WHO III

4 secondary GBM
WHO IV

31 primary GBM

(ii) Oligodendroglioma
(ODG)

14 anaplastic ODG WHO III

(iii) Oligoastrocytoma
(OAC)

5 anaplastic OAC WHO III

Tumour location

(i) Frontal or temporal 32

(ii) Other regions 16 (16 na)

na: not applicable.
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comparison with other subtypes. For reference RNA, we used
the FirstChoice Human Brain Reference Total RNA (cat.
number 6050, Ambion, Invitrogen, USA) (further referred
to as reference RNA), obtained from the brain tissue of 23
individuals without any signs of neurodegeneration.

2.2. RNA Extraction from Fresh Tissue. RNA from all the
samples used in primary profiling set and validation set
was extracted following the same isolation protocol. Total
RNA from up to 30mg of each tissue was isolated using
TRIzol reagent (Invitrogen, USA), followed by purification
using miRNeasy Mini Kit (Qiagen, Germany), according
to the manufacturer’s instructions. The yield was measured
spectrophotometrically using NanoDrop-1000 (Thermo
Scientific, USA), and the quality was evaluated on Bioanaly-
zer 2100 (Agilent Technologies, USA). After the RNA extrac-
tion and quality assessment, the samples with appropriate
RNA yield and integrity values (concentration higher than
100ng/μL and RIN> 5.5) were considered for expression
profiling and further validation analyses.

2.3. LncRNA Expression Profiling Using Human LncProfiler
qPCR Array Kit. We performed a primary expression profil-
ing of 90 lncRNAs that have already been associated with
different types of cancer (Human LncProfiler qPCR Array
Kit (System Biosciences, CA, USA)). lncRNA profiling of
these 90 lncRNAs was performed using qPCR amplification
of cDNA from an initial set of 17 glioma samples of different
histopathological characteristics and normal brain reference
RNA (control).

First strand of cDNA was synthesized using Human
LncProfiler qPCR Array Kit with oligo-dT and random
hexamers, according to the manufacturer’s instructions. All
qPCR reactions were carried out in triplicates and included
a negative control. Quantification was performed using the
ABI Prism 7900 sequence detection system (Applied Biosys-
tems, USA). Cycling conditions were as follows: 2 minutes at
50°C, 10 minutes at 95°C, and 40 cycles of 15 seconds at 95°C,
and one minute at 60°C. The signal was collected at the end-
point of each cycle. A cohort of five reference genes was
simultaneously analysed for the normalization process (18S
rRNA, RNU43, GAPDH, LAMIN A/C, and U6 snRNA), and
the optimum reference genes were identified using NormFin-
der algorithm [27]. Expression values of lncRNAs in glioma
were compared to values of normal brain reference RNA,
and results were statistically analysed.

2.4. Validation of Selected lncRNAs. For more reliable results,
results need to be validated on a larger number of biological
replicates. Upon statistical analysis, we selected 7 lncRNAs
(EGO-A, 7SL, RNCR3, MEG3, HOTAIR, ZFAS1, and JPX)
for validation and to further investigate their differential
expression on a cohort of 60 glioma samples and normal
brain reference RNA (control). For the subsequent analyses
of lncRNA expression, cDNA was generated with Protoscript
M-MuLV Taq RT-PCR kit using random primers (New
England Biolabs, UK) according to the manufacturer’s
instructions, except were otherwise indicated. Reverse tran-
scription reactions were prepared in 10μl master mix with

500 ng of total RNA. Expression analyses were validated
using the TaqMan or SybrGreen-based qPCR technology,
dependent on probes availability. All qPCR reactions were
carried out on Rotor-Gene Q (Qiagen, Germany), and each
sample was analysed in duplicate. Thermal conditions were
applied as follows: initial denaturation at 95°C for 15 minutes
and 40 cycles of denaturation at 95°C for 15 seconds and
annealing at 60°C for 1 minute, and following amplification
melting curves were acquired. The signal was collected at
the endpoint of each cycle.

2.4.1. TaqMan-Based Technology. qPCR reactions forMEG3,
RNCR3, JPX, and ZFAS1were prepared with lncRNA-specific
TaqMan assay (MEG3 Assay ID Hs01098508_mi; RNCR3
Assay ID Hs01039195_gi; JPX Assay ID Hs03681129_m1,
ZFAS1 Assay ID Hs03300756_m1) (all Applied Biosystems,
USA) and FastStart Essential DNA Probes Master Mix
(Roche, Germany) or TaqMan Gene Expression Master
Mix (Applied Biosystems, USA) in 10μl reaction volume.
Reference genes GAPDH and 18S rRNA were analysed in
both conditions.

2.4.2. SybrGreen-Based Technology. qPCR reactions for
EGO-A, 7SL, and HOTAIR were prepared with designed,
lncRNA-specific primers (EGO-A: F – CTTCTCCTCCAGG
CCATACC, R – CCATTGTGTAGCCCCG; 7SL: F – CTGT
AGTCCCAGCTACTCG, R – CCCGGGAGGTCACCAT
ATT; and HOTAIR: F – CAGTGGGGAACTCTGACTCG,
R–GTGCCTGGTGCTCTCTTACC) andPower Sybr®Green
PCR Master Mix (Applied Biosystems, USA) in 10μl
reaction volume. GAPDH and U6 snRNA were used as
reference genes.

2.5. Quantitative Real-Time PCR of miRNAs. miRNAs were
analysedusing either themiScript system (SybrGreen,Qiagen,
Germany) or TaqMan-based technology (Applied Biosys-
tems, USA) according to their corresponding lncRNAs. All
the reagents were fromQiagen orApplied Biosystems, respec-
tively, exceptwhere otherwise indicated. qPCRwas carriedout
using the Rotor-Gene Q (Qiagen, Germany).

2.5.1. miScript System (Qiagen, Germany). All of the steps
were performed according to manufacturer’s protocol, except
where otherwise indicated. miScript reverse transcription kit
was used for RT in a 10μl reaction master mix with 100 ng of
total RNA. All of the qPCR reactions were performed in
duplicate, and following amplification melting curves were
acquired. MicroRNAs miR-196a and miR-125b were tested
relatively to RNU6B and SCARNA17 (RNU6B, SCARNA17,
SNORA73A, and RNU1B were tested as reference genes).
The signal was collected at the endpoint of every cycle.

2.5.2. TaqMan-Based Technology. All of the steps were
performed according to manufacturer’s protocol, except
where otherwise indicated. RNU6B, RNU48, RNU58A, and
HY3 were tested as references genes. MicroRNAs miR-124a
and miR-770 were tested relatively to RNU6B and RNU58A.
Briefly, the 10μl RT reaction master mix was performed with
10 ng of total RNA sample. The cDNA was diluted 30-fold,
and 4.5μl was used for each 10μl qPCR reaction. The qPCR
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reactions were performed in duplicates, and the signal was
collected at the endpoint of every cycle.

2.6. Computational and Statistical Analysis. Relative quantifi-
cation of lncRNA and miRNA levels of the target gene was
calculated using the ΔΔCT and represents the difference
between ΔCT tumour RNA and ΔCT reference RNA, normal-
ized to expression of endogenous controls [28]. If ΔΔCT was
significantly (2σ) higher or lower than zero, the expression
was considered to be significantly different. The calculation
method was used for computational analyses for both
lncRNA profiling and validation of differentially expressed
lncRNA and miRNA.

Calculated ΔΔCT values and the R programming lan-
guage were used for unsupervised hierarchical clustering
analysis, with Pearson correlation for distance metric. All sta-
tistical tests were performed using the IBM SPSS Statistics 20.
software (IBM Corporation, New York, USA). Not all cases
had all data available. Factor analysis was performed using
the principal component extraction method and the direct
oblimin as the rotation method. We used the Mann–Whit-
ney 2-independent samples test to determine which of the
90 lncRNAs are differentially expressed, and results are
graphically presented as log values on the heat map. For
determining significant differences in expression (using
ΔΔCT) of lncRNAs and miRNAs between glioma subtypes,
we used the Kruskal-Wallis k-independent test (multiple
comparisons). Mann–Whitney 2-independent samples test
was performed to cross test expression differences between
two subtypes. The expression differences were considered
statistically significant when the differences in tested
groups reached or were below p ≤ 0 05. The relative quan-
tification of lncRNA and miRNA levels is graphically
presented as average fold change (2-ΔΔCT). The Pearson’s
correlation coefficient was used to define expression rela-
tionships and Kaplan–Meier estimate for constructing
survival curves (analysed by log-rank test). To assess the
relative risk for each factor, we performed the univariate
and multivariate Cox regression analyses using R language.
We used the ΔΔCT values, and two-sided p value < 0.05
was regarded as significant.

3. Results

3.1. Profiling Shows Numerous lncRNAs with Altered
Expression. lncRNA profiling revealed changes in expression
levels for numerous lncRNA (74/90 lncRNAs analysed) in
the primary set of 17 glioma samples compared to normal
brain reference RNA (pooled RNA samples from 23 donors,
commercially available). Unsupervised hierarchical cluster-
ing (Figure 1) upon similarity of gene expression profiles
between tumour samples showed roughly three molecular
groups; however, gene expression-based groups did not
coincide with samples’ histological subtypes, suggesting the
heterogeneous lncRNA expression background of morpho-
logically similar tumours. Factor analysis, with the principal
component extraction method based on 74 gene expression
profiles, showed two principle components, which together
account for 60.8% of variance in gene expression (Figure 2).

The component 1, accountable for 46.8% of variance, sepa-
rates samples in two main groups, which remain more or less
the same with component 2 (accountable for 13.95% of
variance). Sample grouping again showing differences in
lncRNA expression profile vary between glioma subtype
and to some extent coincided with unsupervised hierarchical
clustering (comparing Figures 1 and 2).

3.2. Expression Validation of Seven lncRNAs. Among differ-
entially expressed lncRNAs, we further validated seven
lncRNAs (7SL, EGO-A, HOTAIR, JPX, MEG3, RNCR3, and
ZFAS1) on a bigger cohort of glioma samples of different
WHO malignancy grades and histopathological subtypes.
Expression of lncRNAs MEG3, JPX, RNCR3, and ZFAS1
significantly differed between low and high malignancy grade
(Mann–Whitney test; ΔΔCT values) (Figure 3). MEG3, JPX,
RNCR3, and ZFAS1 showed significant decrease with tumour
malignant progression.

Next, we grouped the samples upon their histological
subtype into five groups and compared lncRNA’s expression
between all five using the Kruskal-Wallis test (ΔΔCT values).
lncRNA expression patterns for corresponding glioma sub-
type are graphically presented in Figure 4. We observed
significant differences across all samples for each of the
lncRNAs. Expression of HOTAIR and ZFAS1 was found
overexpressed, and MEG3, JPX, and RNCR3 were substan-
tially underexpressed. EGO-A showed overexpression in all
subtypes, except in secondary GBMs. Expression of 7SL was
found near normal level in oligodendroglioma and oligoas-
trocytoma, but underexpressed in astrocytoma, primary,
and secondary GBMs.

3.3. There Are Distinctive lncRNA Expression Patterns
between Glioma Subtypes. Kruskal-Wallis test does not tell
between which subgroups the differences in expression
significantly differ. Using the Mann–Whitney test, we
compared the ΔΔCT values of specific lncRNA of histologi-
cally determined subtypes among each other to establish
subtype expression (Table 2) (for all graphic comparisons
see graphs on Figure 4). HOTAIR exhibited much higher
expression in oligodendroglioma and oligoastrocytoma com-
pared to astrocytic tumours. ZFAS1 was overexpressed in
oligodendroglioma and oligoastrocytoma when cross tested
with primary GBMs, which showed near normal expression
levels. MEG3 and JPX expression showed especially lower
levels in primary GBMs compared to other astrocytic glioma.
We also observed similar pattern for RNCR3 with much
lower expression levels in GBMs. And as observed before,
expression of MEG3, JPX, and RNCR3 decreases with malig-
nancy grade (Figure 3). Significant differences were also
found for 7SL expression between oligodendroglioma and
astrocytoma. Especially different pattern was observed for
EGO-A in secondary GBMs.

3.4. Changed Expression of lncRNA-Related miRNA. In the
subset of significantly changed lncRNAs we found that four
are also encoding miRNAs. 7SL was recently suggested to be
regulated by miR-125b [29].Wei et al. also suggest miR-125b
to be a potential biomarker of glioma [30].HOTAIR has been
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found to be coregulated with miR-196a [31], and genes for
RNCR3 and MEG3 are acting as host genes for miR-124a
and miR-770 [32], respectively. We determined the expres-
sion levels of these four miRNAs and performed a
lncRNA-miRNA linear correlation analysis to determine
their possible relationship.

Expression levels ofmiR-124a andmiR-196a significantly
differ between theWHOmalignancy grades (Mann–Whitney
test; ΔΔCT values) (Figure 5). We observed significant
differences in expression of miR-770 among all glioma sub-
types (p < 0 001). It has been decreased in all samples of

astrocytoma, oligoastrocytoma, and oligodendroglioma and
in majority of GBMs (expression varied). Expression signifi-
cantly changed in oligodendroglioma and oligoastrocytoma
compared to astrocytic subtypes (Figure 6(a)). miR-196a was
also decreased in all groups (p=0.001) and was significantly
lower in oligodendroglioma, astrocytoma, and oligoastrocy-
toma compared toprimaryGBMs (2- to 4-fold) and secondary
GBMs (up to 10-fold). In a proportion (~36%) of primary
GBMs, miR-196a was slightly overexpressed (Figure 6(a)).
FormiR-124a, expressionwas decreased in all glioma subtypes
when compared to referenceRNA,but therewasno significant
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Figure 1: Heat map of lncRNA profiling analyses of glioma samples. The figure represents ΔΔCT values of differentially expressed lncRNAs in
glioma samples compared to human brain reference RNA. Data are presented on a colour scale where shades of blue represent decreased
expression and pink as increased expression, with ΔΔCT cut-off values set at −1 and 1. On the top of the figure is presented unsupervised
Pearson’s hierarchical clustering of samples. AC: astrocytoma of WHO grade II or III; OAC: oligoastrocytoma; ODG: oligodendroglioma.
Genes denoted by red dot were selected for further qPCR validation and analysis.
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change between different glioma subtypes. Also, miR-125b
showed underexpression, except in secondary GBMs, for
which we observed significant change comparing to other
subtypes (p=0.017) (Figure 6(a)). When comparing expres-
sion values ofmiRNAs between twodifferent glioma subtypes,
allmiRNAswere shown to be differentially expressed between
at least two glioma subtypes, exceptmiR-124a, which did not
reach statistically significant difference in expression between
any two groups of samples (Figure 6(a)).

We observed moderate negative linear correlation
(rs = −0 373, p = 0 005) between expression of miR-770 and
MEG3, and positive correlation (rs = 0 291, p = 0 028)
between expression of miR-124a and RNCR3 in all glioma
samples. Both lncRNAs act as miRNA host genes. miR-
125b and 7SL and miR-196a and HOTAIR did not show
significant correlation (Figure 6(b)). However, the lncRNA-
miRNA relationship results provided are only suggestive as
functional studies are required for stronger conclusion.

3.5. ncRNA’s Expression Is Associated with Patients Age at
Diagnosis and Survival Time. Expression of certain lncRNAs
seems to be associated with patient’s age at the time of diag-
nosis as correlation analysis showed moderate negative asso-
ciation forMEG3 (rs = −0 336, p = 0 009, R2 = 0 113), ZFAS1

(rs = −0 368, p = 0 004, R2 = 0 164), and RNCR3 (rs = −0 431,
p = 0 001, R2 = 0 186).

Also, miR-196a showed moderate association with
patient’s age at time of diagnosis (rs = 0 290, p = 0 039).

The Kaplan-Meier estimate showed better survival for
patients who were younger than 50 years at the time of
diagnosis (Pearson’s correlation rs = −0 482, p < 0 001),
but no difference regarding the sex or tumour location
(Figure 7). Also, survival significantly differs between
astrocytoma, primary GBMs, and oligodendroglioma.
Because of a low sample number of oligoastrocytoma
and secondary GBMs, we did not include them in the
survival plot regarding the subtype (p = 0 001) (Figure 7).
For determining possible association of gene’s differential
expression and survival, expression values of ncRNAs ana-
lysed were classified as low or high based upon individual
ΔΔCt mean expression value. Kaplan-Meier plots and fur-
ther analysis of survival differences (log-rank analysis)
showed significant differences in survival for expression
levels of MEG3, ZFAS1, RNCR3, miR-770, miR-125b, and
miR-196a (Figure 8). These ncRNAs also showed signifi-
cant association with survival when considering only the
expression of astrocytoma, primary GBMs, and oligoden-
droglioma (data not shown). To identify the potential
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prognostic value of ncRNA expression, we used the uni-
variate Cox proportional hazards regression analysis. We
found significant association of survival with patient’s age
at diagnosis and expression of MEG3, ZFAS1, RNCR3,
miR-125b, miR-196a, and miR-770, respectively. For the
multivariate analysis, we took into consideration only the
parameters with p < 0 05 in the univariate analysis. Results
showed patient’s age at diagnosis and expression of

ZFAS1, RNCR3, miR-125b, and miR-196a as potential
independent prognostic variables.

4. Discussion

Although many of lncRNAs known are involved in a variety
of cancers, only a few have been associated with a particular
cancer type [12]. lncRNA expression profiling revealed

Table 2: Significantly different expression of lncRNA between glioma subtypes (represented as p value).

Mann–Whitney
2-independent test

Secondary glioblastoma Primary glioblastoma Anaplastic oligodendroglioma Anaplastic oligoastrocytoma

Grade II + III astrocytoma EGO-A 0.016
RNCR3 0.001
MEG3 0.001

HOTAIR 0.004
EGO-A 0.010
7SL 0.005

EGO-A 0.024
7SL 0.038

Secondary glioblastoma
HOTAIR 0.039
EGO-A 0.006
7SL 0.011

HOTAIR 0.003
EGO-A 0.004
7SL 0.003

HOTAIR 0.034
EGO-A 0.021 7SL 0.021

Primary glioblastoma

HOTAIR 0.001
RNCR3 0.001
ZFAS1 0.001
JPX 0.019
7SL< 0.001

HOTAIR 0.041
RNCR3 0.018
ZFAS1 0.036
JPX 0.014

Anaplastic
oligodendroglioma

/

WHO malignancy WHO malignancy

p = 0.046 p = 0.628

p = 0.001 p = 0.16
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numerous lncRNA to be widely expressed in glioma, thus
once again acknowledging the complexity of the brain and
brain tumours and interweaving of different molecular levels.
Tumour sample clustering based on expressional profile of 74
lncRNAs did not coincide with histopathological subtype,
which suggests heterogeneous global expression of lncRNAs.
However, determining glioma lncRNA expression profiles
may be an especially helpful step in studying glioma expres-
sion network regarding lncRNAs’ crucial regulatory roles

[33]. And furthermore, expression patterns of specific
lncRNAs or smaller gene-sets could potentially help us refine
glioma subclassification, especially since one of the biggest
problems in diagnosis is the morphological similarity of
tumours. Indeed, Zhang et al. found novel tumour-related
lncRNAs to be associated with malignancy grade and histo-
logical differentiation [13], and also our results indicate the
existence of measurable differences of individual lncRNA or
miRNA expression in glioma, also between histopathological
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subtypes and malignancy grades. Last but not the least,
numerous lncRNAs show prognostic value in different
human cancer types, including glioma [34–38]. Just recently,
but in contrast to our findings, Gao et al. found elevated
expression of ZFAS1 in glioma as an independent, unfavour-
able prognostic factor [39]. Similarly, increased expression of
NEAT1 [40], HOTAIR [41], and MALAT1 [23, 38] was also
found associated with poor prognosis in glioma. Zhang
et al. explored a six-lncRNA signature as a set of prognostic
genes in glioma—PART1, MGC21881, MIAT, GAS5, and
PAR5 were correlated with prolonged survival and
KIAA0495 in association with the poorer [34].

Among seven validated lncRNAs, there is already a con-
siderable research and data for roles of HOTAIR and MEG3
in various cancer types [31, 42–52]. And just recently, Gao
et al. reported ZFAS1’s oncogenic potential in glioma
tumours [39]. lncRNAs can exhibit oncogenic or tumour
suppressive functions [11]. Regarding processes of tumour
growth, all three were found to be involved in cell prolifera-
tion in glioma [39, 53–55] and various other cancer types
[56–61]. As an oncogenic lncRNA, HOTAIR is involved in
epigenetic gene silencing, cell growth, and progression of var-
ious cancers [42–44]. A number of studies show that
increased expression of HOTAIR enhances cell proliferation
and invasion of cancer cells and has been associated with
tumour progression and prognosis [45, 55, 56, 59, 62].
Overall high expression of HOTAIR in our glioma samples
indicates its association also with glioma development and
was already found essential for glioblastoma proliferation
[55, 62, 63]. Expression of HOTAIR has been found to differ-
entiate between astrocytoma, oligodendroglioma, and/or oli-
goastrocytoma, suggesting its use as a potential biomarker in
distinguishing morphologically similar cases [41].

On the contrary, MEG3 expression has been strongly
decreased in glioma and its expression decreases with
malignancy grade, thus acting as a tumour suppressor
and contributing to glioma progression [18, 64]. As a
putative tumour suppressor, it inhibits cell proliferation/
DNA synthesis by stimulating the expression of tumour
suppressor p53 [65] and modulating the binding of p53
on the promoter of its target genes [66]. On the other
hand, MEG3 is also able to inhibit cell proliferation and
promote cell apoptosis in the p53-independent manner
[64]. In line with the latter, its decreased levels are also
associated with poorer survival. Overexpression of MEG3
in human glioma cell lines inhibits cell proliferation and
promotes cell apoptosis [18, 64].

Also found to be involved in p53-dependent cell cycle
control is ZFAS1 [54], an antisense lncRNA localized at the
5′ end of the protein-coding gene ZNFX1 [67] that is widely
expressed in numerous tissues, including the brain (http://
www.proteinatlas.org). In their research of ZFAS1 in glioma
tissues and cell lines, Lv et al. [68] and Gao et al. [39] found
its increased expression correlates with tumour stage and
poor survival, matching with our results. Significantly
increased ZFAS1 expression indicates its oncogenic function
[54]—its silencing decreases cell’s proliferation through G1
cell cycle arrest [68]. Moreover, by regulating the epithelial-
mesenchymal transition (EMT) and Notch signalling

pathway, it could contribute to glioma progression [39].
In addition to lncRNA’s oncogenic or tumour suppressive
effect, one can also exhibit both effects [3, 5, 11]. ZFAS1
was found downregulated in breast carcinoma, which
suggests ZFAS1 also as a possible tumour suppressor [67].

On the contrary to abovementioned lncRNAs, only
little or none is known about the expression and function
of lncRNAs EGO-A, RNCR3, JPX, and 7SL in glioma.
Abdelmohsen et al. reported 7SL to be highly expressed
in various cancer tissues and by repressing p53mRNA trans-
lation consequently promoting cancer cell growth [69]. 7SL is
a small RNA component of cytoplasmic SRP (signal recogni-
tion particle) complex, a guide that directs nascent secretory
proteins towards the endoplasmic reticulum and is necessary
for synthesis of normal, active proteins. It is essential for
translocation across the membrane of endoplasmic reticulum
[70], and its dysregulation may possibly result in impaired
protein synthesis machinery. Thus, it is not surprising that
7SL is ubiquitously expressed in numerous tissues, including
the brain [71]. Our study showed decreased 7SL levels in
astrocytic tumours and increased levels in oligodendro-
glioma and oligoastrocytoma. These expression differences
between oligodendroglioma and astrocytoma may be an
additional genetic parameter for distinguishing these sub-
types among each other, especially since expression is near
normal levels in oligodendroglioma (and oligoastrocytoma).

Expression levels of EGO-A (eosinophil granule ontogeny
isoform A) were significantly increased in all glioma sub-
types, with the exception of secondary GBMs, which can be
probably attributed to the small sample number. It is worth
mentioning that secondary GBMs are relatively rare, partly
because precursor low-grade or anaplastic astrocytoma
develop at younger age than other GBMs, and some patients
succumb before the disease progresses, and partly because
they are mistakenly classified as primary GBMs [72]. EGO-
A function is not yet known [73], but its potential role in
glioma biogenesis may be implied by the chromosomal loca-
tion, since its host gene ITPR1 (inositol triphosphate receptor
type 1) is encoded in close proximity to EGR-1 (early growth
response 1), a transcriptional regulator of genes required for
induction of mitosis, cell differentiation, and growth [74].
Expression of EGR-1 gene in glioma cells is induced by
overexpression of EGFR and PDGFR genes, thus suggesting
EGR-1 as a connection of growth factor stimulation with
gene expression changes [74]. Association of EGR-1 gene
with expression of growth factor might also explain the
differences in expression level of EGO-A between the two
GBM subtypes (small sample number aside), since EGFR
overexpression is typical for primary GBMs, but is rare in
secondary GBMs [72]. However, whether the correlation
between expression levels of EGR-1 and EGO-A loci exists
is yet to be determined. Xu et al. found expression of EGO
transcript to be downregulated in breast cancer and to play
an important role in progression of breast cancer and prog-
nosis, thus serving as potential prognostic target [75].

RNCR3 (retinal noncoding RNA 3) is highly expressed
in the brain, yet we have not found any reported studies
of its expression in glioma, and to date very little is known
about its biological function. Especially, it was identified as
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a precursor of the miR-124a, the most abundant miRNA
in the vertebrate CNS and necessary for normal brain
development [76]. Expression level of miR-124a was sig-
nificantly decreased in anaplastic astrocytoma and GBMs,
when compared to normal brain tissue [77], and also in
oligodendroglioma [78]. We found substantially decreased
expression of miR-124a and RNCR3 in primary and sec-
ondary GBMs and a positive correlation between expres-
sion of these two ncRNAs. Since the RNCR3 is a
precursor for miR-124a, decreased expression of miR-
124a could be a possible consequence of reduced RNCR3
expression. Low expression of RNCR3 also indicates lower
survival probability. Regarding the findings, we can infer
that RNCR3 and its encoded miR-124a may be implicated
in the development and progression of glioma. miR-124a
is the most extensively investigated miRNAs in glioma cell
proliferation. In the earliest study, it has been shown that
upregulation of miR-124a induces glioblastoma cell cycle
arrest. These results suggested that targeted delivery of
miR-124 to glioblastoma tumour cells may be therapeuti-
cally efficacious for the treatment of this disease [77].
Fowler et al. [79] found an ectopic expression of miR-
124a significantly inhibiting GBM migration and invasion,
which once more supports its role in glioma progression.
Moreover, restoration of miR-124a could inhibit glioma
cell proliferation and invasion through miR-124a blocking
the expression of the IQGAP1 gene and downstream β-
catenin and cyclin D1 [80] and PIM1 in astrocytoma
cancer cells [81]. Additionally, transfection with miR-124
inhibitor rescued the proliferative ability of human glioma
cells. Results demonstrated that miR-124 is an important
downstream target gene of Hedgehog signalling and that gli-
oma-associated oncogene-miR-124-AURKA axis is essential
for the proliferation and growth of human glioma cells [82].

Expression of miR-770 showed decreased levels in lower
malignancy grades and a better survival probability. The
expression was in an inverse correlation to its host gene, that
is, MEG3, and regarding the findings of miR-770 being a
downstream transcriptional target of Wnt/β-signalling
pathway [83], it is reasonable to propose for MEG3 and
miR-770 possibly having different mechanisms regulating
their expression. There are only few investigations performed
about the role of miR-770 in carcinogenesis; moreover, only
one study is investigating its role in proliferation. By acting
as a sponge for miR-770, leading to its downregulation,
lncRNA PCGEM1 stimulates proliferation of osteoarthritic
synoviocytes [84]. Whether or not this is also the case in
glioma cells is yet to be investigated. Analyses of miRNA-
lncRNA-mRNA interactions using their expression profiles
alone are not enough to further understand the potential
relationships between different RNA molecules [85]. Differ-
ences in lncRNA and its associated miRNAs’ expression
can also be the consequence of different stability of the
transcript, splicing, promoter methylation, or miRNA’s
maturation [26].

miR-196a is concurrently upregulated with HOTAIR in
gastrointestinal stromal tumours (GISTs) [31], but was
downregulated in our glioma subtypes, with no association
to HOTAIR. It has been shown that miR-196a is expressed

in lower levels in oligodendrogliomas, astrocytomas, and
oligoastrocytomas compared to glioblastoma, similar to our
results [86]. miR-196a expression seems to be highly associ-
ated with patient’s survival as its higher expression indicates
poorer prognosis and shorter survival time, coinciding with
HOTAIR overexpression survival prediction and their
suggested coregulated expression [41]. Investigating the
oncogenic effects of miR-196a in vivo and in vitro revealed
that it induces and promotes proliferation and suppresses
apoptosis through inhibition of the IκBα [87].

We were not able to detect any significant correlation
between expression patterns of miR-125b and 7SL, although
there is an inverse overall expression in oligoastrocytoma,
oligodendroglioma, and secondary GBMs. miR-125b has
already been shown to be upregulated in primary GBMs
(but downregulated in GBM cell lines) [88] and in oligoden-
droglioma [78]. Its overexpression promotes glioma cell
proliferation and inhibits cell apoptosis, thus supporting the
suggested oncogenic role [89, 90].

5. Conclusions

Studies of lncRNAs and miRNAs over the past decade
increasingly reveal the importance of ncRNAs in cancer
development and progression. All in all, our results corrobo-
rate the involvement of noncoding RNAs in the complex
nature of primary brain tumours. We show that several
lncRNAs, some already related to glioma and some investi-
gated for the first time, could importantly contribute to gli-
oma development. Expression level of several lncRNAs and
certain lncRNA-associated miRNAs significantly changes
between the analysed glioma subtypes and malignancy
grades. Moreover, their possible correlation with miRNAs
suggests a complex interplay of lncRNA-miRNA in regulat-
ing gene expression in glioma. Observing high expressional
variability of the results opens numerous further questions
and presents the foundation for further research of noncod-
ing RNA implication in glioma formation and development,
which will conceivably provide new glioma-specific bio-
markers and targets for treatment of the disease. Although
our research does not show/determine the exact mechanism
of ncRNAs in tumour development, it does show that the
analyses of expressional screening represent guidelines for
further research and are efficient in the search of new
cancer-related genes. It has been already accepted that
lncRNAs have an immense role in glioma pathophysiology,
but the question is which lncRNAs are implicated in malig-
nant transformation and how they contribute to each level
of tumorigenesis.
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lncRNAs are acquiring increasing relevance as regulators in a wide spectrum of biological processes. The extreme heterogeneity in
the mechanisms of action of these molecules, however, makes them very difficult to study, especially regarding their molecular
function. A novel lncRNA has been recently identified as the most enriched transcript in mouse developing thyroid. Due to its
genomic localization antisense to the protein-encoding Klhl14 gene, we named it Klhl14-AS. In this paper, we highlight that
mouse Klhl14-AS produces at least five splicing variants, some of which have not been previously described. Klhl14-AS is
expressed with a peculiar pattern, characterized by diverse relative abundance of its isoforms in different mouse tissues. We
examine the whole expression level of Klhl14-AS in a panel of adult mouse tissues, showing that it is expressed in the thyroid,
lung, kidney, testis, ovary, brain, and spleen, although at different levels. In situ hybridization analysis reveals that, in the context
of each organ, Klhl14-AS shows a cell type-specific expression. Interestingly, databases report a similar expression profile for
human Klhl14-AS. Our observations suggest that this lncRNA could play cell type-specific roles in several organs and pave the
way for functional characterization of this gene in appropriate biological contexts.

1. Introduction

In the last few years, genome comparison across different
species highlighted that, on the evolutionary scale, organis-
mal complexity is directly correlated with the extent of the
nonprotein coding (herein referred as noncoding) fraction
of the total genome [1, 2]. Moreover, the discovery that
the vast majority of the genome is transcribed revealed
that the noncoding portion of eukaryote transcriptomes
largely exceeds the protein-coding one, both in abundance
and in complexity [3, 4]. These observations, together with

accumulating evidences of a plethora of RNA-mediated
gene regulatory networks, strongly suggested, hence, that
noncoding RNAs are key players in the establishment of
biological complexity [2, 5].

Noncoding RNAs are mainly classified according to their
length into small and long noncoding RNAs (lncRNAs).
LncRNAs are RNA molecules longer than 200 nucleotides
and without any evident or conserved open reading frame.
They are often 5′ capped, polyadenylated, and spliced and
have been described to be expressed at levels lower than
protein-coding genes but in a more tissue- and cell-specific
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manner [6–10]. Many of these transcripts have been reported
to have potential functional orthologs in different species,
despite the low sequence conservation [8, 11–13]. Although
only few lncRNAs have been functionally characterized
[14, 15], the number of lncRNAs identified in different cell
types and correlating with different biological processes has
been rising [1, 16, 17]. Such increase strongly suggests that
they have multiple considerable functions, mainly mediated
by their ability to associate with different classes of biomole-
cules. Indeed, long noncoding RNAs can be able to bind to
other nucleic acids (either DNA or RNA) by base pairing to
complementary sequences and/or to bind to proteins by fold-
ing in secondary structures [1, 18–20]. Nevertheless, the
intrinsic pleiotropic mechanism of action of these molecules
represents the major challenge in the study of the functional
role of each individual lncRNA.

Recently a poorly characterized gene, reported as long
noncoding RNA, emerged as the most enriched in E10.5
mouse thyroid bud transcriptome, compared to that of the
whole embryo [21]. To the best of our knowledge, only few
data exist in the literature about this gene, which are essen-
tially based on genome-wide expression profiling of lncRNAs
in mouse [9]. We firstly named it Thybe1 (thyroid bud
enriched 1); however, the analysis of its genomic localization
revealed that it is in antisense and partially overlapping with
the protein-encoding gene Klhl14 in a head to head arrange-
ment; thus, a more standard name for this gene could be
Klhl14-AS. In this paper, we analyze the Thybe1/Klhl14-AS
expression pattern in adultmouse tissues, both by quantitative
real-time reverse-transcriptase- (qRT-) PCR and by in situ
hybridization (ISH). We also identify previously unknown
splicing isoforms of this gene in mouse and explore available
data on human Klhl14-AS expression, thus providing an
important contribution to the characterization of this
novel lncRNA.

2. Results and Discussion

2.1. Genomic Organization and Identification of Alternative
Transcripts of Mouse Klhl14-AS Gene. To shed light on the
Klhl14-AS expression profile, we looked at different data-
bases such as NCBI [22], UCSC [23], and Ensembl [24] to
obtain information about gene structure and expression. In
mouse genome, the gene is named 4930426D05Rik and
mapped to chromosome 18qA2, as reported in Ensembl. In
human genome, its ortholog is named AC012123.1 and
mapped to chromosome 18q12.1. The comparison of the
genomic context of mouse and human locus reveals that
the regions are clearly syntenic and show high grade of con-
servation of blocks of sequences. In both genomes, Klhl14-
AS partially overlaps with the protein-coding gene Klhl14
in a head-to-head antisense arrangement (Figure 1(a)).
Mouse Klhl14-AS produces several different transcripts
(Figure 1(b)) differing between databases both in number
and in structure (see Supplementary Figure S1 available online
at https://doi.org/10.1155/2017/9769171), while in human, it
is reported to produce a single isoform (Figure 1(c)). We thus
referred to Ensembl for further analyses, because it reports
the higher number of alternative transcripts for mouse. In

Figure 1(b), it is shown that mouse Klhl14-AS produces four
transcripts named 4930426D05Rik 002, 003, 004, and 005.
These transcripts differ for the transcription start site and/
or the exons, mainly at the 5′moiety, while three out of four
show a similar 3′ end, with only Rik04 showing a longer 3′
exon. All the isoforms, however, share three regions indi-
cated in Figure 1(b) by blue, orange, and green rectangles.

As Klhl14-AS was identified in the developing thyroid
[21], we decided to investigate which of the reported tran-
scripts was expressed in the adult mouse gland. We thus
designed appropriate primer sets and amplified total mouse
thyroid cDNA. Surprisingly, only one out of the used oligo
sets, including the most internal ones, gave rise to amplicons
(see Figure S2 and Table S1). This prompted us to experi-
mentally map 5′and 3′ends of thyroid isoforms by perform-
ing RACE experiments. To this aim, we started from the 5′
end of the common region in the blue box and the 3′ end of
the common region in the green box (Figure 1(b)), by identi-
fying a 5′ terminus and a polyadenylated 3′ end (data not
shown). Moreover, we considered also a more upstream
CAGE site reported in Encode, in a region shared by most
5′ exons of the Rik002 and Rik005 isoforms. Two different
primer sets were thus designed, starting from the just
described putative ends. The oligo starting from the 5′RACE
sequence was used in set 1, whereas the oligo starting from
the most upstream sequence reported in databases was used
in set 2 (Figure S3). For each oligo set, the reverse primer
was specifically designed to optimize the amplification condi-
tions, although reverse primers are largely overlapping and
both mapped very closely to the 3′ end identified by RACE.
RT-PCR performed with oligo set 1 produced two products,
named A and B, while that performed with oligo set 2 pro-
duced three fragments, named C, D, and E (Figure 2, see
the thyroid lane). The sequences of the isoforms amplified
were mapped to the mouse genome (mm10) using BLAT
(see Materials and Methods), revealing that only the two of
them, A and D, correspond to the previously characterized
splicing variants, Rik004 and Rik005, respectively. Impor-
tantly, we identified three novel isoforms, B, C, and E,
which have not been previously annotated (Figure 1(b)). It
is worth noting that we found a region that is amplified only
using oligo set 1 (Figure 1(b), pink rectangle). The retention
of this region only in transcripts A and B suggests that at
least two different TSSs could exist for this gene. The find-
ing that Klhl14-AS is transcribed in several different iso-
forms in the same organ suggests that they could play
different roles through the binding of different interactors.
Moreover, the presence of more than one TSS suggests that
Klhl14-AS transcription could be differentially regulated in
different conditions.

2.2. Expression Profile of Klhl14-AS in Adult Mouse Tissues.
We asked if Klhl14-AS was expressed in other organs. To
answer this question, we performed the above described
amplifications in diverse adult mouse tissues. Such analysis
indicated that Klhl14-AS transcripts are differentially
expressed in different tissues and that the two used oligo sets
amplify the same molecular species in all tested tissues
(Figure 2). Indeed, isoforms A and B are expressed in the
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Figure 1: Genomic context of the Klhl14 S/AS pair in mouse and human. In (a), two genomic segments from mouse and human containing
the Klhl14 S/AS pair and flanking genes are displayed. The regions are clearly syntenic, and the presence of an antisense noncoding gene (red
circle) is conserved in both species. Pink boxes indicate conserved blocks, and green lines represent their correspondences. In (b) and (c), the
slices are zoomed in to show the entire AS genes and the Klhl14 gene portion in overlap for the mouse (b) and human (c) genome,
respectively. The constrained elements displayed as grey boxes represent regions of sequence conservation in mammals according to
Ensembl. In (b), the regions shared by all the transcripts are indicated by the blue, orange, and green boxes. Fragment A to fragment E
represent the isoforms identified in this study with the new ones indicated by the red arrows. The region in the pink rectangle is amplified
exclusively with one set of oligos.
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Figure 2: Klhl14-AS isoform expression in adult mouse tissues. Klhl14-AS transcripts were amplified by RT-PCR on total RNA from adult
mouse organs. Three different PCR reactions were performed on the same template cDNA. Upper image: A and B isoforms were amplified by
using the oligo set 1; middle image: C, D, and E were obtained by using oligo set 2; lower image: Abelson (Abl) amplification was performed as
the control (for details see Materials and Methods). Data are representative of three independent experiments.
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thyroid, kidney, testis, ovary, brain, and spleen, although at
different extents. A is mostly represented in the testis and
ovary, being also strongly expressed in the thyroid and kid-
ney. B is relatively more abundant in the brain than in other
organs. The transcript C is mostly expressed in the thyroid
and kidney. D is weakly expressed in the thyroid and kidney,
while it is highly expressed only in the brain. E is mostly
represented in the thyroid, testis, ovary, and brain. It is
worth noting that all the identified transcripts are expressed
in the thyroid gland, whereas none of the transcripts ampli-
fied by oligo set 2 are expressed in the spleen. Lastly, the
liver and heart are negative for Klhl14-AS expression, while
the lung shows a weak signal only with oligo set 1. Such data
reveal a tissue-specific pattern of Klhl14-AS alternative tran-
script expression.

To overcome the complexity of the alternatively spliced
isoform expression, we analyzed Klhl14-AS expression by
using a primer set amplifying a region that is common
between all known isoforms (overlapping the common splice
junction between the regions included in the orange and
green rectangles in Figure 1). Whole Klhl14-AS expression
among adult tissues was evaluated through qRT-PCR, show-
ing that it is expressed in several organs at different extents.
This quantitative analysis confirms that the lncRNA is not
expressed in the liver and heart; weakly expressed in the
brain, lung, ovary, and testis; and more strongly expressed
in the kidney, spleen, and thyroid gland (Figure 3). However,
qRT-PCR, such as the standard PCR previously performed,
measures the RNA in the whole organ, thus missing the pos-
sible differences between different cells types in the same
organ. This technical limit could lead to underestimating
Klhl14-AS presence in specific cell types. To deal with this
problem, we performed ISH analysis by using a Klhl14-AS-
specific probe that allowed to clearly define the lncRNA dis-
tribution in specific cellular types. A sense probe was used as
a control (Figure S4). ISH performed on adult mouse organs,
while confirming qRT-PCR results, revealed that Klhl14-AS
is expressed in a cell type-restricted manner in the context

of each organ. As expected, Klhl14-AS staining is absent in
the liver and heart (Figure 4(a)). Unexpectedly, Klhl14-AS
staining is absent also in the lungs (Figure 4(a)), where the
qRT-PCR showed a detectable although weak positivity
(Figure 3). One possible explanation is that ISH has a lower
detection capability than qRT-PCR; thus, a weak level of
expression could be undetectable by ISH. Conversely, all
other organs positive for Klhl14-AS expression by qRT-
PCR show a clear signal by ISH, with differences in the dis-
tribution between specific cell types (Figure 4(b)). In the
thyroid, the lncRNA is highly expressed in follicular cells,
representing the epithelial component of thyroid follicles.
In the kidney, Klhl14-AS is mainly expressed in the renal
corpuscles of the cortex (see 200x magnification). In the
spleen, it is expressed in the rounded areas of white pulp
consisting of lymphoid cells, while it is not detected in the
red pulp (see 25x magnification). In the testis, the lncRNA
is expressed in the seminiferous tubules, while resulting neg-
ative in the Leydig cells of the intertubular connective tissue
(see 200x magnification). In the ovary, Klhl14-AS is
expressed in the follicles, showing a strong signal in granu-
losa cells of the preovulatory follicles, while it was negative
in the oocyte and theca cells (see 200x magnification).
Figure 4(c) shows the ISH of the brain, where Klhl14-AS
expression is strongly detected in the hippocampus and
the in cortex (see 200x magnification).

We also did a survey of existing data about the human
Klhl14-AS ortholog expression pattern. Gtex annotations in
the UCSC database, obtained by RNA sequencing, report
that the lncRNA is strongly expressed in the thyroid but
weakly expressed in the spleen, testis, kidney cortex, and
fallopian tube (Supplementary Figure S5) (http://bit.ly/
klhl14-as). The expression pattern of human Klhl14-AS
overlaps in part to that shown here in mouse, at least for
the organs with the highest expression levels. The differences
observed for some organs (i.e. brain, ovary) could be due
either to the different experimental approaches or to real
differences between the two species.
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Figure 3: Klhl14-AS expression in adult mouse organs. Quantitative real-time RT-PCR was performed by amplifying a region shared by
Klhl14-AS isoforms on total RNA from adult mouse organs. The data are reported as normalized by Abelson expression. Three replicates
for each experimental point were performed. Error bars represent standard deviation of normalized ct values. Data are representative of
three independent experiments.
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Figure 4: Cell type-specific expression of Klhl14-AS in adult mouse organs. In situ hybridization was performed on paraffin-embedded
sections with a probe recognizing all Klhl14-AS isoforms (for details, see Materials and Methods). (a) The lung, liver, and heart are
negative for Klhl14-AS staining. 25x magnifications are shown. (b) The thyroid, kidney, spleen, testis, and ovary are positive for Klhl14-AS
staining. For each organ, three different magnifications are shown: 25x, 200x, and 400x. 200x magnifications correspond to the areas
boxed in 25x pictures, while 400x magnifications correspond to areas boxed in 200x pictures. RC: renal corpuscle; RP: red pulp; WP: white
pulp; L: Leydig cells; ST: seminiferous tubule; OC: oocyte; G: granulosa cells; T: thecal cells. All the images are reduced by 70% compared
to the original ones. Data are representative of three independent experiments.

5International Journal of Genomics



The conservation of Klhl14-AS sequence and genomic
organization, together with a partially overlapping expres-
sion pattern, is suggestive of an important biological role of
Klhl14-AS.

3. Conclusion

Identifying the biological role and the mechanism of action
of long noncoding RNAs is among the most challenging
issues in functional genetics studies, where the setting of
appropriate experimental models is a critical issue, given
their tissue specificity. Klhl14-AS was the first lncRNA iden-
tified in the thyroid gland, and here, we demonstrate that it is
also expressed in very different tissues such as those of the
kidney and brain. Moreover, we identify previously unchar-
acterized Klhl14-AS alternatively spliced transcripts and
describe the differential expression pattern in several organs,
suggesting that each isoform could play a specific role in a
given physiological context. Indeed, the functional specificity
of Klhl14-AS could arise by the combination of different var-
iants with cell type-specific interactors that likely take place
in different tissues. Taken together, our data represent the
starting point for the characterization of this lncRNA, which
is likely to be involved in relevant biological phenomena and
possibly in different diseases.

4. Materials and Methods

4.1. Animal Experiments. All animal experiments were per-
formed in accordance with the Italian and European guide-
lines and were approved by the local Ethical Committee
and by the Italian Ministry of Health. Animals were main-
tained under specific pathogen-free conditions in the animal
house facility of the Dipartimento di Medicina Molecolare e
Biotecnologie Mediche. A total of eight wild-type C57BL/6
mice of both sexes were used for both molecular and histo-
logical analyses.

4.2. Transcript Mapping. 5′and 3′ends were investigated with
the use of 3′ RACE System (Invitrogen 18373-027) and 5′
RACE System (Invitrogen 18374-041) according to the man-
ufacturer’s specifications.

cDNA from adult mouse tissues were amplified with the
Pwo SuperYield DNA Polymerase (Roche 04 340 850 001)
using oligos representing the ends obtained through RACE
experiments and the 5′ oligo designed on the second
upstream CAGE site reported in UCSC—Klhl14-AS CAGE
II: CGCGTACTGCATGCGGGTCTCA, Klhl14-AS 5′RACE:
GAGAGAGGAACAACAATCAAGGC, Klhl14-AS 3′RACE:
GGGGATTAGAGTTTATTTTTGTCATCTC, and Klhl14-
AS 3′RACE inner: ATTCATCCAGATCACAGCTAAG.

The sequences from the identified isoforms in FASTA for-
mat were mapped to the mouse genome (mm10) using BLAT
(https://genome.ucsc.edu/cgi-bin/hgBlat), and the results
were exported in PSL format. The results in PSL format were
uploaded as a custom track in the UCSC browser and
converted into GTF using the UCSC table browser. The
genome browser images were generated using the Ensembl
genome browser (v88) for human (GRCh38.p10) and mouse

(GRCm38.p5) where a custom track was created and
uploaded to visualize the PCR fragment mappings in GTF
format on the mouse genome. The genome browser screen-
shots were exported in PDF format, and processing of the vec-
tor graphics was done in Inkscape (v0.48.4).

4.3. Quantitative Real-Time PCR. Total RNA was isolated
from mouse organs as previously described [25] using TRI-
zol® Reagent (Invitrogen 15596026) according to the manu-
facturer’s specifications. Each sample corresponds to a single
organ except the thyroid. Due to the small size of mouse thy-
roid, two glands were pooled for total RNA extraction. Total
cDNA was generated with the SuperScript® III First-Strand
Synthesis System for RT-PCR (Invitrogen 18080051), accord-
ing to the manufacturer’s specifications. Real-time PCR on
total cDNA was performed with iTaq™ Universal SyBR®
Green Supermix (Bio-Rad 172-5124) using gene-specific
oligos—Klhl14-AS F: GGCTCCTCTCCACTCACTTTC,
Klhl14-AS R: TCAGCTCAGCAGCGAAGTC, Abelson F:
TCGGACGTGTGGGCATT, and Abelson R: CGCATGA
GCTCGTAGACCTTC.

4.4. In Situ Hybridization. Organs were fixed in 4% PFA
(overnight, 4°C), washed in saline solution, dehydrated in
solutions at increasing ethanol concentration from 70% to
100% (overnight, 4°C), and paraffin-embedded at 60°C after
xylene soaking. The period of each step is determined
according to the size of the processed sample.

Paraffin-embedded samples were sliced in 7 μm sections
and analyzed. To perform the in situ hybridization, the sec-
tions were deparaffinized in xylene and rehydrated with
EtOH 100% to EtOH 50%. After rehydration, the hybridiza-
tion was performed as described in Fagman et al. [21], using a
specific probe for Klhl14-AS amplified with Pwo SuperYield
DNA Polymerase from adult mouse thyroid cDNA using
the following oligos—Klhl14-AS sp6: GGCTGAACAGGA
AGGGACCCT and Klhl14-AS T7: CAGATCACAGCTAA
GAAAAAAGC.

PCR product was purified using the USB® PrepEase®
Gel Extraction Kit (Affymetrix 78756). Digoxigenin-
labelled riboprobes (sense and antisense) were obtained
using the DIG-labeling RNA kit (Roche Diagnostics Basel,
Switzerland) following the manufacturer’s instructions. No
signal was detected with the sense riboprobes (not shown).
Images were obtained using an Axioskop microscope
equipped with an Axiocam 105 color digital camera (Zeiss,
Oberkochen, Germany). Images were processed using the
Axion Vision software.
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Optimal management of patients with thyroid cancer requires the use of sensitive and specific biomarkers. For early diagnosis and
effective follow-up, the currently available cytological and serum biomarkers, thyroglobulin and calcitonin, present severe
limitations. Research on microRNA expression in thyroid tumors is providing new insights for the development of novel
biomarkers that can be used to diagnose thyroid cancer and optimize its management. In this review, we will examine some of
the methods commonly used to detect and quantify microRNA in biospecimens from patients with thyroid tumor, as well as the
potential applications of these techniques for developing microRNA-based biomarkers for the diagnosis and prognostic
evaluation of thyroid cancers.

1. Introduction

Thyroid cancer is the most frequently diagnosed endocrine
malignancy, and its prevalence has increased markedly
over the last decade [1]. Neoplastic transformation can
occur in either the follicular or parafollicular cells of the
gland. In the former case, the results range from differenti-
ated tumors—papillary thyroid carcinomas (PTCs), follicular
thyroid carcinomas (FTCs), and Hürthle cell carcinomas—to
the rarer poorly differentiated and anaplastic thyroid
carcinomas (PDTCs and ATCs, resp.). Transformation of
the parafollicular cells produces medullary thyroid carcino-
mas (MTCs). Approximately, a percentage of MTCs are
familial, and this category includes those diagnosed as part
of the multiple endocrine neoplasia type 2 syndrome [2].
Approximately, 80% of all differentiated thyroid carcinomas
(DTCs) are PTCs. These tumors have a very good prognosis,
thanks to the available tool (cytological examination of fine-
needle aspiration biopsy (FNAB)) which allows an early
diagnosis and the efficacy of the current treatment. It
involves surgery and radioactive iodine to eliminate residual
and/or locoregionally recurrent disease and, in some cases,

also distant metastases. This approach is not an option for
patients with MTCs or for those whose tumors (PDTCs and
ATCs for the most part) are no longer able to concentrate
iodine. This defect is the result of impaired expression/func-
tion of the sodium/iodine symporter (NIS) or thyroperoxidase
(TPO) caused by oncogene-activated signaling that leads to
thyrocyte dedifferentiation [3–5]. For these tumors, novel
therapeutic strategies are being actively investigated [6, 7].

For many years, assays of serum thyroglobulin and calci-
tonin levels have played important roles in the diagnosis and
follow-up of thyroid cancer [8, 9]. Thyroglobulin is produced
exclusively by follicular thyroid cells. In patients with DTC
who have undergone total thyroidectomy and radioiodine
remnant ablation, its presence in the serum is thus consid-
ered a marker of persistent or recurrent disease (locoregional
or at distant site metastases) [10]. Calcitonin, a product of the
parafollicular C-cells, serves a similar purpose in the follow-
up of patients operated on for MTC [11]. Both markers, how-
ever, have several well-documented limitations involving
specificity and sensitivity [11, 12], and with the increasing
prevalence of thyroid malignancy, the need for noninvasive
thyroid cancer biomarkers with higher accuracy, sensitivity,
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and specificity has become more pressing. Interest in this
field has been sparked by our increasing understanding of
the expression of microRNAs (miRNAs) in patients with
thyroid tumors [13]. In this review, we will examine the
growing body of evidence supporting the use of these small,
noncoding RNA species to diagnose and predict the behav-
ior of thyroid cancers, as well as the techniques currently
used to detect and quantify their presence in tissues and
other biological samples.

2. miRNAs in Thyroid Cancer

miRNAsare endogenous, noncodingRNAswith lengths rang-
ing from 19 to 25 nucleotides. They play major roles in the
posttranscriptional regulation of gene expression [14–16]. In
general, miRNAs downmodulate the expression of a target
gene by diminishing the stability of its transcript and/or
inhibiting its translation [14–16]. By reducing the abun-
dance of specific proteins in this manner, miRNAs exert
fundamental modulatory effects on many physiological
processes, including those involved in pre- and postnatal
developments. Therefore, it is not surprising that their
dysregulated expression is a feature of several pathological
conditions, including neoplastic disease [17–20]. The first
description of a link between aberrant miRNA expression
and cancer was published in 2002 [21]. Since then, the num-
ber of miRNAs known to be encoded by the human genome
has grown rapidly. A recent look at the miRBase database
revealed over 2000 annotated human miRNAs [22], and
their numbers are expected to increase [23].

The first published information on the role of miRNAs in
thyroid tumorigenesis emerged in 2005 [24] and was
followed by several other studies focusing on this issue.
Thyroid tumors (and other cancers as well) display alter-
ations involving various components of the machinery
responsible for the complex process of miRNA biogenesis.
Downregulated transcription of DICER has recently been
observed in malignant thyroid tissues and cell lines, as
compared with normal thyroid tissues and benign thyroid
neoplasms, and this alteration was correlated with features
indicative of tumor aggressiveness (extrathyroidal extension,
lymph node and distant metastases, and recurrence) and
with the presence of the BRAFV600E mutation [25]. A large
cohort study of MTCs found that tumors harboring RET
mutations exhibited upregulated expression of certain genes
involved in miRNA biogenesis, as compared with their
RET-wildtype counterparts, while no significant differences
were observed between the expression levels of these genes
in RAS-mutant and RAS-wildtype MTCs [26].

Specific patterns of miRNA expression have also been
identified in a large number of studies performed on thyroid
carcinomas [21, 27–30], and several miRNAs were found
overexpressed or downregulated in major types of thyroid
tumors [13, 31, 32]. Recent meta-analyses have attempted
to provide a clearer overview of the miRNAs most commonly
dysregulated in specific thyroid cancer histotypes. Several
groups have reported overexpression of miRNA-146b,
miRNA-221, miRNA-222, and miRNA-181b in PTCs, as
compared with levels in normal thyroid tissues, and this

upregulation is positively correlated with tumor aggressive-
ness [33–37]. Three of these four miRNAs, miRNA-146b,
miRNA-221, and miRNA-222, are also upregulated in FTC,
Hürthle cell thyroid carcinomas, and ATC [38–40]. In
contrast, miRNA-197 and miRNA-346 are upregulated
specifically in FTC [29, 41]. Members of the miRNA-17-92
cluster are highly expressed in ATC, as they are in other
aggressive cancers [39], suggesting that dysregulation of this
miRNA cluster influences the oncogenic process. Of note,
increased expression of miRNAs-21, miRNA-183, and
miRNA-375 has been associated with persistent and metasta-
tic disease in MTC patients [42]. miRNA downregulations
appear to be more variably associated with specific types of
thyroid cancer. An exception is the downregulated expres-
sion of miRNAs belonging to the miRNA-200 and miRNA-
30 families, which is associated exclusively with ATCs and
is therefore suspected to play key roles in the acquisition of
particularly aggressive tumor phenotypes [13, 39]. Table 1
shows the main miRNA dysregulations found in thyroid
tumors, together with their documented associations with
oncogenic mutations and their validated molecular targets.
Among the latter, a functional role in oncogenic transforma-
tion of thyroid cancer cells is played by proto-oncogene recep-
tor tyrosine kinase (KIT), C-X-C motif chemokine ligand 12
(CXCL12), connective tissue growth factor (CTGF), NF-kB,
programmed cell death 4 (PDCD4), and yes-associated
protein (YAP) (see Table 1), all involved in the regulation of
cell proliferation, migration, invasion, and survival.

3. miRNA Detection in Biological Samples

miRNA expression patterns can be rich sources of biological
information. Analysis of variations in these patterns can
provide clues as to how different cellular processes are
modulated under both physiological and pathological condi-
tions [54]. Various diseases are associated with significant
changes in the miRNA profile of involved tissues, and most
of these changes have been reported in different kinds of
cancer [55]. miRNAs display good stability in a variety of
human biospecimens, including cell lines, fresh-frozen and
formalin-fixed tissues, FNAB, blood plasma and serum, and
urine [56]. Moreover, their levels provide more immediate
and also more specific information on current physiological
and pathological conditions than other molecules in these
specimens [57]. Their importance in the modulation of gene
expression and their remarkable stability in human biospeci-
mens have led to develop a variety of approaches, and
platforms have been developed to isolate and study miRNA
expression, with the aim to identify profiles or single miR-
NAs associated with specific pathological condition.

miRNA profiling begins with the isolation of total RNA.
The extraction protocols used for this purpose are often
slightly modified to enrich the fraction containing miRNAs
and other small RNA species. Widely used methods for
miRNA extraction fall into two main categories: chemical
methods and column-based methods. The principal advan-
tages and disadvantages of each are summarized in Figure 1.

The isolated miRNA is then quantified and subjected to
quality assessment. The quantity obtained is specimen
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specific, whereas the quality of the RNA depends on the
extraction method used. The RNA is then ready for miRNA
profiling. Four well-established methods are currently used
to analyze miRNA expression: microarrays, quantitative
reverse-transcription PCR (qRT-PCR), high-throughput
sequencing (RNA-seq), and digital PCR (dPCR).

Microarray analysis was one of the first methods used for
parallel analysis of large numbers of miRNAs. The miRNAs
in a biological sample are labeled using fluorescent, chemical,
or enzymatic techniques and then hybridized to DNA-based
probes on the array. Microarray-based profiling allows rapid
processing of the high number, and its cost is relatively low
cost. However, it is the least sensitive and least specific of
the miRNA profiling methods, and it does not allow the
identification of novel targets [58].

QRT-PCR is probably the most popular method
currently used for miRNA detection. It entails reverse
transcription of miRNA to cDNA, followed by real-time
monitoring of the accumulation of polymerase reaction
products. Commercially available, customizable plates and
microfluidic cards can be designed to examine a small set of
miRNAs or to provide more comprehensive coverage. For
qRT-PCR detection of hundreds of miRNAs, platforms are
available with preplated PCR primers distributed across
microfluidic cards containing nanoliter-scale wells. This
approach is more specific and sensitive than microarray
profiling. An internal control must be used for relative quan-
tification of the expression; a standard curve can be used to
obtain absolute quantification. Like microarray profiling,
qRT-PCR cannot identify novel miRNAs [59].

Table 1: Known targets for deregulated miRNAs in thyroid tumors and association with genetic alterations.

Histotype miRNA expression (↑/↓)∗ Oncogenic alteration Molecular target Reference

PTC ↑ 146b, 221, 222 n. d. KIT [24]

↑ 181b, 221, 222 n. d. n. d. [43]

↑ 187 RET/PTC, RAS
n. d. [27]

↑ 146b, 221, 222; ↓ 187 BRAF V600E

↑ 146b BRAF V600E n. d. [33]

↑ 221 BRAF V600E n. d. [34]
∗∗ ↑ 451 n.d. n.d. [44]

↓ 137 n. d. CXCL12 [45]

↓ 451a n.d. n.d. [46]

FTC ↑ 197, 346 n. d. n. d. [42]

↑ 181b, 187 n. d. n. d. [27]

↑ 221
n. d. n. d. [29]

↓ 574-3p

↑ 146b, 183, 221
n. d. n. d. [38]

↓ 199b

↓ 199a-5p n. d. CTGF [47]

Hürtle ↑ 187, 197 n. d. n. d. [27]

↑ 885-5p n. d. n. d. [29]

↑ 885-5p
n. d. n. d. [40]

↓ 138, 768-3p

ATC ↑ 137, 205, 302c n. d. n. d. [27]

↑ 221, 222 n. d. n. d. [48]

↑ 146a n. d. NF-kB [49]

↓ 30, 200 n. d. n. d. [39]

MTC
↑ 130a, 138, 193a-3p, 373, 498

n. d. n. d. [50]
↓7, 10a,29c, 200b-200c

↑ 9, 21, 127, 154, 183, 224, 323, 370, 375 n. d. PDCD4 [28, 51]

↓ 129-5p RET n. d. [30]

↑ 183, 375 n. d. n. d. [52]

↑ 10a, 375
n.d. YAP [53]

↓455

(∗) ↑/↓: upregulated/downregulated; (∗∗): PTCwith lymph nodemetastasis. ATC: anaplastic thyroid carcinoma; BRAF: b-type rapidly accelerated fibrosarcoma;
CTGF: connective tissue growth factor; CXCL12: C-X-C motif chemokine ligand 12; FTC: follicular thyroid carcinoma; KIT: proto-oncogene receptor tyrosine
kinase; MTC: medullary thyroid carcinoma; n. d.: not determined; PDCD4: programmed cell death 4; PTC: papillary thyroid carcinoma; RAS: rat sarcoma;
RET/PTC: rearranged during transfection/papillary thyroid carcinoma; YAP: yes-associated protein.
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RNA-seq is currently the most expensive technique for
miRNA profiling, but it is also the most informative. It
provides quantification data as well as sequence data and
can therefore be used to identify novel miRNAs or sequence
variations. A cDNA library of small RNAs is prepared from
the samples of interest. This is followed by an adaptor ligation
step and immobilization of the cDNA on a support (solid
phase for solid-phase PCR, bead-based for emulsion PCR).
These steps are followed by massively parallel sequencing of
millions of cDNA molecules from the library. This approach
allows simultaneous analysis of the expression patterns of a
huge number of targets [60].

Digital PCR allows quantitative analysis of miRNA
expression without internal controls. It is the most sensitive
technique and the only one that can directly quantify miRNA
in terms of absolute copy numbers. It involves the partitioning

of a cDNA sample into multiple parallel PCR reactions. The
reaction is performed with nanofluidics partitioning or
emulsion chemistry, based on the random distribution of the
sample on a specific support. It is superior to previously
described methods in terms of sensitivity and precision, and
it is the technique most widely used to study miRNA expres-
sion in plasma or serum samples, where there are no stable
endogenous controls [61].

4. miRNAs as Diagnostic Markers in
Thyroid Cancer

After clinical and ultrasound assessment of the likelihood of
malignancy, most thyroid nodules are subjected to FNAB
for cytological examination [62, 63]. This approach has
shown good accuracy in discriminating most DTCs from

Sensitivity

Specimens

Frozen tissues

RNA extraction

Chemical methods Column methods

Advantages:
High amount of RNA

(suitables for all specimens)

Disadvantages:
Contamination by

chemical components

Advantages:
High quality of

RNA

Disadvantages:
Specific kit

for different samples

miRNA detection

Microarrays qRT-PCR RNA-seq dPCR

RNA isolation through glass-
fiber filter or silica columns

RNA precipitation
with isopropyl alcohol

FFPE Serum or plasmaFNA
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Absolute
quantification
Identification of
novel miRNAs No
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+++
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+

+

Figure 1: miRNA detection workflow. miRNAs can be isolated from different biospecimens. To isolate miRNAs, widely used methods are
chemical and column-based techniques. After quantification step, samples are ready for miRNA profiling. Among widely used techniques,
there are four established methods: microarray, quantitative PCR (qRT-PCR), massive parallel sequencing (RNA-seq), and digital PCR
(dPCR). The sensitivity and specificity are classified as follows: + (low), ++ (moderate), +++ (high). FFPE: formalin-fixed paraffin
embedded; FNA: fine-needle aspiration.
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benign lesions. However, in a nonnegligible proportion of
cases, the cytology is indeterminate [10]. In these cases,
the evaluation of molecular markers in the aspirate can
often allow more confident presurgical differentiation of
benign and malignant lesions. miRNAs are one of the novel
classes of molecular markers that are being used to improve
the diagnosis of thyroid cancer [13, 64]. Several studies have
shown that a miRNA-based signature in FNABs can be
used to discriminate benign from malignant thyroid
nodules (Table 2).

A recent meta-analysis [71] of 543 patients with benign
(n = 277) or malignant (n = 266) thyroid nodules indicates
that miRNA analysis of fine-needle aspirates (FNAs) allows
significantly more accurate individuation of the malignant
lesions than conventional cytology. More recently, Paskas
et al. [70] assessed the performance of a panel of fourmarkers,
the BRAF V600E mutation, miRNA-221, miRNA-222, and
galectin-3 protein, developing an algorithm for distinguishing
benign and malignant thyroid nodules. In particular, among
the 120 nodules of the study, the proposed algorithm classified
62 cases as benign (against the 75 cases observed with the
conventional cytology classification), 9 false negative cases,
and 6 false positive cases, with a sensitivity of 73.5%, a specific-
ity of 89.8%, and an accuracy of 75.7%, thereby allowing over
half the patient cohort to avoid unnecessary surgery. In a
cohort of 118 samples of PTCs, Panebianco et al. [69]
developed a statistical model that accurately differentiates
malignant from benign indeterminate lesions on thyroid
FNAs using a panel of two miRNAs and two genes (miRNA-
146b, miRNA 222, KIT, and TC1). More recently, Stokowy
et al. [64] have identified that two miRNA markers might
improve the classification of mutation-negative thyroid
noduleswith indeterminateFNA. In this study, itwasobserved
that miRNA-484 and miRNA-148b-3p identify thyroid
malignancy with a sensitivity of 89% and a specificity of 87%
in a subset of 44 FNA samples.

As for ATCs, most of the studies conducted thus far have
failed to produce statistically significant data since the num-
ber of tumor samples examined is invariably low [67, 72]. At
present, no data are available on the potential of miRNA
assays for diagnosis of MTC.

Recently, improved diagnosis of cancer has been
achieved by assaying cancer-derived materials isolated from
peripheral blood samples [73]. These “liquid biopsies” pro-
vide a genetic snapshot of the whole-tumor landscape,
including both primary and metastatic lesions [74]. Rela-
tively few reports are available on the expression and clinical
significance of circulating miRNAs in patients with thyroid
cancer, particularly those with less common tumors, such
as MTC, PDTC, and ATC. As shown in Table 3, the studies
published to date have focused mainly on patients with
PTC, but the results are nonetheless characterized by high
variability. Several elements can contribute to these highly
variable results, including the number of patients of each
study and/or sample-related factors (i.e., gender, sample col-
lection time), preanalytical factors (i.e., sample type, storage
conditions, and/or sample processing), and experiment-
related factors (i.e., RNA extraction protocol, quantification
methods). In addition, only few studies reported the isoforms
of the miRNAs identified. Circulating levels of miRNA-146b-
5p, miRNA-221-3p, and miRNA-222-3p in PTC patients
have been found to be higher than those in healthy controls
[75, 76, 84], while miRNA-222 and miRNA-146b levels also
reportedly discriminate between PTCs and benign nodules
[75, 80, 83]. Plasma levels of miRNA-21 in FTC patients
are reportedly higher than those found in patients with
benign nodules or PTC, whereas miRNA-181a is more
highly expressed in PTC patients than in those with FTC
[81]. In PTC patients, circulating levels of miRNA-146a-5p,
miRNA-146b-5p, miRNA-221-3p, and miRNA-222-3p have
been shown to decline after tumor excision [75, 76, 83, 84].

5. miRNAs as Prognostic Markers in
Thyroid Cancer

miRNA profiling of thyroid cancers can also provide prog-
nostic information useful for defining optimal management
strategies. Recent studies have demonstrated that expression
levels of certain miRNAs in thyroid tumor tissues are associ-
ated with clinic-pathological characteristics, such as tumor
size, multifocality, capsular invasion, extrathyroidal exten-
sion, and both lymph node and distant metastases. Tumor

Table 2: Studies of miRNAs in FNAB samples.

Samples Histological diagnosis∗ miRNA expression (↑/↓)∗∗ Reference

8 (malignant) PTC ↑ 181b, 221, 222 [43]

62 (8 malignant, 5 benign, 49 n.d.) 7 PTC, 1 Hürtle ↑ 146b, 155, 187, 197, 221; 222, 224 [27]

115 (37 malignant, 78 benign) 10 FTC or Hürtle (27 n.d.) ↑ 138 [65]

27 (20 malignant, 7 benign) PTC ↑ 221 [66]

128 (88 malignant, 40 benign) 3 ATC, 13 FTC, 72 PTC
↑ 146b, 187, 221

[67]
↓ 30d

141 (58 malignant, 83 benign) 58 PTC ↑ 146b, 155, 221 [68]

118 (70 malignant, 48 benign) 70 PTC ↑ 146b, 222 [69]

120 (45 malignant, 75 benign) 1 FTC, 2 ATC, 4 MTC, 8 Hürtle, 30 PTC ↑ 221, 222 [70]

44 (24 malignant, 20 benign) 24 FTC ↓ 148b-3p, 484 [64]

(∗) related to malign samples; (∗∗) ↑/↓: upregulated/downregulated. ATC: anaplastic thyroid carcinoma; FNAB: fine-needle aspiration biopsy; FTC: follicular
thyroid carcinoma; MTC: medullary thyroid carcinoma; PTC: papillary thyroid carcinoma.
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size displays associations with tissue levels of miRNA-221,
miRNA-222, miRNA-135b, miRNA-181b, miRNA-146a,
and miRNA-146b [35, 85–87]. The latter two are also associ-
ated with multifocality [86, 87]. The single study that
analyzed the association between miRNA expression and
capsular or vascular invasion identified three miRNAs
(miRNA-146b, miRNA-221, and miRNA-222), whose levels
were significantly elevated in tumor tissue samples of PTC
that had invaded vascular structures and/or the capsule.
Extrathyroidal extension has been associated with higher
levels of miRNA-221, miRNA-222, miRNA-146a, miRNA-
146b, miRNA-199b-5p, and miRNA-135b [35, 87–89].
Expression levels of miRNA-221, miRNA-222, miRNA-21-
3p, miRNA-146a, miRNA-146b, and miRNA-199b-5p are
reportedly higher in patients with lymph node metastases
[85, 86, 89, 90], and miRNA-146b and miRNA-221 are also
associated with the presence of distant metastases [86]. Chou
and coworkers showed that overall survival rates among
patients with higher miRNA-146b expression levels are
significantly decreased relative to those associated with lower
tumor levels of this miRNA. Overexpression of miRNA-146b
significantly increases cell proliferation, migration, and inva-
siveness and causes resistance to chemotherapy-induced
apoptosis [91]. Higher levels of miRNA-146a, miRNA-
146b, miRNA-221, and miRNA-222 display positive associa-
tions with higher TNM stage (III/IV versus I/II) [35, 85–87].
Risk of recurrence, defined according to the American
Thyroid Association (ATA) guidelines, has been positively
associated with higher expression of miRNA-146b-5p,
miRNA-146b-3p, miRNA-21-5p, miRNA-221, miRNA-
222-3p, miRNA-31-5p, miRNA-199a-3p/miRNA-199b-3p,
miRNA-125b, and miRNA-203 and lower expression levels
of miRNA-1179, miRNA-7-2-3p, miRNA-204-5p, miRNA-
138, miRNA-30a, and let-7c [37, 92].

Notably, the studies and findings discussed above are
related exclusively to PTCs (Table 4).

Only two studies have investigated the role of miRNAs as
prognostic markers in FTC and MTC [52, 93]. The study by
Jikuzono and coworkers involved a comprehensive quantita-
tive analysis of miRNA expression in tumor tissue from
minimally invasive FTCs (MI-FTC) [93]. The subgroup of
tumors that had metastasized (n = 12) exhibited significantly
higher levels of miRNA-221-3p, miRNA-222-3p, miRNA-
222-5p, miRNA-10b, and miRNA-92a than the nonmeta-
static subgroup (n = 22). Expression of these miRNAs was
also upregulated in widely invasive FTCs (WI-FTC; n = 13),
which are characterized by distant metastasis and a worse
prognosis. Logistic regression analysis identified one of these
miRNAs, miRNA-10b, as a potential tool for predicting out-
comes in cases of metastatic MI-FTC [93]. The second study,
conducted by Abraham and coworkers, found that overex-
pression of miRNA-183 and miRNA-375 in MTCs (n = 45)
was associated with lateral lymph node metastasis, residual
disease, distant metastases, and mortality [52].

Recent studies have also looked at circulating miRNAs in
patients with PTCs, which are showing undeniable promise
as novel predictors of early disease relapse (Table 5).

In these patients, circulating levels of miRNA-146b-
5p, miRNA-221-3p, miRNA-222-3p, and miRNA-146a-
5p have been shown to decline after tumor excision
[75, 76, 81, 83, 84]. Notably, serum levels of miRNA-221-3p
andmiRNA-146a-5p also appear to predict clinical responses
to treatment, with significantly increased levels observed at
the 2-year follow-up in PTC patients with structural evidence
of disease, including some whose serum thyroglobulin assays
remained persistently negative [84]. The association of
thyroid cancer with circulating levels of miRNA-146b-5p,
miRNA-221-3p, and miRNA-222-3p has been strengthened

Table 3: Circulating miRNAs as diagnostic biomarkers in thyroid carcinoma.

Histotype Sample type miRNA Up/downregulated Reference

PTC Serum let-7e, 151-5p, 222 Up [75]

Plasma 146b, 222 Up [76]

Serum
190 Up

[77]
95 Down

Plasma

hsa-let7b-5p, hsa-miR-10a-5p, hsa-miR-93-5p,
hsa-miR-191

Up
[78]

hsa-miR-146a-5p, hsa-miR-150-5p, hsa-miR-199b-3p,
has-miR-342-3p

Down

Plasma let-7i, 25-3p, 140-3p, 451a Up [79]

Plasma 146b, 155 Up [80]

Plasma-derived exosomes 31-5p, 126-3p, 145-5p, 181a Up [81]

Plasma 9-3p, 124-3p Up [82]

Serum
222 Up

[83]
21 Down

Serum
24-3p, 28-3p, 103a-3p, 146a-5p, 146b-5p, 191-5p,

221-3p, 222-3p
Up [84]

FTC Plasma-derived exosomes 21 Up [81]

FTC: follicular thyroid carcinoma; PTC: papillary thyroid carcinoma.
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by evidence of their upregulated expression in PTC [37, 94],
FTC [27, 95], and ATC [27] tissues and by their association
with tumor aggressiveness.

6. Conclusion

Analysis of miRNA expression levels and detection of circu-
lating miRNAs can be used for the early diagnosis of thyroid
cancer and for monitoring treatment responses. Compared
with circulating messenger RNAs, circulating miRNAs are
emerging as more promising biomarker candidates because
they are more stable and tissue specific. miRNAs can also be
assessed in other biological samples, such as FNABs, which
can be obtained with minimally invasive procedures to easily
identify a specific profile, which makes specific miRNAs opti-
mal diagnostic and/or prognostic biomarkers. Improved stan-
dardization of methods used to assay circulatingmiRNAs will
allowmore extensive use of this approach in defining individ-
ualized treatment strategies for thyroid cancer patients.
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Dosage-dependent upregulation of most of chromosome 21 (Hsa21) genes has been demonstrated in heart tissues of fetuses with
Down syndrome (DS). Also miRNAs might play important roles in the cardiac phenotype as they are highly expressed in the heart
and regulate cardiac development. Five Hsa21 miRNAs have been well studied in the past: miR-99a-5p, miR-125b-2-5p, let-7c-5p,
miR-155-5p, and miR-802-5p but few information is available about their expression in trisomic tissues. In this study, we evaluated
the expression of these miRNAs in heart tissues from DS fetuses, showing that miR-99a-5p, miR-155-5p, and let-7c-5p were
overexpressed in trisomic hearts. To investigate their role, predicted targets were obtained from different databases and
cross-validated using the gene expression profiling dataset we previously generated for fetal hearts. Eighty-five targets of
let-7c-5p, 33 of miR-155-5p, and 10 of miR-99a-5p were expressed in fetal heart and downregulated in trisomic hearts. As
nuclear encoded mitochondrial genes were found downregulated in trisomic hearts and mitochondrial dysfunction is a hallmark
of DS phenotypes, we put special attention to let-7c-5p and miR-155-5p targets downregulated in DS fetal hearts and involved
in mitochondrial function. The let-7c-5p predicted target SLC25A4/ANT1 was identified as a possible candidate for both
mitochondrial and cardiac anomalies.

1. Introduction

Down Syndrome (DS) is a major cause of congenital heart
defects (CHD), mainly represented by atrioventricular
canal defect (AVCD), ventricular septal defect (VSD), and
tetralogy of Fallot (TOF) [1]. Most of them derive from the
abnormal development of the endocardial cushions [1, 2].
Defects of the outflow tract are also frequent.

Attempts to identify chromosome 21 (Hsa21) genes
possibly contributing to the DS phenotype have focused in
the past on the Down syndrome critical region (DSCR).
The DSCR hypothesis assumed that one or more genes in this
region may be sufficient to produce the specific DS features
when present in three copies [3].

A chromosome segment spanning from D21S3 to PFKL
in band 21q22.3 was considered a critical region for cardiac
anomalies in DS (DS-CHD) [4]. Later, a 5.4Mb genomic
region was identified in the DS mouse model Dp (16) associ-
ated to congenital heart defects similar to that observed in DS
subjects [5]. This region, which spans from Tiam1 and Kcnj6
and includes 52 Hsa21 ortholog genes, was further narrowed
to 3.7Mb [6] from Ifnar1 and Kcnj6 (35 Hsa21 ortholog
genes). The two CHD critical regions described by Barlow
and by Liu, identified according to different criteria, were
mapped to very different loci of Hsa21. Discrepancies like
this one suggest today that the origins of trisomic phenotypes
are more complicated than formerly assumed and that they
possibly involve multiple gene interactions.
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Another interesting detail is that only about 50% of DS
individuals manifest CHD. This means that we cannot
hypothesize a simple correlation between gene overexpres-
sion and cardiac alterations. Therefore, a more extensive
analysis of both transcriptome data and pathway perturba-
tions must be applied to identify the complex molecular
defects underlying CHD in DS.

In a previous study, we applied the microarray technol-
ogy to analyze genome-wide expression profiles of the heart
of DS fetuses with and without CHD [7]. The rationale for
analyzing fetal tissues was based on the concept that CHD
are thought to arise from anomalies in cardiac morphogene-
sis. By this approach, it was found that Hsa21 gene expres-
sion was globally upregulated 1.5 fold in trisomic samples,
in general agreement with the gene dosage hypothesis. More
than 400 genes located on other chromosomes were also
differentially expressed, either upregulated or downregu-
lated, between trisomic and nontrisomic hearts. Functional
class scoring and gene set enrichment analyses of these
genes revealed a global downregulation of nuclear-
encoded mitochondrial genes (NEMGs) and upregulation
of genes encoding extracellular matrix proteins. These data
indicate that dosage-dependent upregulation of Hsa21
genes causes dysregulation of the genes responsible for
mitochondrial function and for the extracellular matrix
organization in the fetal heart of trisomic subjects and
suggest that these alterations might be a prelude to heart
defects. However, no significant differences in gene expres-
sion in hearts from DS fetuses (18–22 gestational weeks)
with CHD could be found [7].

Throughout that study only the expression of protein-
coding RNAs was analyzed even though noncoding RNAs,
such as microRNAs (miRNAs), expressed in the heart,
might be implicated in determining the CHD as they con-
trol protein expression in development, differentiation, and
metabolism [8].

Recent findings indicate the involvement of microRNAs
in mouse cardiac development and diseases [9–12]. In the
context of DS, this can occur by 2 mechanisms: (i) Hsa21
miRNAs could be overexpressed as a consequence of the
trisomy and could affect target genes directly or indirectly
involved in heart morphogenesis, and (ii) Non-Hsa21 dys-
regulated miRNAs might affect target genes involved in
heart morphogenesis.

In this study, we have investigated the former mechanism
in heart tissues from DS fetuses with and without CHD.

Hsa21 encodes several classes of noncoding RNAs, the
most enriched being long noncoding RNAs, while miRNAs
are the less represented [13]. The most recent annotation of
miRNA database (miRBase, release 21) has indicated that
the Hsa21 harbors at least 29 miRNAs.

Five of them, namely miR-99a-5p, let-7c-5p, miR-125b-
2-5p, miR-155-5p, and miR-802-5p, were first identified
(Figure 1). Their involvement in different DS associated
phenotypes has been established, and several of their targets
have been experimentally validated [14–20].

Few information is available about the expression of
Hsa21-derived miRNAs in human heart tissues and their
possible role in cardiomyogenesis.

We have analyzed the expression of 5 well-studied
Hsa21 miRNAs to determine if they are dysregulated as
consequence of trisomy and if their dysregulation might
affect molecular mechanisms involved in mitochondrial
function and heart development. To this aim, a bioinfor-
matic analysis of Hsa21 miRNA target prediction by dif-
ferent databases was performed and cross-validated using
the gene expression profiling dataset we previously generated
for trisomic fetal hearts.

2. Materials and Methods

2.1. Samples. Cardiac tissues were obtained from fetuses at
18–22 weeks of gestation after therapeutic abortion accord-
ing to protocols approved by our Institutional Ethical Com-
mittee. Tissues and RNAs were stored at the Telethon Bank
of Fetal Biological Samples at the University of Naples. For
this study, 3 hearts from euploid fetuses (NH), 3 from fetuses
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miR-155

miR-802

p13

p11.2

q11.2

q21.1
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Figure 1: Hsa21 miRNAs. miR-99a-5p, let-7c-5p, and miR-125b-2-
5p are located on Hsa21 in the sense orientation within an intron of
the C21orf34 gene, located at the beginning of q21.1 band. miR-99a-
5p and let-7c-5p are only 659 bp apart, whereas miR-125b-2-5p lies
just over 50.000 bp downstream of let-7c. miR-155-5p is located
within the BIC gene, almost 9Mb downstream from the C21orf34
gene at Hsa21 genomic position q21.1. Finally, miR-802-5p is
located just over 10 million bp downstream from the BIC/miR-155
gene in the antisense orientation within intron 1 of the RUNX1
gene at position q22.11.
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with DS without CHD (DH), and 3 from fetuses with DS
and CHD (CDH) were analyzed. For let-7c mimic and
inhibitor transfection, 2 previously characterized [21, 22]
primary lines of euploid (N-HFF) and trisomic (DS-HFF)
fetal fibroblasts were, respectively, used. Fibroblasts from
biopsies were cultured in T25 flasks (BD Falcon) with Chang
Medium B+C (Irvine Scientific) supplemented with 1% pen-
icillin/streptomycin (Gibco) at 37°C in 5% CO2 atmosphere;
all the analyses described throughout this study were carried
out at cell culture passages 4-5.

2.2. RNA Extraction and Quantitative Real-Time PCR. Total
RNA from each sample was extracted using TRIzol Reagent
(Gibco/BRL Life Technologies Inc., Gaithersburg, MD) and
was reverse-transcribed using iScript cDNA synthesis kit
(Bio-Rad). qRT-PCR was performed using SsoAdvanced
Universal SYBR Green Supermix (Bio-Rad) on a Bio-Rad
iCycler CFX96 Touch Real-Time PCR Detection System
according to the manufacturer’s protocols. Primer pairs
(MWG-Biotech, Ebersberg, Germany) were designed using
the Primer 3 software (http://bioinfo.ut.ee/primer3-0.4.0/
primer3; date last accessed 2015) to obtain amplicons ranging
from 100 to 150 base pairs. In order to test primer efficiency,
serial dilutions of cDNAs generated from selected samples,
which expressed the target genes at a suitable level, were used
to generate standard curves for each gene. qRT-PCR results
are presented as relative mRNA levels normalized against
reference control values. The GAPDH housekeeping gene
was chosen as reference gene. Primer sequences of analyzed
genes are the following SLC25A4/ANT1-F: GGGTTTC
AACGTCTCTGTCC; SLC25A4/ANT1-R: TCCAGCTCAC
AAAAATGTGC; DICER-F: CTGATGGAATTAGAAGA
AGCACTTAAT; DICER-R: ACCAGGGTCCCAGAACT
ACC; GAPDH-F: TGCACCACCAACTGCTTAGC; and
GAPDH-R: GGCATGGACTGTGGTCATGAG.

For miRNA reverse transcription miScript II RT Kit
(Qiagen) was used, and the mature miRNAs, mir-99a-5p,
let-7c-5p, mir-125b-2-5p, mir-155-5p, and mir-802-5p, were
quantified using miScript Primer Assay system and miScript
SYBR Green PCR Kit (Qiagen). RNAUS and RNA5S were
used as reference genes.

For end point PCR, assays were performed using the PCR
Master Mix (2X) Kit (Thermo Fisher #K0171). Amplification
products were visualized on 2% agarose gel and quantified
using the Fiji software (http://www.fiji.sc) [23].

2.3. Bionformatic Analysis. Predicted miRNA-mRNA
interactions were retrieved from 9 different algorithms
(DIANA-microT [24], TargetScan [25], PITA [26], Target-
Miner [27], miRDB [28], RNA22 [29], Pictar [30], and
MiRanda [31]) using as input the sequences/IDs for the
miRNA of interest. Before merging the date, divergent
database annotations were unified by converting transcript-
wise predictions to the gene level (Ensembl gene ID)
using the BiomaRt package [32]. The lists of targets pre-
dicted by each database were subsequently marked with
Affymetrix probe IDs using the related annotation pack-
age and finally merged with the list of probes (n = 279)
found significantly downregulated in DS hearts compared

to euploid controls [7]. For further analyses, we brought
forward miR targets predicted by at least two databases,
with a P value ≤ 0.05 and fold change ≤ −1.2 as defined in
the original paper [7].

Gene ontology (GO) functional class scoring of the
lists of significantly downregulated genes was performed
using the Web-based GEne SeT Analysis Toolkit V2 (http://
www.webgestalt.org) [33]. Special attention was given to
mitochondria-related categories and pathways.

2.4. miRNA Mimic Transfection. For let-7c-5p upregulation,
a let-7c miRNA mimic (miScript miRNA Mimics, Qiagen)
was transfected in 2N-HFF lines. Cells were plated in a con-
centration of 70,000/well on 24 well plates (BD Falcon) and
after 24 hours were transfected with a miRNA mimic using
the INTERFERin transfection reagent (Polyplus-transfec-
tion). A fluorescent siRNA (AllStars Neg. siRNA AF 488,
Qiagen) has been used to monitor the efficiency of the chosen
transfecting agent. Forty-eight hours after the transfection
cells were harvested and ANT1 and DICER expression were
evaluated, cells treated with the INTERFERin transfection
agent only were used as mock control for all experiments
performed after transfection.

2.5. miRNA Inhibitor Transfection. For let-7c-5p downregu-
lation, an Anti-hsa-let-7c miRNA (miScript miRNA Inhibi-
tor, Qiagen) was transfected in 2 DS-HFF lines. Cells were
plated in a concentration of 150,000/dish on 3,5 cm petri
dishes (BD Falcon) and after 24 hours were transfected with
the inhibitor using the INTERFERin transfection reagent
(Polyplus-transfection). Forty-eight hours after transfection
cells were harvested for RNA collection while 72 hours after
transfection protein lysates were obtained.

2.6. Immunoblot Analysis. Cells were lysed in radioimmuno-
precipitation assay buffer (1% Triton; 0,5% sodium deoxy-
cholate; 0,1% sodium dodecyl sulfate; 0,15M NaCl; 0,05
tris-HCl; and pH7.2) supplemented with protease inhibitors.
For western blot analysis, proteins were separated on SDS-
PAGE (Mini-Protean TGX gels, Bio-Rad), gels were blotted
onto Immobilon-P (Millipore, Bedford, MA, USA) for over-
night, and the membranes were blocked in 5% nonfat dry
milk in PBS plus 0,05% Tween 20 for 2 h or overnight before
the addition of the primary antibody for 2 h. The primary
antibodies used were anti-SLC25A4/ANT1 mAb (ab 110322,
Abcam) and anti-vinculin (N-19) (sc-7649, Santa Cruz).

The filters were washed three times in PBS plus 0.05%
Tween 20 before the addition of horseradish peroxidase-
conjugated secondary antibodies for 45min. Horseradish
peroxidase was detected with ECL (Pierce).

2.7. Statistics. The Student’s t-test was applied to evaluate the
statistical significance of data in this study. The threshold for
statistical significance (P value) was set at 0.05.

3. Results

We evaluated, by qRT-PCR, the expression of Hsa21 miR-
NAs in fetal heart samples from 6 DS individuals, 3 with
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CHD (CHD samples) and 3 without CHD (DH samples),
and from 3 nontrisomic controls (NH samples).

We found that miR-99a-5p, miR-125b-2-5p, let-7c-5p,
and miR-155-5p were expressed in fetal hearts at 18–22 ges-
tational weeks. miR-802-5p was not expressed. miR-99a-5p,
miR-155-5p, and let-7c-5p were overexpressed in trisomic
hearts when compared with euploid ones, whereas miR-
125b-2-5p was not dysregulated and was quite variably
expressed (Figure 2). The comparison between heart tissues
from fetuses with and without CHD indicated that miR-
155-5p and let-7c-5p did not show significant differences
between DH and CDH samples while miR-99a-5p was
differentially expressed even though the sample size is too
small to obtain a statistical significance.

As miRNAs could affect protein expression by either
interfering with RNA translation or promoting mRNA deg-
radation [34], we looked at mRNA expression of target genes
of overexpressed miRNAs by using the dataset of our previ-
ous study by which we investigated gene expression profiling
in the same hearts [7].

We considered as target list the sum of all targets pre-
dicted by 9 different software from miRBase annotation,
and we filtered them according to gene expression microar-
ray results. The rationale of our approach is based on the
notion that overexpression of Hsa21 miRNAs can result in
downregulation of specific target genes possibly involved in
DS phenotype. For each miRNA, we compared target genes
predicted at least by 2 different software with the list of
genes downregulated in trisomic hearts with a fold change

(FC)> |1,2| and P value< 0.05. Using these criteria, we unra-
veled that 85 targets of let-7c-5p (Supplementary Table 1
available online at https://doi.org/10.1155/2017/8737649),
33 of miR-155-5p (Supplementary Table 2), and 10 of
miR-99a-5p (Supplementary Table 3) were expressed in fetal
heart and downregulated in trisomic samples.

Over-representation analysis (ORA) of these lists, per-
formed using the Web-based GEne SeT Analysis Toolkit
(http://www.webgestalt.org) [33], demonstrated a highly
significant enrichment (P < 0 0001) of the cell component
gene ontology category “mitochondrion” for let-7c-5p and
miR-155-5p downregulated targets, with a cluster of 26 and
8 genes, respectively (Tables 1 and 2). No mitochondria-
related genes were found among targets of miR-99a-5p.

We focused our attention on the SLC25A4/ANT1 gene
(indicated in bold in Table 1), which was predicted by 5
databases as a let-7c-5p target gene and already proposed
as a target of both human and murine let-7b [35–37].
Its downregulation in heart tissue was confirmed by
qRT-PCR (Supplementary Figure 1). According to the
STarMirDB, a database of microRNA binding sites based
on cross-linking immunoprecipitation (CLIP) data (http://
sfold.wadsworth.org/starmirDB.php) [38], seven binding
sites for let-7c-5p are located in the SLC25A4/ANT1
sequence. One of them has been mapped to a conserved
3’UTR seed site (seed type 7mer-A1) [39] with a logistic
probability of 0.68.

We were interested in this gene because of its central role
in oxidative phosphorylation (OXPHOS). Our hypothesis
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Figure 2: Hsa21 miRNA expression evaluated by qRT-PCR in fetal hearts. Let-7c-5p, miR-99a-5p, and miR-155-5p were upregulated in
trisomic hearts without cardiopathy (DH) and with cardiopathy (CDH). miR-125b-2-5p was variably expressed and not upregulated.
Results are expressed as relative mean values± SEM of 3 DH and 3 CDH samples, compared with control hearts (NH) set equal to 1.
∗P < 0 05, ∗∗P < 0 001. P value expresses statistical significance for trisomic versus nontrisomic sample comparisons.
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was that the SLC25A4/ANT1 downregulation could be an
effect of the specific interaction between let-7c-5p and this
gene at the seed sequence. To validate this hypothesis, we
performed a transfection experiment of a let-7c-5p mimic
miRNA in euploid fibroblasts in which SLC25A4/ANT1 is
expressed. As control, we evaluated also the expression of
DICER, since it is a let-7c-5p validated target [40]. We trans-
fected fibroblasts at different concentrations of miRNA
mimic for 48 h, and we measured SLC25A4/ANT1, DICER,

and GAPDH expression by end point PCR. As shown in
Figure 3, at 25 nM miRNA dosage (lanes 13-14), a reduction
of target amplification is already appreciable with respect to
nontransfected cells (lanes 1-2) or cells transfected with
transfection reagent only (lanes 4-5). As expected, GAPDH
amplification did not show variations.

We further evaluated SLC25A4/ANT1 and DICER
expression by qRT-PCR showing that after let-7c mimic
transfection (25 nM), their expression significantly decreased

Table 1: Targets of let-7c-5p significantly downregulated in DS hearts and belonging to gene ontology cellular component category
“mitochondrion.” Twenty-six genes were observed instead of the expected 6.49 genes with P < 0 00001.

Gene symbol Description FC

AKAP8 A-kinase anchoring protein 8 −1,361
COX10 COX10, heme A: farnesyltransferase cytochrome c oxidase assembly factor −1,307
COX5A Cytochrome c oxidase subunit 5A −1,263
DLAT Dihydrolipoamide S-acetyltransferase −1,678
DLST Dihydrolipoamide S-succinyltransferase −1,724
FKBP4 FK506 binding protein 4 −1,558
GADD45GIP1 GADD45G interacting protein 1 −1,664
GHITM Growth hormone inducible transmembrane protein −1,477
HSPB7 Heat shock protein family B (small) member 7 −1,422
MECP2 Methyl-CpG binding protein 2 −1,22
MPC1 Mitochondrial pyruvate carrier 1 −1,339
MRPL33 Mitochondrial ribosomal protein L33 −1,333
MRS2 MRS2, magnesium transporter −1,416
NDUFS3 NADH: ubiquinone oxidoreductase core subunit S3 −1,314
NMT1 N-myristoyltransferase 1 −1,443
NOL7 Nucleolar protein 7 −1,299
PANK2 Pantothenate kinase 2 −1,361
PCCB Popionyl-CoA carboxylase beta subunit −1,335
PDHA1 Pyruvate dehydrogenase (lipoamide) alpha 1 −1,524
PGS1 Phosphatidylglycerophosphate synthase 1 −1,233
SDHC Succinate dehydrogenase complex subunit C −1,23
SLC25A12 Solute carrier family 25 member 12 −1,408
SLC25A4 Solute carrier family 25 member 4 −1,55

TIMM23 Translocase of inner mitochondrial membrane 23 −1,508
UQCC1 Ubiquinol-cytochrome c reductase complex assembly factor 1 −1,517
UQCRFS1 Ubiquinol-cytochrome c reductase, Rieske iron-sulfur polypeptide 1 −1,292

Table 2: Targets of miR-155-5p significantly downregulated in DS hearts and belonging to gene ontology cellular component category
“mitochondrion.” Eight genes were observed instead of the expected 2.34 genes with P < 0 00001.

Gene Symbol Description FC

DLAT Dihydrolipoamide S-acetyltransferase −1,678
HSPB7 Heat shock protein family B (small) member 7 −1,422
LPIN1 Lipin 1 −1,838
MECP2 Methyl-CpG binding protein 2 −1,22
NDUFS3 NADH: ubiquinone oxidoreductase core subunit S3 −1,314
NT5C 5′, 3′-nucleotidase, cytosolic −1,524
SIRT5 Sirtuin 5 −1,255
YWHAQ Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein theta −1,364
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if compared with cells transfected with the transfecting agent
only (Figure 4).

Finally, we performed the reciprocal experiment using a
let-7c-5p inhibitor in trisomic fibroblasts collecting both
RNA and proteins. After treatment with 25 nM inhibitor,
which reduced let-7c-5p expression by 35%, the expression
of SLC25A4/ANT1 was significantly reduced both at mRNA
(a) and protein (b-c) level (Figure 5).

4. Discussion

We have analyzed the expression of 5 Hsa21 miRNAs in
trisomic fetal hearts at 18–22 gestational weeks to investi-
gate whether they are affected by the gene dosage effect
observed for most of the Hsa21 genes. Three out of five,
namely let-7c-5p, miR-99a-5p, and miR-155-5p, were signif-
icantly overexpressed, if compared with euploid controls.
The upregulation was not higher than 2.5 folds in agreement
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Figure 3: End point PCR of SLC25A4/ANT1,DICER, andGAPDH in euploid fibroblasts transfected with a let-7c-5pmimic. (a) Agarose gel of
SLC25A4/ANT1, DICER, and GAPDH amplification in: Not transfected cells (lanes 1–3); cells + INTERFERin (lanes 4–6); cells + 5 nM
miRNA mimic (lanes 7–9); cells + 10 nM miRNA mimic (lanes 10–12); cells + 25 nM miRNA mimic (lanes 13–15); cells + 50 nM miRNA
mimic (lanes 16–18). Amplification products of SLC25A4/ANT1: lanes 1, 4, 7, 10, 13, and 16; amplification products of DICER:
lanes 2, 5, 8, 11, 14, and 17; amplification products of GAPDH: lanes 3, 6, 9, 12, 15, and 18. (b) Densitometric analysis of SLC25A4/ANT1
and DICER amplification products obtained by ImageJ software. At 25 nM miRNA mimic concentration, a reduction of target
amplification is appreciable.
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Figure 4: SLC25A4/ANT1 and DICER expression by qRT-PCR.
Transfection of let-7c-5p mimic induces a significant decrease of
SLC25A4/ANT1 and DICER expression in euploid fibroblasts.
Results are expressed as relative mean values ± SEM of three
different determination, compared with cells treated only with
transfecting agent (set equal to 1). ∗P < 0 05.
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with a gene dosage effect. In the same samples, miR-802-5p
was not expressed and miR-125b-2-5p was normoregulated.
This was not surprising as the miR-125b-1-5p, which maps
to 11q24.1, encoding an identical miRNA, may mask the
eventual overexpression.

Comparison between hearts from fetuses with cardiopa-
thies versus hearts from fetuses without cardiopathies
showed that miR-99a-5p was more expressed in the latter
samples even though more samples are needed to reach a
significant result due to a high variability.

In a recent paper, the role of mmu-let-7c and mmu-
miR-99a in cardiomyogenesis was investigated using an
overexpression strategy in murine embryonic stem cells. By
overexpressing these miRNAs at early stage of differentia-
tion, the authors demonstrated that they are involved in heart
development as let-7c induces cardiogenesis while miR-99a
appears to repress it by altering the Smad2 signaling [18].

The overexpression of Hsa21 miRNAs can result in
downregulation of specific target genes possibly involved in
DS phenotype. To select relevant miRNA targets we have
used the following criteria:

(i) Bioinformatics prediction

(ii) mRNA decreased expression in heart samples from
DS fetuses

(iii) Inclusion in the category of mitochondria related
genes

(iv) Involvement in normal and/or abnormal heart
development

Among the selected genes, SLC25A4/ANT1, a pre-
dicted let-7c-5p target downregulated in trisomic hearts,
appeared as a potential candidate for both mitochondrial
dysfunction and CHD in DS. SLC25A4 (Solute carrier
family 25 member 4) or ANT1 (Adenine nucleotide
translocator 1) functions as a gated pore that translocates
ADP and ATP between cytoplasm and mitochondria, reg-
ulating the intracellular energetic balance. Furthermore,
its dysregulation has been associated to mitochondrial
cardiomyopathies [41].

Humans have four ANT isoforms that are encoded by
four different genes and are distributed in a tissue specific
pattern. The human SLC25A4/ANT1 gene is primarily
expressed in the heart and in the skeletal muscle [42]. It is
downregulated in DS fetal hearts and fibroblasts in which
let-7c-5p is upregulated. qRT-PCR after let-7c-5p overex-
pression showed an inverse relationship with SLC25A4/
ANT1, which was downregulated. The reverse experiment
using miRNA inhibitor in trisomic cells demonstrated a
significant increase of RNA and protein expression of the
gene while let-7c-5p expression was decreased if compared
with mock controls. These results may be considered an
additional experimental support of our hypothesis even
though further experiments will be necessary to definitely
validate that SLC25A4/ANT1 is a let-7c-5p target, which is
beyond the purpose of this paper. To this aim, we plan to per-
form a luciferase assay to demonstrate a direct interaction.

OXPHOS deficiency and mitochondrial dysfunction
have been associated with developmental mechanisms of
DS [43]. SLC25A4/ANT1 is one of the 37 NEMGs downreg-
ulated after NRIP1 overexpression in the GEO GSE 19836
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Figure 5: SLC25A4/ANT1 after let-7c-5p inhibition in trisomic fibroblasts. (a) Transfection of let-7c-5p inhibitor in DS-HFFs induces a
significant increase of SLC25A4/ANT1 expression and a decrease of let-7c-5p, as detected by qRT-PCR. Results are expressed as relative
mean values± SEM of three different determination, compared with cells treated only with transfecting agent (set equal to 1).
(b) Representative immunoblot of SLC25A4/ANT1 in nontransfected cells (NT), cells transfected only with transfecting agent and cells
transfected with 25 nM let-7c-5p inhibitor. Vinculin was used as loading control. (c) Densitometric SLC25A4/ANT1 relative measurement
after 72 h treatment. Protein expression was significantly increased after inhibiting treatment if compared with mock transfected cells. The
bars show relative mean values ± SEM of two DS-HFFs in duplicate; ∗P < 0 05.
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experiment [38] that we reanalyzed in Izzo et al. [22]. After
NRIP1 silencing in trisomic cells [23], SLC25A4/ANT1
expression increased, thus allowing a more efficient exchange
of ATP and an improvement of mitochondrial activity in
DS samples. Accordingly, genetic inactivation of the heart
isoform results in mtDNA damage and increased reactive
oxygen species [44].

The above described strategy to select targets relevant for
mitochondrial function and heart development was applied
also to the miR-155-5p. Thirty-three predicted target genes
of miR-155-5p have been found downregulated in trisomic
fetal hearts if compared with euploid ones. Eight of them,
including MECP2 gene, which is a validated target [37, 45],
are included in the cell component GO category “mitochon-
drion” suggesting an impact of this miRNA on mitochon-
drial function. MECP2 is included also among the let-7c-5p
predicted targets.

It was recently reported that the Hsa21 miR-155-5p reg-
ulates mitochondrial biogenesis by targeting mitochondrial
transcription factor A (TFAM) [46]. Surprisingly, after
studying both DS fibroblasts and heart samples, the authors
conclude that the regulation of TFAM by the miRNA impacts
mitochondrial biogenesis in the euploid setting but not in
the DS setting. We suggest that a possible explanation
may lie in the fact that mitochondrial biogenesis is already
so decreased in DS cells to mask further defects. TFAM
was not identified by our strategy because its heart expression
at 18–22 gestational weeks is too low to be analyzed by
microarray technology.

Finally miR-155-5p has been hypothesized to be an
inducer of cardiac hypertrophy [47]. Its inhibition might
have clinical potential to counteract this pathology.

5. Conclusions

In this study, we demonstrated the overexpression of three
Hsa21 miRNAs, miR-99a-5p, miR-155-5p, and let-7c-5p, in
the heart of trisomic fetuses as a likely consequence of gene
dosage effect. Bioinformatic analysis demonstrated that
two of these miRNAs, let-7c-5p and miR-155-5p, count
several predicted targets among genes involved in mito-
chondrial function that were found to be downregulated
in trisomic fetal hearts. Among the let-7c predicted targets,
we identified and partially validated SLC25A4/ANT1, a gene
encoding the main translocator of ADP/ATP across the
mitochondrial membrane, which plays a major role in
mitochondrial function.

Our results also support the hypothesis that the overex-
pression of miR-155-5p might have a potential impact on
mitochondrial biogenesis.

Both miRNAs, let-7c-5p and miR-155-5p, should be
taken into account while investigating the molecular mecha-
nisms causing cardiac malformations in DS.
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MicroRNAs (miRNAs) are a class of small noncoding RNAs that act mainly as negative regulators of gene expression. Several
studies demonstrated that miRNAs take part in numerous biological processes, such as proliferation, apoptosis, and migration.
The dysregulation of miRNAs has been frequently observed in different types of disease, including cancer. Here, we provide a
comprehensive review on the human miR-193a-3p by considering its role in both physiological and pathological contexts.
Different mechanisms involved in regulating miR-193a-3p expression have been reported, including epigenetic modifications
and transcription factors. In physiological contexts, miR-193a-3p seemed able to limit proliferation and cell cycle progression in
normal cells. Remarkably, several publications demonstrated that miR-193a-3p acted as a tumor suppressor miRNA in cancer
by targeting different genes involved in proliferation, apoptosis, migration, invasion, and metastasis. Furthermore, the
downregulation of miR-193a-3p has been observed in many primary tumors and altered levels of circulating miR-193a-3p have
been identified in serum or plasma of cancer patients and subjects affected by Parkinson’s disease or by schizophrenia. In a
clinical perspective, further studies are needed to explore the antitumor effects of the miR-193a-3p mimics delivery and the
relevance of this miRNA detection as a possible diagnostic and prognostic biomarker.

1. Introduction

MicroRNAs (miRNAs) constitute a biologically very impor-
tant class of small, noncoding RNAs, about 18–22 nucleotides
(nt) long thatmainly act as negative regulators of gene expres-
sion at posttranscriptional level by controlling the translation
and stability of mRNA target. It is known that a miRNA may
target several mRNAs as well as a mRNA can be under the
control of several miRNAs. Most of the findings reported in
the literature show clearly that miRNAs play an important
role in several physiological and pathological processes exert-
ing a highly precise regulation of most mRNA expression.

In this review, we focused on the human miR-193a-3p
since the increasing number of evidences has described its
importance in several biological functions. Moreover, the role
as an important tumor suppressor miRNA has recently
emerged in both liquid and solid tumors. According to UCSC
Genome Browser (Human Dec. 2013 Assembly - GRCh38/
hg38) [1], miR-193a coding gene, defined as MIR193a, is
located on human chromosome 17q11.2 (chr17:31,558,803-
31,560,358) (Figure 1(a)). By analyzing the region of 2000 bp

spanning MIR193a, a typical CpG island is identified
(chr17:31558803-31560358) in which miR-193a coding
sequence is embedded. Interestingly, MIR193a is found
internal to a sequence that displays a high level of enrichment
of H3K27Ac, H3K4Me1, and H3K4Me3 histone marks. In
detail, the acetylation of lysine 27 of the H3 histone protein,
the monomethylation of lysine 4 of the H3 histone protein,
and the trimethylation of lysine 4 of the H3 histone protein
have been associated with enhanced transcription, enhancer,
and active promoter, respectively. In addition, a regulatory
region characterized by transcription factor binding sites
is found upstream MIR193a (chr17:31558470-31559544)
indicating that miR-193a coding sequence is localized in an
active transcriptional region. The pre-miR-193a generates
two mature miRNAs, miR-193a-3p and miR-193a-5p,
depending on the arm that is processed during miRNA bio-
genesis (Figure 1(b)). Consequentially, the different sequence
that characterizesmiR-193a-3p andmiR-193a-5p determines
distinct target sets for eachmiRNA. In this review, we focused
on the miR-193a-3p biological and molecular mechanisms
both from the physiological and the pathological perspectives.
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Furthermore, themechanisms involved in its expression regu-
lation are also addressed. Finally, we highlighted the aberrant
expression of miR-193a-3p both at tissue and at circulating
levels in several pathological conditions, including cancer, in
order to offer novel insights in the role of miR-193a-3p as a
diagnostic and prognostic biomarker.

2. The Regulation of miR-193a-3p Expression

miR-193a-3p is highly conserved across several Hominidae
(humans, chimpanzees, orangutans, and rhesus) and other
mammals (Mus musculus, Bos taurus, and Canis familiars),
as indicated in the microRNA viewer database (last update
February 28, 2012) [2]. Several mechanisms, including
transcription factors, DNA methylation, and competing
endogenous RNAs (ceRNAs), have been reported to be
involved in the dysregulation of miR-193a-3p in pathological
contexts (Table 1). These evidences unmistakably suggest a
multifactorial regulation of miR-193a-3p at transcriptional
or posttranscriptional level with the possibility of a context-
dependent activation of specific mechanisms.

2.1. Transcription Factors and Regulatory Proteins. Like
protein-coding genes, the expression of miRNAs may be
under the control of transcription factors (TFs) that bind to
specific DNA sequences in the miR promoter and may act
either as transcriptional activators or as repressors. The
transcription silencing by specific TFs was reported to play
a critical role in the inactivation of miR-193a-3p in different
pathological contexts. Iliopoulos et al. showed that the
downregulation of miR-193a-3p was driven by Max, the
Myc-associated factor X, and RXRα, a nuclear receptor, both
involved in the processes causing cellular transformation of
breast epithelial cells. Using chromatin immunoprecipitation
(ChIP) and siRNA-mediated inhibition, they demonstrated
that Max and RXRα bound directly to the miR-193a regula-
tory region and repressed its transcription in ER-Src-
transformed cells [3]. Similarly, Li et al. revealed that the
downregulation of miR-193a-3p was strongly associated with
fusion protein AML1/ETO expressed in hematopoietic cells
isolated from patients affected by acute myeloid leukemia
(AML) with t(8;21). In this pathological context, AML1/
ETO acted as a transcriptional repressor by localizing the
AML1 binding site on the MIR193a upstream region and
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Figure 1: Genomic location of miR-193a coding sequence, stem-loop hairpin structure of pre-miR-193a and miR-193a-3p/miR-193a-5p
sequences. (a) The analysis of the genomic region coding miR-193a referred to Genome Browser (https://genome-euro.ucsc.edu/).
MIR193a coding sequence is located on human chromosome 17q11.2 characterized by a typical CpG island (in green). The layered
H3K27Ac, H3K4Me1, and H3K4Me3 show the levels of histone marks across the genome in 7 cell lines (data obtain from ENCODE on
the basis of ChiP-seq assay). By default, this track displays data from a number of cell lines in the same vertical space and each of the cell
line is associated with a particular color. The regulatory element (in orange) is described as transcription factor binding sites by
ORegAnno (open regulatory annotation). (b) The MIR193a gene is transcribed into a precursor (pre-miR-193a) with 88 nucleotides
that is processed during miRNA biogenesis to yield mature miR-193a-5p (in red) and mature miR-193a-3p (in green) with 22
nucleotides in length.
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recruiting HDAC and DNMTs. The chromatin remodeling
complex formed by AML1/ETO and the DNA hypermethy-
lation triggered the silencing of miR-193a-3p in t(8;21)
AML [4].

Other two factors, hepatocyte nuclear factor α (HNF4α)
and XB130, may also have a relevant role in the regulation
of miR-193a-3p. HNF4α is a regulator of hepatic gene
expression essential for liver development and function.
The lacking of HNF4α expression in the liver of young adult
mice (Hnf4α-LivKO) determined the downregulation of
some miRs, including miR-193a that is in cluster with
miR-365 on the chromosome 11 of Mus musculus [5].
XB130 is a member of the actin filament-associated protein
(AFAP) family affecting the downstream signaling PI3k/Akt
pathway by functioning as an adaptor protein and tyrosine
kinase substrate [6]. In human thyroid carcinoma WRO
cells and MRO cells, the gene silencing of XB130 by stable
transfection of short hairpin increased both pri-miR-193a
and its mature form (miR-193a-3p), while the ectopic
expression of XB130 induced their downregulation [7].
These data indicated that the regulation of miR-193a-3p
may be mediated by HNF4α and XB130 in a healthy liver
and thyroid carcinoma, respectively. However, further stud-
ies based on ChIP and gene reporter assays are needed in
order to examine the direct and specific mechanisms that
link these factors to miR expression.

2.2. Epigenetic Regulation by DNA Methylation. The hyper-
methylation of CpG islands located around miR genes is a
key mechanism of epigenetic downmodulation of miRs that
acts as a tumor suppressor in specific tumors. The MIR193A
gene is embedded in a 1556 bp CpG island that counts 196
CpG sites (Figure 1(a)). Several studies have found that
altered DNA methylation occurring in the CpG sites of the
miR-193a promoter in different types of tumors. The miR-
193a-3p was silenced in oral squamous cell carcinoma
(OSCC) cell lines and in primary tumors through aberrant
DNA methylation of the CpG sites near the miR coding
sequence as verified by COBRA (combined bisulfite restric-
tion analysis) assay and bisulfite sequencing [8]. Gao et al.
demonstrated that the promoter hypermethylation repressed
miR-193a-3p expression in acute myeloid leukemia (AML).
The authors studied the DNA methylation levels in several
leukemia cell lines and bone marrow (BM) samples from
AML patients and healthy donors by bisulfite sequencing
and methylation-specific PCR (MSP). Treatment with the
inhibitor of DNA methylation 5-azacytidine (5-aza-dC)
restored miR-193a-3p expression and reduced its target,
the oncogene c-kit. In this situation, the growth inhibition
and the induction of apoptosis and differentiation of AML
cells were observed [9]. miR-193a was also found tumor
specifically methylated in patients with non-small-cell lung
cancer (NSCLC) [10]. Treatment with 5-aza-dC upregulated

Table 1: Regulation of miR-193a-3p expression by different mechanisms.

Mechanisms of regulation
Effect on miR-193a-3p

expression
Sample type Experimental procedures Ref.

Transcription factors:

Max and RXRα Downregulation Transformed breast epithelial cells
ChIP; siRNA-mediated
inhibition experiments

[3]

AML1/ETO Downregulation
AML cell lines primary AML

samples with t(8;12)
Luciferase reporter assay; ChIP [4]

HNF4α Upregulation
Liver from mice with liver-specific

knockout of HNF4α
miRNA microarray and qPCR

in Hnf4α-LivKO mice
[5]

DNA methylation:

DNA hypermethylation Downregulation
AML cell lines

AML primary samples
MSP

Bisulfite sequencing
[9]

DNA hypermethylation Downregulation
OSC carcinoma cells and primary

AML samples
COBRA

Bisulfite sequencing
[8]

DNA hypermethylation Downregulation
NSCL cancer cells
NSCL specimens

MSP
Bisulfite sequencing

[10, 11]

DNA hypermethylation Downregulation Highly metastatic osteosarcoma cells Bisulfite sequencing [12]

DNA hypomethylation No effect
HCC cell lines
HCC specimens

MSP [14]

DNA hypomethylation No effect Mesothelioma MSP [13]

Regulatory protein:

XB130 Downregulation Thyroid carcinoma cells
shNA-mediated inhibition and
ectopic expression experiments

[7]

Competing endogenous RNA
(ceRNA) network:

Linc00152 Downregulation Colon cancer cells RIP; luciferase reporter assay [17]

LncRNA-UCA1 Downregulation NSCL cells RIP; luciferase reporter assay [18]
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miR-193a-3p expression, impaired cell proliferation ability,
and promoted apoptosis in NSCLC cells via downregulation
of one of miR-193a-3p targets, the antiapoptotic myeloid
leukemia cell sequence-1 (Mcl-1) [11]. Finally, Pu et al.
found that both miR-193a-3p and miR-193a-5p were hyper-
methylated and downregulated in a metastatic osteosarcoma
cell line [12].

Although altered DNAmethylation levels have been asso-
ciated with several types of tumor, this cannot be generalized.
In malignant pleural mesothelioma (MPM), miR-193a-3p
was inhibited when compared to normal pleura, but the
DNA hypermethylation of miR-193a-associated CpG island
was not responsible for the inhibition of miR-193a-3p in
MPM cells as verified by MSP [13]. Interestingly, the results
obtained in human hepatocellular carcinoma (HCC) by
Grossi et al. were in line with those in MPM. The authors
demonstrated that the downmodulation of miR-193a-3p in
HCC was not mediated by DNA methylation in a cohort of
30 matched peritumoral and HCC tissues from bioptic
samples. However, the miR-193a-3p CpG sites resulted
methylated in the differentiated HepG2 cells and the
treatment with 5-aza-dC led to miR-193a-3p increasing as
observed also by Ma and colleagues [14, 15]. These results
would point toward a variable miR-193a dependence on
CpG DNA methylation in HCC. In conclusion, it has been
proved that DNA hypermethylation of CpG island associated
toMIR193A gene was responsible for miR-193a-3p downmo-
dulation in certain types of cancer which in turn led to
increased expression levels of miR-193a-3p targets involved
in cell malignant behavior. In other types of cancer, DNA
methylation may not contribute to the regulation of this miR.

2.3. The Competing Endogenous RNA (ceRNA). In the recent
years, the important results obtained through the application
of high-throughput RNA-seq have shed a light on the
complex landscape of long noncoding RNAs (lncRNAs).
These are RNA typically longer than 200 nucleotides without
protein-coding potential. Several studies established the
biological functions of lncRNAs comprising transcriptional
and posttranscriptional regulation and chromatin modifica-
tion. Furthermore, some lncRNAs have been characterized
for their ability to regulate miRNA function by competing
for miRNA binding and decreasing the negative effect of
miRNAs on their targets. For this reason, these lncRNAs
have been named as competing endogenous RNAs (ceRNAs)
or miRNA sponges [16].

Consistently with the competing endogenous RNA role
of lncRNAs, two different ceRNAs have been found to target
miR-193a-3p where the physical association with mature
miR-193a-3p has been demonstrated by RNA immunopre-
cipitation (RIP) and luciferase reporter assays. In particular,
oncogenic Linc00152 (long intergenic noncoding RNA 152)
and LncRNA-UCA1 (urothelial carcinoma-associated 1)
competitively bind miR-193a-3p in colon cancer and NSCLC
cell lines, respectively [17, 18]. Interestingly, Linc00152 and
UCA1 functioned as miRNA sponges and suppressed the
endogenous effect of miR-193a-3p by silencing the miR
target ERBB4. In addition, the overexpression of Linc00152
or UCA1 increased cell growth through modulation of

ERBB4 while this effect was attenuated by transfection of
miR-193a-3p mimics in both cell lines.

These evidences strongly suggested that the ceRNA
regulatory network should be considered as a mechanism
involved in the dysregulation of miR-193a-3p.

3. Expression Profile of miR-193a in Human
Normal Tissues

To provide complete information on the global expression
profile of miR-193a-3p in normal tissues, we referred to data
deposited in Genome Browser. The data have been reported
as the median gene expression levels in 51 tissues and 2 cell
lines, based on RNA-seq data obtained from the NIH
Genotype-Tissue Expression (GTEx) project [19, 20]. This
release is based on data from 8555 tissue samples obtained
from the postmortem of 570 adult individuals with no
evidence of disease. As indicated in Figure 2, the expression
of miR-193a (without discriminating between miR-193a-3p
and miR-193a-5p) has been detected in all tissues, with
the exception of the bladder, some brain components
(hippocampus, nucleus accumbens, and spinal cord), and
cervix (endocervix) where miR-193a expression was not
found. Adipose and breast tissues displayed the highest
miR-193a expression level.

4. Biological Function of miR-193a-3p in
Development and in Cell Physiology

Very little is known on the biological function ofmiR-193a-3p
in cell physiology. To the best of our knowledge, there have
not been reports on the role of this miR in development.
Concerning its role in cell physiology, the main available
data were obtained from studies on the following: (a) cord-
blood and peripheral blood endothelial colony-forming cells
(CB/PB-ECFC) derived from donations of healthy subjects;
(b) from skeletal muscle specimens of control subjects
(CTRL) with no sign of muscle pathology detectable by
immunohistochemistry; and (c) from endometrial epithelial
cells of healthy volunteer women aged 18 through 36 years
old. In particular, it has been found that miR-193a-3p was
one of the 25 miRNAs differentially regulated in CB-ECFC
versus PB-ECFC [21]. It was highly expressed in the less-
proliferative PB-ECFCs where its inhibition using anti-miR
molecules improved the in vitro proliferation, migration,
and vascular tubule formation of these cells. Conversely,
miR-193a-3p was expressed at low amount in the prolifera-
tive CB-ECFCs with its in vitro ectopic overexpression limit-
ing the proliferation and the cell cycle progression of these
cells and consequent reduction of their vascular tubule
formation and cell migration. Altogether, the data obtained
by Khoo et al., by using the miRnome studies, in silico
miRNA target database analyses combined with proteome
arrays and luciferase reporter assays in miR mimic-treated
ECFCs, allowed to identify the negative regulatory role of
miR-193a-3p in the vascular function of these cells and in
the proliferation and migration abilities of these cells via
directly targeting the HMGB1 expression (Table 2). Thus,
this miR has a regulatory role in cell physiology of ECFCs
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that are considered circulating endothelial lineage progeni-
tors. Targeting the miR itself by anti-miR molecules may
improve the abilities of PB-ECFC cells in proliferation and
migration, in their angiogenic function thus contributing
to a positive clinical outcome in ischemic diseases (stroke,
myocardial infarction, and limb ischemia).

For skeletal muscle, a miRNA profiling approach com-
bined with bioinformatics analyses and qPCR experimental
validation has identified 11 miRNAs including miR-193a-3p
involved in the homeostasis of normal myofibers. In partic-
ular, downregulation of miR-193a-3p has been associated
with events contributing to the myofiber alterations of
patients with myotonic dystrophy type 2 (DM2, OMIM
602688) [22]. DM2 is an autosomal dominant multisystemic
disorder affecting the skeletal muscles, the heart, the eye, the
central nervous system, and the endocrine system. The find-
ings reported by Greco et al. clearly showed that the level of
miR-193a-3p downmodulation contributed to the DM2
miRNA score allowing to distinguish the muscle specimens
of DM2 patients from those of controls. However, these
results do not permit to outline a hypothesis on the functional
role in normal myofibers of miR-193a-3p as well as those of
the other 10 miRNAs deregulated in DM2 muscle biopsies.

Finally regarding the human endometrium, several data
suggested a regulatory function of miRNAs during the
physiological cycle phases. In particular, Kuokkanen et al.
provided strong evidence of the hormonal regulation of

miR-193a-3p expression in isolated uterine epithelial cells
derived from midreproductive aged women [23]. These
authors examined miRNAs at two stages: (a) in uterine
epithelial cells derived from late proliferative phase biopsies
(cycle day, CD, 12± 1) to target the time of maximal endome-
trial response to female steroid hormone estradiol-17 beta
(E2) and (b) from secretory biopsies specimens from midlu-
teal phase on CDs 19 through 23 to target the endometrial
window of receptivity and maximum P4 (progesterone)
action. The findings obtained using a genomic profiling of
miRNAs and mRNAs clearly showed that miR-193a-3p is
one of the 12 miRs found to be upregulated in the midsecre-
tory phase samples. This expression is suggestive of a role in
downregulating some cell cycle genes in the secretory phase
thereby suppressing proliferation of the endometrial epithe-
lial cells in this specific physiological context. Further, these
data demonstrate hormonal regulation in miRNA (i.e.,
miR-193a-3p) expression in a human endometrium.

In summary, the overexpression of miR-193a-3p in
cultured normal cells derived from physiological contexts,
in particular in PB-ECFC cells and in midsecretory uterine
epithelial cells, seemed to limit cell proliferation and cell cycle
progression. However, the lack of data (KO, KI, and condi-
tional KD) in the development of an organism (i.e., Mus
musculus and Danio rerio) carrying the ortholog MIR193A
(Gene Card data) has prevented the proposal of hypothesis
on the role of miR-193a-3p during development [24].
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Figure 2: Expression profile of miR-193a in normal tissues. The expression level of miR-193a is reported for 51 tissues and 2 cell lines
(EBV-transformed lymphocytes and transformed fibroblasts) and is referred to GTEx project collected in Genome Browser. Expression
values are shown in RPKM (reads per kilobase of transcript per million mapped reads). The height of each bar represents the median
expression level across all samples for a tissue, and points are outliers if they are above or below 1.5 times the interquartile range. Each
color represents a specific tissue, conformed to GTEX consortium publication convention.
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5. miR-193a-3p Functions as Tumor Suppressor
miRNA in Cancer

It is widely documented that the aberrant expression of
miRNAs has a critical impact on cell biological processes
and contributes to a number of pathological conditions, such
as cancer. To the best of our knowledge, all published data
pointed toward a role of miR-193a-3p as tumor suppressor
miRNA (ts-miRNA) in both solid and liquid cancers since
it impaired tumor cell aggressive properties by targeting
oncogenes. In addition, miR-193a-3p is found downregu-
lated in transformed cells and its downregulation seemed to
be required for cellular transformation in two isogenic

models (breast epithelial cells and fibroblasts) [3]. By con-
sidering a small cohort of cancer patients (only 36 cases),
Yi et al. found that miR-193a-3p is upregulated in 24/36
esophageal squamous cell carcinoma (ESCC) tissues com-
pared with adjacent normal tissues and the downregulation
of miR-193a-3p by a synthesized inhibitor decreases migra-
tion and proliferation and promotes apoptosis in ESCC cells
[25]. For these reasons, they described miR-193a-3p as an
oncogenic miRNA in ESCC and suggested further studies
to define the controversial role of miR-193a-3p in ESCC.

5.1. miR-193a-3p Limits Cancer Cell Proliferation and
Impairs Cell Cycle Progression. Many studies have confirmed

Table 2: miR-193a-3p gene targets validated experimentally.

Target genes Functions Cell line References

K-Ras
Oncogene involved in many functions: antiapoptotic activity,

angiogenesis, motility, cell growth
Breast cancer
Lung cancer

[3, 29]

PLAU
Promotes cancer invasion and metastasis; the interaction of uPA
with its receptor induced also cell proliferation, migration, and

expression of specific genes

Transformed breast epithelial cells
Breast cancer

HCC
BCa

[3, 32, 33, 40]

Mcl-1 Antiapoptotic gene, member of the Bcl-2 family
HeLa cells

Ovarian cancer
[30, 31]

ERBB4
Induces a variety of cellular responses including mitogenesis and
differentiation; triggers proliferation, invasion, and migration

Lung cancer
NSCLC

[27, 37]

S6K2 Promote cell survival NSCLC [37]

PepT1
Transporter involved in the low uptake of small bacterial peptides

in a normal colon and of dietary proteins
Epithelial colorectal adenocarcinoma [46]

c-kit
Oncogene. Activates many pathways involved in proliferation,

differentiation, migration, and survival
AML [9]

Aml1/Eto
Chimeric protein associated with the nuclear corepressor/histone

deacetylase complex to block hematopoietic differentiation
AML [4]

HDAC3 Regulates transcription and modulates cell growth an apoptosis AML [4]

DNMT3a De novo DNA methylation AML [4]

Cyclin D1 Cell cycle progression
AML

Breast cancer
[4]
[28]

E2F6 Transcription factor with a main role in the control of the cell cycle OSCC [8]

Rab27B Increased invasion and metastasis in cancer Osteosarcoma [12]

HMGB1
Tissue repair and regeneration, migration, angiogenesis,

endothelial recruitment, and proliferation
Endothelial colony forming cell, ECFC [21]

HYOU-1 Cytoprotective role in hypoxia-induced cellular perturbation Endothelial colony-forming cell, ECFC [21]

PSEN1 Promote cell proliferation
Esophageal squamous cell carcinoma

Bladder cancer
[45]

E2F1 Transcription factor; control of the cell cycle and apoptosis HCC [15]

SRSF2
Regulates constitutive and alternative splicing; induces proapoptotic

splice forms of apoptotic genes
HCC [15]

HIC2 Putative transcriptional factor BCa [40]

HOXC9 Transcription factor; role in morphogenesis BCa [43]

ING5 Inhibit cell growth and induce apoptosis BCa [42]

LOXL4
Biogenesis of connective tissue: catalyzes the first step in the

formation of crosslinks in collagens and elastin
BCa [41]

SLC7A5 Large neutral amino acid transporter small subunit 1 Thyroid carcinoma [7]

JNK1
MAP kinases involved in proliferation, differentiation,

transcription regulation, and development
Breast cancer [26]
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that miR-193a-3p has a significant role in the regulation of
cancer cell growth. In particular, miR-193a-3p directly tar-
geted JNK-1, a tyrosine kinase, since the ectopic expression
of miR-193a-3p determined the dysregulation of cell cycle
components including the decrease of CDK4, PIK3CA, and
cyclin D1 and the overexpression of p27. In association to
miR-124 and miR-147, miR-193a-3p has been shown to
coregulate and inhibit G1/S transition and proliferation in
breast cancer and glioblastoma cell lines [26]. Moreover,
miR-193a-3p repressed cell proliferation of AML cells
through the inhibition expression of c-kit, an oncogene
encoding a transmembrane glycoprotein belonging to the
type III receptor tyrosine kinase family [9]. In the same
clinical context, miR-193a-3p has been also found to directly
regulate the expression of DNMT3a, HDAC3, and cyclin D1
consequently blocking the cell cycle progression during
granulopoiesis and inducing the differentiation of myeloid
precursors [4]. It has also been shown that miR-193a-3p
decreased the abilities of proliferation by the expression inhi-
bition of some TFs, including E2F6, and other genes involved
in the growth of several cancer types, for example, K-Ras,
ERBB4, and cyclin D1 [3, 8, 27, 28]. In particular, it has been
demonstrated that miR-193a-3p negatively regulated K-Ras
in lung cancer cells by binding two 3′UTR sites that have
not been reported previously to be mutated in cancer. The
overexpression of miR-193a-3p not only downregulated
K-Ras but also reverted the whole protein signature associ-
ated with the signaling downstream of K-Ras identified by
proteomic analysis of lung cancer samples. The authors
clearly determined the effects of miR-193a-3p on the cell
aggressive properties via the targeting of K-Ras. Interestingly,
miR-193a-3p decreased cell cycle progression (G1-S) and cell
proliferation in vitro and blocked colony formation in three-
dimensional cultures. These findings have been translated
into exciting ex vivo and in vivo experiments. For ex vivo
experiments, the authors harvested lung-heart blocks from
Sprague Dawley rats. To create a metastatic ex vivo 4D lung
model, the lungs were decellularized and placed in a bioreac-
tor with an oxygenator, pump with the right main stem
ligated with silk suture, and A549 lung adenocarcinoma
human epithelial cells were seeded in the left lung through
the tracheal cannula. The use of 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) nanoliposomes to deliver miR-
193a-3p reduced the number of viable cells and impaired
the presence of cancer cells in contralateral lobe that is
indicative of metastasis formation in this model. In addition,
this ex vivo model allowed the collection of circulating tumor
cells (CTCs) from the perfused cell media present in a
bioreactor bottle. Interestingly, cells derived from a 4Dmodel
treated with miR-193a-3p showed less proliferation ability
than those from untreated model. In orthotopic xenograft
K-Ras-mutated lung tumor models, miR-193a-3p encapsu-
lated in DOPC nanoliposomes showed a reduction of tumor
growth and metastasis at various sites [29].

5.2. miR-193a-3p Induces Cell Death Mainly by Promoting
Apoptosis. When considering the miRNA target genes
validated in different cancers, the role of miR-193a-3p in
affecting genes with the consequence of promoting apoptosis

stood out. In fact, among the putative targets, Mcl-1 is the
most validated one involved in the programmed cell death.
Mcl-1 is a multidomain protein belonging to the Bcl-2 family
that binds and sequesters the BH3-only proapoptotic Bcl-2
family members (Bim, Bid, Bik, Noxa, and Puma) which in
turn induce Bak and Bax homo-oligomerization and activa-
tion. Kwon et al. demonstrated that miR-193a-3p expression
was induced by ionizing irradiation in U-251 glioma cells and
HeLa cells. miR-193a-3p negatively regulated Mcl-1 and
promoted apoptosis by inducing ROS accumulation and
DNA damage [30]. The direct binding of miR-193a-3p and
Mcl-1 has also been demonstrated in human ovarian cancer
cell line where the overexpression of miR-193a-3p induced
the activation of caspase 3/7 and resulted in apoptotic cell
death [31]. Furthermore, the transfection with miR-193a-3p
mimics in MPM cells reduced Mcl-1 protein level and
increased the number of late apoptotic cells. In addition, the
releaseof lactatedehydrogenase (LDH) fromMPMcells trans-
fected with miR-193a-3p could suggest that miR-193a-3p
induced cell death at least in part by the induction of necrosis.
The ability of miR-193a-3p to promote apoptosis was further
demonstrated in MPM xenograft models when targeted by
miR mimics delivered using EDV nanocells, bacterially-
derived minicells that can be packaged with a variety of
cargoes and be delivered to tumors via bispecific antibodies
attached on surface [13]. Interestingly, Salvi et al. showed
that the combination of miR-193a-3p mimics and sorafenib
had additional effects on HCC inhibition of cell proliferation
and induction of apoptosis suggesting that miR-193a-3p
could also play an important role in promoting the sensitiv-
ity to sorafenib [32], the only innovative drug used for
advanced HCC.

5.3. miR-193a-3p Impairs Cancer Migration, Invasion, and
Metastasis. Tumor cell invasion and metastasis are events
of primary importance in the prognosis of cancer patients.
Metastatic cells are able to invade the basal membrane
(BM) and extracellular matrix (ECM), to penetrate and move
into the lymphatic or vascular circulation and to produce a
secondary tumor by extravasation process and subsequent
cell proliferation. Several evidences have highlighted the roles
of miRNAs in these complex processes.

Recently, it has been demonstrated that miR-193a-3p
acted as a negative regulator of urokinase-type plasminogen
activator (uPA) in breast cancer and HCC cell lines and the
high expression of miR-193a by mimics transfection strongly
inhibited uPA expression and decreased cell aggressive prop-
erties [3, 32, 33]. uPA is a serine protease which converts the
proenzyme plasminogen into the serine protease plasmin,
thus making malignant cancer cells able to degrade BM and
ECM. Furthermore, the interaction with its receptor, uPAR,
leads to the activation of different intracellular signaling
pathways, altering cell proliferation and migration abilities
and expression of specific genes. The essential role played
by uPA in migration has been well characterized in patholog-
ical context like cancer, and its overexpression was detected in
various tumors, at bothmRNAand protein level, representing
an unfavorable prognostic factor [34–36].
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Recently, Yu et al. validated miR-193a-3p as a negative
regulator of ErbB4, belonging to the ErbB family of tyrosine
kinase receptors and the ribosomal protein S6K2, both play-
ing a critical role in cell movement, growth, and development
[37]. The expression of miR-193a-3p and miR-193a-5p was
positively associated with cellular invasion and migration
by assessing human lung cancer cell with high metastatic
potential (SPC-A-1sci) previously established from weakly
metastatic cell (SPC-A-1) through in vivo selection in
NOD/SCID mice [38]. Furthermore, the overexpression
of miR-193a-3p inhibited migration, invasion, and epithe-
lial mesenchymal transition in vitro and impaired the forma-
tion of metastasis in vivo. In addition, the protein profile of
SPC-A-1sci cells stably transfected with miR-193a-3p has
been determined by using a proteomic approach (iTRAQ
and Nano LC-MS/MS) followed by DAVID (database for
annotation, visualization, and integrated discovery; http://
david.abcc.ncifcrf.gov) and STRING analysis. Interestingly,
112 proteins resulted differentially expressed (62 upregulated
and 50 downregulated) compared with miR control-
transfected cells, and some of them have been associated to
lung cancer metastasis and proliferation [39].

Similarly, Pu et al. reported that miR-193a-3p and
miR-193a-5p were downregulated in osteosarcoma cells
defined as highly tumorigenic and metastatic (MG63.2) in
respect to lessmetastatic parentalMG63 cell line. The abilities
of MG63.2 cells to invade and migrate resulted decreased by
restoring the miR-193a-3p expression level using transient
transfection of miR mimics. Correspondingly, the inhibition
of miR-193a-3p by antagomiR transfection in MG63 cells
induced invasive properties. Furthermore, the authors identi-
fied Rab27, a member of the RabGTPase family, as a direct
target of miR-193a-3p. By Cignal reporter finder assay, they
showed that the Rab27 knockdown repressed some pathways
that were clearly implicated in metastasis, including TGFβ,
Myc/Max, and ATF2/ATF3/ATF4. These results indicated
the negative impact of miR-193a-3p on cancer invasion
by repressing Rab27B and its downstream pathways in
osteosarcoma cells [12].

Taken together, these evidences strongly suggest a
potential role of miR-193a-3p as a metastasis-preventing
miRNA. However, further work will be required to explore
the exact molecular pathways by which this miRNA could
exert its functions.

5.4. miR-193a-3p Modulates Drug Resistance in Cancer Cells.
To date, chemotherapy still represents one of the most used
therapeutic options for the treatment of solid tumors world-
wide. However, the clinical efficacy of these treatments is
limited by the onset of drug resistance and the side-effects
of the drug both contributing to reduce cancer patients’
positive outcome. Even if the specific regulatory mechanism
involved in chemoresistance remains very often unclear,
increasing evidences showed that miRNAs can have a crucial
role in chemosensitivity by regulating cancer-related genes.
As indicated in Figure 3(a), miR-193a-3p seems to be
implicated in the activation of drug resistance pathways via
repressing different targets. By a systematic analysis that
compared the H-bc multidrug resistant bladder cancer

(BCa) cells versus 5637 sensitive ones, Lv et al. reported that
miR-193a-3p was silenced by DNA hypermethylation in the
sensitive cells, the cell line presenting the lowest IC50 to dif-
ferent drugs. In chemoresistant BCa cells, miR-193a-3p
decreased the expression of the following targets: SRSF2,
PLAU, HIC2 [40], LOXL4 [41], ING-5 [42], HOXC9 [43],
and PSEN-1 [44]. The last target has been considerate also
relevant in chemo- and radioresistant esophageal cancer cell
[45]. The results obtained through pathway reporter system
assays revealed that the reduced level of these targets affected
the activities of five signaling pathways in resistant cells. In
particular, DNA damage, NF-κB, and Myc/Max pathways
were found with lower activities, while Notch and oxidative
stress pathways resulted activated in resistant cell compared
with sensitive cells. In addition, the modulation of
miR-193a-3p level by the injection of antagomir or agomir
molecules in either resistant or sensitive BCa cells reversed
the chemoresistance in tumorxenografts nudemice. Similarly,
miR-193a-3p expression was found increased by DNA
hypomethylation in HCC cells presenting resistance to
5-fluorouracil (5-Fu). miR-193a-3p seemed to induce
antiapoptotic signals in 5-Fu resistant cells by suppressing
SRSF2, a splicing factor that preferentially upregulates the
proapoptotic formof caspase 2 (CASP2L) to the antiapoptotic
form CASP2S [15]. These intriguing data will require further
investigations since it is not clear how the overexpression of
miR-193a-3p can dictate chemoresistance even if its tumor
suppressor functions have been well established in many
primary cancers. In support of this notion, Yue et al. reported
that the reduced activity ofmiR-193a-3p caused by the sponge
effect of Linc00152 was related to oxaliplatin (L-OHP) resis-
tance in colon cancer both in vitro and in vivo (Figure 3(b)).
Linc00152 is usually overexpressed in human colon cancer
tissues and is associated with poor prognosis in patients
undergoing L-OHP treatment after surgery. Interestingly,
Linc00152 competitively bound miR-193a-3p inducing the
upregulation of its ERBB4 target and the consequent
activation of AKT signaling pathwaywhich, in turn, conferred
resistance [17].

6. Gene Annotation Analysis on Predicted and
Experimentally Validated miR-193a-3p
Targets

It is well known that a given miR can regulate the expres-
sion of hundreds of targets, and conversely, dozens of
miRs can target a single mRNA. For hsa-miR-193a-3p,
TargetScan 7.1 predicted 293 putative target genes with
168 displaying the highest score (cumulative weighted
context++ score<−0.24). The functional annotation analy-
sis conducted using DAVID 6.8 on the candidate target
genes of miR-193a-3p highlighted 8 biological KEGG path-
ways overrepresented as statistically significant (p < 0 05).
They were the following: microRNA in cancer, ErbB signaling
pathway, GnRH signaling pathway, acute myeloid leukemia,
PI3K-Akt signaling pathway, Ras signaling pathway, path-
ways in cancer, and focal adhesion. The importance of these
pathways is indicated by the fact that they are highly relevant
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in theprocesses of onset, progression, andmetastasis of several
types of cancer. In addition, among the 24 experimentally
validated and published miR-193a-3p targets (Table 2),
the KEGG pathway enrichment analysis outlines 6 terms
(p < 0 05): acute myeloid leukemia, chronic myeloid leuke-
mia, microRNA in cancer, proteoglycans in cancer, Erb
signaling pathway, pancreatic cancer, and pathways in can-
cer. This bioinformatics analysis underscored once again
the key role of miR-193a-3p in cancer contexts.

7. miR-193a-3p as Diagnostic and Prognostic
Biomarker

It is well known that the aberrant miRNA expression has a
critical impact on many cell biological processes and contrib-
utes to a number of pathological conditions. For this reason,
the study of miRNA expression profile in pathological
contexts is necessary to support the clinical significance of a
specific miRNA and its possible role as a diagnostic and
prognostic biomarker.

7.1. Dysregulation of miR-193a-3p in Cancer Tissues. Consis-
tent with the role of ts-miRNA, miR-193a-3p was found
downregulated in themajority of primary cancer tissues, such
as HCC [14, 47], NSCLC [37, 48], MPM [13], and AML [4, 9].

Furthermore, the low expression of miR-193a-3p was
significantly related to reduced overall survival (OS) and
disease-free survival (DFS) of HCC patients indicating its
possible prognostic role in this cancer type [14]. In NSCLC,
the expression of miR-193a-3p was negatively correlated to
tumor size, lymph node metastasis (LNM), and TNM stages.
Interestingly, miR-193a-3p was reported as downregulated in
BRAF mutation with respect to wild-type melanoma [49]
suggesting that miR-193a-3p may have a role in BRAF-
associated events.

7.2. Circulating miR-193a-3p Levels in Pathological
Conditions. Several data have assessed that circulating micro-
RNAs in human body fluids (i.e., serum and plasma) offer
unique opportunities as biomarkers for early diagnosis of
clinical conditions [50]. Indeed, some small ncRNAs have
been found highly stable under extreme conditions (i.e.,
extreme pH and temperature and ribonuclease digestion)
and numerous studies of circulating microRNA profiling
have been conducted for several diseases. In regard to circu-
lating miR-193a-3p, the use of next-generation sequencing
and qPCR revealed different levels of this miR in patients
with schizophrenia or with Parkinson’s disease (PD) when
compared with control subjects. Regarding PD, serum
miRNA level obtained from a small number of patients
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Figure 3: Proposed model for the role of miR-193a-3p in the regulation of the chemoresistance in different cancer cell lines. (a) Involvement
of high miR-193a-3p expression level in chemoresistance in HCC cells, BCa cells, and esophageal cancer cells. (b) Low levels of miR-193a-3p
are involved in resistance to oxaliplatin in colon cancer cells. Altered expression of miR-193a-3p will adversely affect immediate targets
indicated inside black boxes. In turn, these targets will affect several downstream pathways with green arrows and red lines representing
functional activation and repression, respectively.
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revealed that miR-193a-3p was among the panel of four
miRNAs significantly decreased in the PD patients compared
to controls. Furthermore, miR-193a-3p could also be used to
distinguish the HY-stage1 in PD patients from healthy
controls [51]. In schizophrenia, the higher level of plasma
miR-193a-3p (and miR-130b) in patients compared to con-
trols was determined by the global plasma miRNAs profiling
in a test cohort of 164 schizophrenia patients and 187 control
subjects and subsequently validated by qRT-PCR in an inde-
pendent cohort of 400 schizophrenia patients [52]. We think
that these findings are extremely interesting, but further stud-
ies are needed in order to support the detection of circulating
miR-193a-3p as a noninvasive biomarker for these diseases.

Regarding cancer, circulating miR-193a-3p levels were
found increased in many malignancies. By comparing two
independent miRNA microarrays, one in tissue and one in
blood of colorectal cancer patients, Yong et al. identified
higher levels of miR-193a-3p (in combination to miR-23a
and miR-338-5p) in cancer patients, and the positive correla-
tion was demonstrated between tissue and blood samples
[53]. The high-throughput TaqMan low-density array
(TLDA) combined with qPCR validation allowed to establish
the high level of miR-193a-3p included in two different five-
serum miRNA panels, either in renal cell carcinoma (RCC)
or in NSCLC patients. It was clearly demonstrated by ROC
analysis that the 5-miRNA-based panels (miR-193a-3p,
miR-362, miR-572, miR-425-5p, and miR-543) had a high
sensitivity and specificity in the discrimination of patients
with early-stage RCC from healthy controls [54]. In NSCLC,
the effectiveness of the 5-miRNA panel (miR-193a-3p,
miR-483-5p, miR-214, miR-25, and miR-7) in discriminat-
ing cancer patients from normal subjects was confirmed in
a multiethnic and multicentric study in which 438 partic-
ipants from both China and America were enrolled (221
NSCLC patients, 161 normal controls, and 56 benign
nodules) [55]. By using the same experimental approaches
(TLDA followed by qPCR), Wu et al. identified signifi-
cantly elevated levels of miR-193a-3p in sera from patients
with esophageal squamous cell carcinoma (ESCC). The
authors indicated that miR-193a-3p may be used to dis-
criminate between ESCC cases and healthy controls with
high sensitivity and specificity in a cohort of 63 patients
and 63 controls. The level of circulating miR-193a-3p
was reduced after ESCC surgical removal indicating that
this miR may have been originally secreted by the tumor
cells [56]. Interestingly, in a retrospective longitudinal
phase 3 biomarker study, a set of 5 serum miRNAs
(miR-193a-3p, miR-369-5p, miR-672, miR-429, and let-7i*)
was identified as a specific biomarker for the surveillance and
preclinical screening of HCC in a high-risk population of
patients infected by hepatitis B virus (HBV). In particular,
the different expression levels of these miRNAs (including
the downregulation of miR-193a-3p) were identified in HBV
patients who developed HCC (preclinical HCC patients)
compared to the HBV group that did not develop HCC [57].

Although the origin of circulating miRNAs remains
unclear, it has been reported that they may originate through
different pathways including passive leakage from broken
cells, active secretion via microvesicles, and active secretion

through an RNA-binding protein-dependent pathway
that has been suggested as the major source of circulating
miRNAs [58, 59].

Extracellular vesicles (EVs) are mediators of intercellular
communications during several physiopathological processes
such as differentiation, tissue repair, proliferation, and
apoptosis, and they are released from both cancer cells and
noncancer cells. Among the EVs, exosomes are small vesicles
(50–150 nm) able to transport and deliver proteins, mRNAs,
and ncRNAs including miRs from a donor to recipient cells
[60]. Oh et al. demonstrated that the exosomes containing
miR-193a-3p were able to induce differentiation of F11 cells
(rat dorsal root ganglion and mouse neuroblastoma hybrid
cells). By a microfluidic assay that collected real-time images
of exosomes migration, they verified that miR-193a-3p was a
neurogenic miR that promoted the differentiation of recipi-
ent undifferentiated cells [61]. Teng et al. demonstrated that
miR-193a-3p was present into exosomes obtained from
tissue and cell culture media and serum, derived from
primary mouse colon tumors and human liver metastasis of
colon cancer. In severe disease, the high level of miR-193a-3p
into the exosomes led to the reduction of cytoplasmatic
miR-193a-3p that in turn promoted the progression of
premetastatic cells to metastatic ones. The authors found
that overexpression of MVP (major vault protein) trans-
ported miR-193a-3p from the tumor cells to exosomes. On
the contrary, MVP knockout determined miR-193a-3p
accumulation in tumor cells triggering the inhibition of cell
proliferation and cell cycle G1 arrest due to miR-193a-3p
binding to its target, caprin-1 [62].

8. Conclusions and Perspectives

In the last decade, an increasing number of evidences have
proved the biological importance of miRNAs in physiological
contexts and a huge number of studies have pointed to the
fact that dysregulation of miRNAs plays a fundamental role
in several pathological conditions, including cancer. In the
present report, we focused on miR-193a-3p because several
findings support its role as tumor suppressor miR both in
solid and in liquid tumors leading to believe that the detec-
tion of this miR at tissue and/or circulating level may be
employed as a diagnostic and prognostic biomarker for cer-
tain types of tumors. It is worth to outline that the functional
role of a given miR can be tissue- or tumor-type dependent
and that few data indicate a possible oncogenic role of
miR-193a-3p in ESCC; nevertheless, we think that only
strong clinical evidence, as well as biological studies of
the miR mimics on the proliferation of ESCC cell lines
will elucidate this possible role of miR-193a-3p in this
specific context of human cancer.

From a general point of view, miR-193a-3p had been
studied in Homo sapiens and, to the best of our knowledge,
no information is available in development. Regarding the
biological function in physiological contexts, certain types
of human normal cells seem to require high expression level
of miR-193a-3p when they do not need to proliferate. As a
consequence, the cancer cells that usually need high prolifer-
ative capacity show low expression levels of this miR.
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Different factors can contribute to the regulation of
MIR193a expression, including TFs, DNA methylation and,
at posttranscriptional level, ceRNAs. The alteration of these
factors is context dependent and determines the aberrant
expression of miR-193a-3p in cancer. The elucidation of
these mechanisms may allow extending our knowledge on
the level of miR-193a-3p dysregulation.

As already mentioned, the dysregulation of a given
microRNA may alter the expression of hundreds of genes
in cancer affecting the entire network in which targets are
involved. By considering all experimental validation studies
in cancer, genes targeted by miR-193a-3p are involved in sev-
eral biological processes, including proliferation, apoptosis,
migration, and metastasis. To acquire major advancements
in knowledge and comprehension of the canonical and non-
canonical mRNA targets, more studies involving the use of
proteomics profiling and RNA pull down with biotinylated
microRNA mimics are needed.

To date, different clinical trials have demonstrated the
use of miRNA-based therapy as a promising strategy for
the treatment of different diseases, making miRNA highly
relevant for a clinical use [63]. In this regard, the delivery of
miR-193a-3p mimics by nanosized particles could represent
a novel therapeutic tool for the treatment of cancer since it
may hamper tumor aggressive properties in tumor xenograft
models by restoring the miR original levels. On the other
hand, the local delivery of anti-miR-193a-3p molecules could
be an effective intervention for local ischemic diseases. These
findings may pave the way to further studies aimed to
elucidate the possible use of miR-193a-3p for experimental
therapeutic procedures.

Finally, compelling evidences indicated thatmiR-193a-3p
is detectable not only in primary cancer tissues but also at
circulating level (in exosomes or not) in cancer patients
indicating the possible diagnostic and prognostic value of
miR-193a-3p. In addition, altered circulating levels of this
miR have been identified in subjects affected by Parkinson’s
disease or schizophrenia. Further studies are really necessary
to verify whether the detection of miR-193a-3p may be
helpful for the characterization of these two diseases.
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Osteoarthritis (OA) is the most common age-related joint disorder in man. MicroRNAs (miRNA), a class of small noncoding
RNAs, are potential therapeutic targets for regulating molecular mechanisms in both disease and ageing. Whilst there is an
increasing amount of research on the roles of miRNAs in ageing, there has been scant research on age-related changes in
miRNA in a cartilage. We undertook a microarray study on young and old human cartilages. Findings were validated in an
independent cohort. Contrasts between these samples identified twenty differentially expressed miRNAs in a cartilage from old
donors, derived from an OA environment which clustered based on OA severity. We identified a number of recognised and
novel miRNAs changing in cartilage ageing and OA including miR-126: a potential new candidate with a role in OA
pathogenesis. These analyses represent important candidates that have the potential as cartilage ageing and OA biomarkers and
therapeutic targets.

1. Introduction

Osteoarthritis (OA) is the most common degenerative
disease of joints affecting approximately 10% and 18% of
men and women, respectively, over the age of 60 years [1].
It mainly affects the hands, knees, and hips with symptoms
including pain, joint stiffness, and movement impairment
leading to reduced quality of life [2]. The molecular mecha-
nisms of OA though not fully understood are related to
abnormal joint metabolism and an imbalance between ana-
bolic and catabolic processes [3]. This imbalance leads to
pathological changes in the joint. These present mainly
thinning and progressive degradation of articular cartilage:
the connective tissue that protects the joint from friction
and mechanical load injury [4]. Other pathological changes
include thickening of the subchondral bone, inflammation
of the synovium, and formation of osteophytes [5]. Current
treatments are aimed principally at relieving the symptoms

rather than treating the disease. However, many patients ulti-
mately undergo joint replacement surgery for end-stage OA.
This is because the molecular mechanisms underlying this
heterogeneous, age-related disease are poorly characterized.

OA is a multifactorial disease with known risk factors
including genetics [6], sex, obesity, and joint injury [7]. How-
ever, the most common risk factor is age [5]. The progression
and initiation of OA is facilitated by numerous stimuli and
circumstances including changes in the homeostatic balance
due to age. Age-related cell senescence can affect chondrocyte
homeostasis and metabolism, by increasing the expression of
enzymes such as matrix metalloproteinases and aggreca-
nases, which break down the extracellular matrix of cartilage,
promoting OA development [8]. Additionally, age-related
inflammation (termed inflamm-ageing) promotes the
expression of cell signalling molecules, such as interleukins
and other cytokines. These act as mediators of matrix degra-
dation, contributing to OA progression [9].
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MicroRNAs (miRNAs or miRs) are short (~22 nt)
noncoding RNAs. They have emerged as critical cell
homeostasis regulators which function through posttran-
scriptional modulation of gene expression by binding and
repressing the expression of specific mRNA targets [10].
miRNA genes are found within intergenic or intragenic
regions and are transcribed into double-stranded stem-loop
structures called the primary transcript. The primary tran-
script is processed by the microprocessor complex, consisting
of the ribonuclease DROSHA, and DiGeorge syndrome
critical region 8 protein into precursor miRNAs which
are exported in the cytoplasm through exportin-5 [11].
Precursor miRNAs are incorporated into the RNA-
induced silencing complex. These are cleaved further by
the endoribonuclease Dicer to form the single-stranded
mature miRNA [12]. miRNA-mediated expression is
accomplished through perfect or imperfect complementar-
ity between the miRNA and the mRNA target. Ultimately,
in animals, this leads to inhibition of translation, mRNA
degradation, or both [13].

It is estimated that one-third of human genes are targeted
by miRNAs [14]. This makes miRNAs potential therapeutic
targets for regulating both disease and ageing molecular
mechanisms. Indeed, several miRNAs have been found to
play an important role in cartilage development and homeo-
stasis, and dysregulation of specific miRNAs has been linked
to OA [15–17]. This suggests miRNAs as feasible novel can-
didates for OA treatment targets and clinical biomarkers
[18]. However, whilst there have been an increasing number
of studies interrogating specific miRNAs as regulators of
cartilage-specific processes in OA [19], few studies have
assessed the contribution of cartilage ageing in the miRNA
dysregulation evident in OA. One study found an age-
related increase in miR-199a-3p and miR-193b contributing
to a downregulation in collagen type II, aggrecan and
SOX9, along with reduced proliferation and a reduction in
miR-320c [17]. MiR-24, which regulates p16INK4a, was
found to link age-related senescence and chondrocyte termi-
nal differentiation-associated matrix remodelling in OA [20].
Furthermore, Miyaki et al. observed that miR-140 null mice
developed an age-related OA-like pathology due to elevated
ADAMTS5 [16].

Our previous studies have identified age-related changes
in miRNAs in tendon [21], bone marrow-derived mesen-
chymal stem cells [22], and chondrocytes engineered from
MSCs [23] and cartilage [24]. In this study, we investi-
gated, for the first time, miRNA expression in ageing knee
cartilage in order to understand further cartilage ageing
and determine how this may contribute to OA. Establish-
ing miRNAs differentially expressed in joints or cartilage
during ageing and/or OA can provide basis for functional
studies and potentially lead to development of novel,
miRNA-based interventions against cartilage, and joint
degeneration during ageing and OA.

2. Materials and Methods

All reagents were from Thermo Fisher Scientific, unless
stated.

2.1. Samples. For microarray analysis, femoral intercondylar
notch full-thickness cartilage from male human knees of
young normal (n = 6; mean age± SD 22.7± 4.1 years) was
collected at the time of anterior cruciate ligament repair.
OA cartilage was from old male (n = 6; 66.4± 15.9 years)
human knees collected at the time of total knee arthroplasty.
For qRT-PCR validation, an independent cohort was used
which consisted of young knee cartilage from the intercondy-
lar notch n = 9 (mean age± SD 23.7 +−3.8), old “normal”
cartilage from the lateral femoral condyle n = 5 (68.6± 3.8),
and old OA cartilage n = 8 (63.1± 8.1) from the medial fem-
oral condyle cartilage. All old specimens came from patients
with a diagnosis of OA on preoperative knee radiographs
using Kellgren and Lawrence scoring [25]. All cartilages
taken were macroscopically normal. Medical ethics permis-
sion was received (Maastricht University Medical Centre
approval IDs: MEC 08-4-028 and 14-4-038).

2.2. RNA Isolation. RNA was extracted from a cartilage once
pulverised into a powder with a dismembranator (Mikro-S,
Sartorius, Melsungen, Germany) under liquid nitrogen. Total
RNA was extracted using the mirVana RNA isolation kit
(Life Technologies, Paisley, UK) according to the manufac-
turer’s instructions. The RNA samples were quantified using
a Nanodrop spectrophotometer (NanoDrop Technologies,
Wilmington, USA). The integrity of the RNA was assessed
on the Agilent 2100 Bioanalyzer system using an RNA
Pico chip.

2.3. Microarrays. 600–900ng of total RNA was labelled using
the Affymetrix FlashTag Biotin HSR RNA labelling kit
according to the manufacturer’s instructions. Following
FlashTag labelling, the biotin-labelled samples were stored
at −20°C prior to hybridisation onto Affymetrix GeneChip
miRNA 4.0 for 17.5 hours at 48°C 60 rpm in an Affymetrix
hybridisation oven 645.

Following hybridisation, the arrays were washed using
Affymetrix hybridisation wash and stain kit on the GeneChip
Fluidics station 450 using fluidics script FS450_0002 and
scanned using the Affymetrix GeneChip scanner 3000 7G.

2.4. Data Analysis. CEL files were generated using the
Affymetrix GeneChip Command Console Software, and
Expression Console software was used to quality control
array performance. The miRNA expression data measured
using Affymetrix miRNA 4.0 arrays were preprocessed using
Affymetrix Expression Console with optioned method RMA
for data normalisation [26]. The further statistical analyses
were carried out on the 2578 miRNA probe set for Homo
sapiens extracted from all probes and were used to determine
both the detected and differentially expressed (DE) miRNAs.

The presence of each probe in the young and old samples
was tested. In each test, the p value of the six samples was
combined using Fisher’s combined p value methods. The
expression was dereplicated to a transcript level by averaging
replicated probes. The p value associated with the presence of
dereplicated expression was assigned by combining the
replicated probes using Fisher’s combined p test.
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The DE analyses on the contrasting two sample condi-
tions were performed through linear models using limma
package in R environment [27]. The significance of log fold
change (logFC) values for miRNAs was evaluated using t-
tests, and the p values associated with logFC values were
adjusted for multiple testing using the false discovery rate
(FDR) approach [28]. Significantly, DE were defined as
those with an FDR-adjusted p value <5%. Sequence data
have been submitted to National Centre for Biotechnology
Information Gene Expression Omnibus (NCBI GEO);
E-MTAB-5715.

2.5. Integrated miR-mRNA Analysis and Functional
Enrichment Analysis. In order to identify putative miRNA
targets, bioinformatics analysis was performed by uploading
DE miRNA data into the microRNA target filter module
within Ingenuity Pathway Analysis software (IPA, Qiagen
Redwood City, CA, USA) to produce a network of potential
miRNA gene targets. Targets were then filtered on a confi-
dence of experimentally observed or highly predictive and
on the cell chondrocyte. ToppGene was used for functional
enrichment analysis of the miRNA targets using ToppGene
[29] with a Bonferroni FDR of less than 0.05. Biological
process gene ontology (GO) terms and associated FDR values
generated through ToppGene were then summarised, and
the network was visualised using REViGO [30] and
Cytoscape [31].

2.6. Real-Time Polymerase Chain Reaction (qRT-PCR). Vali-
dation of the microarray analysis results in the dependent
and independent cohorts of human knee cartilage samples
was carried out using real-time quantitative PCR (qRT-
PCR) analysis. Total RNA was extracted and quantified as
above. cDNA was synthesized using 200ng RNA and the
miScript II RT Kit according to the manufacturer’s protocol
(Qiagen, Crawley, UK). qPCR mastermix was prepared using
the miScript SYBR Green PCR Kit (Qiagen, Crawley, UK)
and the appropriate miScript Primer Assay (Qiagen,
Crawley, UK) (Supplementary file 1 available online at
https://doi.org/10.1155/2017/2713725) using 1ng/μl cDNA
according to the manufacturer’s guidelines. Real-time PCR
was undertaken using an Applied Biosystems 7300 Real-
Time PCR System (Applied Biosystems, Paisley, Scotland,
UK). Relative expression levels were normalised to U6
snoRNA and calculated using the 2−ΔCt method [32].

2.7. Statistical Analysis. For statistical evaluation of qRT-
PCR results, a Mann–Whitney test was performed using
GraphPad Prism version 7.03 for Windows, (GraphPad Soft-
ware, La Jolla California USA, https://www.graphpad.com);
p values are indicated.

3. Results

3.1. Microarray Analysis Overview. A data quality assessment
report generated revealed that the quality of the data was
good and consistent for all 12 arrays. The distribution for
log expression signal was highly similar in signal distribution,
and using a boxplot for relative log expression signal, no
arrays were outliers (data not shown). The outcomes of

variation assessment were visualised in Figures 1(a) and
1(b). The young samples were correlated closely together.
However, the old samples were clustered into three distinct
groupings as demonstrated by the correlation coefficient
matrix heat map (Figure 1(a)). Principal component analysis
(PCA) plot of the log expression signal for 12 arrays revealed
that the samples from the young were clustered tightly
together and could be separated from the old samples.
However, the samples from the old group scattered in a very
wide range as three subpopulations. Samples 7, 8, and 10
(cluster 1) were more similar to the samples from the young
group and had the lowest KL scores: 1. Cluster 2 consisting of
samples 11 and 12 had KL scores of 4 and sample 9 had KL
score of 2 (Figure 1(b)). Based on the multidimensional
scaling (MDS) plot, subsequently, four different selections
of the old samples were made and compared to the young
samples generating four result sets of DE analysis. Selection
1 includes all 6 old samples; selection 2 includes O_7, O_8,
O_10, O_11, and O_12; selection 3 includes O_9, O_11,
and O_12; and selection 4 includes O_7, O_8, and O_10.

3.2. miRNA Expression Profiling and Dysregulation. Of the
2578 human miRNAs represented on the Affymetrix Gene-
Chip miRNA 4.0 microarray, 303 and 416 were detected
above background in the young and old samples, respectively
(Supplementary file 2). Using a cutoff of false discovery-
adjusted p value <0.05, for selection 1 there were 20 DE
miRNAs (Figure 2 and Table 1), for selection 2 there were
22 DE, for selection 3 there were 189 DE (Supplementary file
3), and for selection 4 there were 10 DE (Table 2).

3.3. Identification of Potential Target Genes of DEmiRNAs. In
order to investigate the position of the DE miRNAs in the
chondrocyte expression network, we determined their puta-
tive target genes using IPA. This was undertaken for two
datasets: (1) selection 1, the DE miRNAs were derived from
all young samples compared to all old samples and (2) DE
miRNAs derived from the young versus selection 4 (repre-
senting only the old samples with lowest K&L scores). This
was because, we hypothesise, this latter set is most likely to
be predominantly age-related changes. These presumed
mRNAs were input into a gene ontology and visualised. (1)
Putative target genes regulated by 11 of the 20 DE miRNAs
were identified from the dysregulated genes in selection 1
(all young versus all old) in order to determine the functional
significance. The microRNA target filter in IPA was used to
integrate computational algorithms with multiple miRNA
databases (Supplementary file 4). These presumed mRNAs
were input into the gene ontology tool ToppGene, and then,
biological processes were visualised in Revigo and Cytoscape
(Figure 3(a)). The top biological processes were skeletal
tissue development (FDR 9.29E11), regulation of cell prolif-
eration (FDR 9.29E11), and ossification (FDR 1.18E9) (Sup-
plementary file 3). The young samples compared to selection
4 gave putative target genes for six of the 10 DE miRNAs
(Supplementary file 5). Biological processes are visualised
in Figure 3(b), and the complete list is visualised in Supple-
mentary file 5. The main biological processes were skeletal
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system development (FDR 3.15E07), homeostatic process
(6.84E07), and positive regulation of signalling (6.22E06).

3.4. qRT-PCR Validation of miRNAs. To validate the changes
in miRNA expression detected by microarray platform, qRT-
PCR analyses using RNA from both dependent (original
RNA extracted from the young normal and old OA donors
used in microarray analysis) and independent cohorts were
performed. An independent cohort was selected based on

the samples with equivalent K&L scores to the samples used
in the microarray. For the independent cohort, the K&L
score from the young donors was 0, old donors mean± SD,
old “normal” 1.3± 0.9, and old OA 3.0± 0.8.

For the dependent cohort, 10 DE miRNAs from the
contrast young normal versus selection 3 were selected as
we decided to focus on miRNA changes due to age and OA
(Table 3). The expression of miRNAs, miR-126-3p, -200c-
3p, -424-3p, and -483-5p, was significantly lower in the
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Figure 1: Variation data between the expressions for 12 microarray samples. (a) The heat map of hierarchical clusters of correlations among
the samples. Pearson’s correlation coefficients were computed using logarithm-transformed miRNA expression data from all miRNA probes
that were detected. (b) A 2-D PCA plot of the second and third components from PCA of logarithm-transformed miRNA abundance data.
The Kellgren and Lawrence scores (K&L) for the groups are shown on the PCA plot. H: young, O: old.
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old OA samples compared to the young normal samples
(Supplementary file 6A) confirming microarray results.
However, the expression of miRs, 146-5p, -424-3p, -181-5p,

-let 7f-1-3p, -let 7b-5p, -150-5p, -21-5p, although following
the same pattern of expression, changed between the two
groups as in microarray analysis and did not reach signifi-
cance (Supplementary file 6B).

To further validate the results of the microarray analysis,
we performed qRT-PCR analysis of the expression of miRs,
-21-5p, -146a-5p, -181a-5p, and -483a-5p, on an indepen-
dent cohort of samples (young normal compared to old
OA). These miRNAs were chosen based on the fold change
of their expression (by microarray), predicted or validated
target gene set, and/or known or predicted function in carti-
lage maintenance and degradation. The expression of all
miRNAs tested was significantly lower in the old OA samples
compared to the young normal samples (Figure 4(a)). This
was in agreement with the results from the dependent cohort.
Additionally, in the young normal compared to the old
“normal” cartilage, the miRs, -126 and -424, were validated
as reduced in expression in the old normal samples in
agreement with the microarray results (Figure 4(b)).

4. Discussion

A strong correlation exists between the age of an organism
and OA, whilst ageing has a clear effect on cartilage gene
expression [24]. One potential mechanism capable of regu-
lating global alterations to a particular tissue is modification
to the miRNA system. miRNAs appear to control ageing at
the level of organism lifespan, tissue, and cellular senescence.
The expression of many miRNAs has been demonstrated to
be significantly altered with ageing. Indeed, many of these
miRNAs have been identified as regulators of ageing at each
of these levels. To begin to elucidate the role that miRNAs
play in the global changes observed in cartilage with ageing,
we undertook a microarray analysis of the young and old
human cartilages. Sex-related alterations were mitigated with
the use of samples from males only. We identified unique
signatures which were altered with ageing and/or OA as we
characterised the expression of miRNAs in knee cartilage
ageing as well as DE miRNAs dependent on the severity of
OA (as determined by K&L score).

Table 2: Table demonstrating the 10 DE miRNAs in the young
normal versus old “selection 4” cartilages.

miR Log fold change FDR adjusted

hsa-miR-486-5p 5.98 0.00

hsa-mir-210 2.16 0.02

hsa-miR-4521 1.94 0.04

hsa-let-7a-1 0.93 0.04

hsa-miR-423-5p 0.82 0.02

hsa-miR-6795-5p −1.33 0.02

hsa-miR-6774-5p −1.42 0.04

hsa-miR-7111-5p −2.51 0.04

hsa-miR-6824-5p −2.76 0.03

hsa-miR-6875-5p −2.93 0.02

FDR: false discovery rate.

Table 1: Table demonstrating the 20 DE miRNAs in the young
normal versus old OA cartilages.

miR Log fold change FDR adjusted

miR-126-3p −7.81 0.01

miR-708-5p −5.72 0.01

miR-489-3p −4.14 0.01

miR-422a −4.14 0.03

miR-378i −4.14 0.03

miR-1273f −4.10 0.01

miR-378f −4.05 0.03

miR-150-5p −3.91 0.02

miR-5585-3p −3.73 0.01

miR-1273d −3.55 0.01

miR-7111-5p −3.41 0.01

miR-6875-5p −3.13 0.00

miR-424-3p −2.58 0.03

miR-6830-5p −2.16 0.04

miR-6833-5p −1.89 0.03

miR-6795-5p −1.80 0.02

miR-4716-3p −1.74 0.02

miR-4428 −1.68 0.02

miR-5010-5p −1.29 0.02

miR-486-5p 5.64 0.00

FDR: false discovery rate.
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Figure 2: Cartilage expression profiling using an MA plot. The MA
plot contrasts the log2 fold change (log2FC) against the mean
intensity of all 12 arrays. The coloured spots represent DE small
RNAs (FDR< 0.05), green dots reduced expression in the old OA
samples, and red dots increased expression in the old OA samples.
20 miRs were significantly dysregulated; one increased in OA and
19 decreased in OA.
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In the initial microarray study, the cartilage samples were
removed from the femoral intercondylar notch in both the
young and old donors. This site was selected as we had access
to this tissue from both donor groups. We recognise that a
limitation of the study is that, although the cartilage was
taken from a macroscopically normal area in the old donors,
this was from an OA joint environment. Furthermore, in
order to validate our microarray results, we used both the
dependent cohort (to validate the platform) and an indepen-
dent cohort to further validate some of our DE miRNAs in
additional biological donors. The samples collected from
the old donors for the latter experiment were removed
from the protected (lateral; described here as old normal)

or unprotected (medial; described here as old OA) condyles
following TKA.

Our initial microarray analysis determined 20 DE
miRNAs. However, the old donors were clustered in three
groups which correlated with the severity of K&L scores.
We therefore repeated the microarray analysis with each of
the clusters removed. In the analysis, “selection 4,” the
samples which were most different from the young (with
the highest K&L scores) were removed identifying ten DE
miRNAs. We hypothesize that these miRs represent the most
likely dysregulated miRNAs principally due to age. These
were miR-486-5p, -210, -4521, let-7a-1, -423-5p, -6795-5p,
-6774-5p, -7111-5p, -6824-5p, and -6875-5p. Next, we used

Response to estradiol

Response to hypoxia

Cellular response to growth factor
stimulus

Response to oxygen-containing
compound

Cellular response to endogenous
stimulus

Response to alcohol

Response to abiotic stimulus

Response to oxygen levels Response to endogenous stimulusResponse to estrogen

Negative regulation of cell
differentiation

Regulation of osteoblast proliferation

Replacement ossification

Osteoblast proliferation

Multi-multicellular organism process

Epithelial cell proliferation

Ossification

Growth

Regulation of transport

Secretion

Cell motility

Regulation of apoptotic process

Developmental processes

Localization of cell

Morphogenesis of a branching
structure

Tube development

Skeletal system development

Negative regulation of developmental
process

Cardiovascular system development

Reproductive system development
Regulation of nucleotide metabolism

Glucose homeostasis

Homeostatic process

Regulation of cyclic nucleotide
metabolism

Carbohydrate derivative metabolism

Metabolism and homeostasis

Response to stimulus

MAPK signalling

Bone

Cell growth

Signal transduction by protein
phosphorylation

Regulation of monooxygenase activity

Regulation of phosphorus metabolism

Endocrine system development

Pancreas development

Nephron morphogenesis
Tube morphogenesis

In utero embryonic development

Gland development

Connective tissue development

Adrenal gland development

Bone development
Regulation of peptidyl-serine

phosphorylation

Peptidyl-tyrosine modification

Negative regulation of cell
communication

Peptidyl-amino acid modification

Cell-cell signaling

Peptidyl-tyrosine phosphorylation

Positive regulation of transcription,
DNA-templated

MAPK cascade
Regulation of cell-cell adhesion

Circulatory system development

Negative regulation of signaling

(a)

Metabolism and homeostasis

MAPK Signalling

Response to stimulus

Developmental processes

Bone

Ossification

Gland development

Connective tissue development

Female pregnancy

Endocrine system development

Bone development

Tube development

Replacement ossification

Skeletal system development

Multi-multicellular organism
process

Cellular response to cytokine
stimulus

Response to estrogenResponse to endogenous
stimulus

Response to alcohol

Cellular response to
endogenous stimulus

Response to oxygen-containing
compound

Positive regulation of
transferase activity

Glucose homeostasis

Regulation of oxidoreductase
activity

Homeostatic process
Positive regulation of
homeostatic process

Regulation of protein
modification process

Positive regulation of
nucleobase-containing
compound metabolism

Regulation of cell proliferation

Regulation of transferase activity

Regulation of intracellular signal
transduction

MAPK cascade

ERK1 and ERK2 cascade

Regulation of phosphorus
metabolism

Signal transduction by protein
phosphorylation Peptidyl-serine modification

Regulation of monooxygenase
activity

(b)

Figure 3: The position of the DE miRNAs in the chondrocyte expression network. Gene ontology biological processes associated with
dysregulated miRNA targets were identified following TargetScan filter module in IPA. ToppGene was used to perform functional
enrichment analysis on predicted miRNA targets to highlight biological processes most significantly affected by dysregulated miRNA-
mRNA interactions. GO terms (FDR< 0.05) were summarized and visualised using REViGO and Cytoscape. Allowed similarity setting in
Revigo was medium. The main clusters of biological processes significantly influenced by dysregulated miRs in (a) all young compared to
all old samples and (b) all young samples compared to selection 4. The line width specifies the amount of similarity.
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TargetScan to find miRNA putative target genes. Gene ontol-
ogy was then undertaken on these genes in an effort to
explore the position of the DE miRNAs in the chondrocyte
expression network and cartilage ageing. In both the contrast
between all young and all old samples, and the young versus
“selection 4” (most likely affected by age or low K&L score),
we identified significant biological processes. These included
changes in apoptosis and cell proliferation, metabolism and
homeostasis, and response to stimulus (altered nutrient
sensing). Processes such as altered nutrient sensing and
changes to homeostasis are some of the hallmarks of cell
ageing [7]. In the young samples, compared to “selection
4,” we identified two miRNAs which are known to interact
with ageing pathways. These were let-7 (cellular senescence
and stem cell exhaustion) and miR-486 (altered nutrient
sensing) [33]. Additionally, let-7 and miR-486 (which affect
protein synthesis and mitochondrial function) have previ-
ously been identified as reduced in muscle ageing [34].

The clustering of old samples into subgroups was
expected. This was as it is accepted that, although cartilage
may appear grossly normal, its gene and protein expression
can be affected when it is in an OA environment. Indeed,
we have previously described that transcriptomes from
chondrocytes in late-stage OA are similar whether cartilage
is harvested from intact (protected, generally the lateral
femoral condyle) or fibrillated (unprotected, generally the
medial femoral condyle) areas within the knee [35]. How-
ever, others have described that in cartilage gene expression,
changes are evident in different stages of OA [36, 37]. One
problem with the identification of clusters apparently relat-
ing to the K&L scores was that this reduced the power of
the study. Furthermore, when attempting to validate the
results of the microarray with the dependent cohort using
qRT-PCR, this led to large variations within the old donor
groups. Higher variations in gene or miRNA expression in
the old group are generally not unexpected. This is due to
complexity of the ageing process, and comorbidities change
occurring during ageing in the musculoskeletal system. The
samples used in the old group were from two of the clusters.
Thus, whilst most of the miRNAs tested with qRT-PCR

showed changes in the same direction as the microarray,
some did not reach statistical significance.

We believe that the analysis of the young compared to
“selection 3” represents changes due to age and/or OA. These
old samples represented those with the highest K&L scores
compared to the young. Within this dataset, we identified
13 miRNAs known to affect the hallmarks of ageing; 11 of
which were downregulated in ageing. These were for cellular
senescence: let-7 and miR-146b-5p; stem cell exhaustion:
let-7 and miR-29b; altered nutrient sensing: miR-120 and
miR-320e; changes in gene regulation: miR-143, miR-193a,
miR-200c, and miR-29b; mitochondrial dysfunction: miR-
145 and miR- 349; DNA damage: miR-192, miR-24, and
miR-21; inflammageing: miR-21; and loss of telomeres:
miR-34a [33]. Additionally, a number of the DE miRNAs
in this contrast had previously been identified in the patho-
genesis of OA including miR-27b [38], miR-483 [39], miR-
146 [40], miR-145 [41], and miR-675 [42]. In this study,
the expression of each of these miRNAs was reduced com-
pared to the young normal cartilage. Finally, a number of
miRNAs, which have roles in cartilage homeostasis, includ-
ing miR-337 [43], miR-302 [44], miR-181 [45], mir-193
[17], miR-135 [46], and miR-24 [20] were in this group.
Additional work is required to decipher fully the role of this
set of miRNAs in cartilage homeostasis, ageing, and OA.

Among microRNAs, DE expressed in microarray and in
the dependent cohort were miRNAs, miR-126, -200c, and
-424 (Supplementary file 6), whereas among miRNAs, DE
expressed in microarray and independent cohort included
miRNAs: -21, -146, -181 (Figure 4). MiR-483 was validated
as DE expressed between the young and old OA samples in
both dependent and independent cohorts. Indeed, this
miRNA has been previously shown to be involved in the
pathogenesis of OA [38]. It was downregulated during ageing
and OA in our studies, and others have shown its positive
role in cartilage maintenance [38].

Among interesting DE miRNAs in our study were
miR-21, previously shown by us to be dysregulated in
equine tissue during ageing [24], and also classified as
“inflamma-miR” due to its major role in regulating inflam-
mation [47]. MiR-181 demonstrated to regulate chondrocyte
apoptosis in OA [48], and miR-424 previously suggested to
play a role in OA [49] was also DE. Interestingly, miR-424
was also DE in the young normal compared to the old normal
cohort and may also represent an age-related miR.

MiR-200c has been linked to osteogenic differentiation
and proinflammatory responses by targeting interleukins 6
and 8 and chemokine (C-C motif) ligand. These are impor-
tant mediators involved in OA inflammation [50]. In addi-
tion, miR-146a has been reported to play a role in cartilage
homeostasis and preservation [51]. Yamasaki et al. [52]
reported that expression of miR-146a was lower in late
OA cartilage compared to early stages. This is in agreement
with our results, where expression of miR-146a was signifi-
cantly lower in the old OA donors from the dependent and
independent cohorts.

Interestingly, our study has provided a new miRNA can-
didate, potentially regulating OA pathogenesis: miR-126. So
far, little evidence exists on the role of miR-126 in joint

Table 3: Summary of DE miRNAs detected by microarray analysis
and selected for qRT-PCR validation.

miRNA
Expression in OOA samples compared to YN
Microarray analysis qPCR analysis

let 7b-5p ↓ ↓

let 7f-1-3p ↑ ↑

21-5p ↓ ↓

126-3p ↓ ↓

146-5p ↓ ↓

150-5p ↓ ↓

181-5p ↓ ↓

200c-3p ↓ ↓

424-3p ↓ ↓

483-5p ↓ ↓

OOA: old osteoarthritic; YN: young normal.
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pathology and OA. MiR-126 has been demonstrated to regu-
late angiogenesis and de novo vascularisation [53], as well as
inflammation [54]. As cartilage is an avascular tissue, this
may suggest a potential role of vascularisation, or lack of
thereof in OA development. Previously, increased miR-126
expression has been described as promoting matrix-
dependent cell attachment and increased cell to cell interac-
tions between perivascular and endothelial cells during

angiogenesis. Here, reduced miR-126 expression led to a less
stable cell to matrix attachment network [55], in concor-
dance with the tissue changes observed in OA. Moreover,
Borgonio Cuadra et al. has reported elevated levels of miR-
126 in the plasma of OA patients [56]. However, as they
mention, expression levels of intra and extracellular miRNAs
may differ significantly. Therefore, it is not surprising that we
found reduced miR-126 expression in knee cartilage from the
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Figure 4: Validation of microarray results using qRT-PCR in an independent cohort. (a) Relative expression of miRNAs between the young
normal and old OA cartilages. qRT-PCR results show relative expression normalised to Rnu-6 gene, young samples n= 7-8, old OA samples
n = 5–7. (b) Relative expression of miRNAs between the young normal and old normal samples in an independent cohort. Results show the
young normal samples (n = 8) and the old normal samples (n= 3-4). Mann–Whitney test was performed using GraphPad prism version 7.03;
p values are indicated. YN: young normal; OOA: old OA; ON: old normal.
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OA patients. Moreover, a few studies have linked miR-126 to
ageing [57, 58]. Although, these studies were not relevant to
cartilage homeostasis and OA, they provide indications of a
possible role of miR-126 in cell ageing and senescence. Future
functional studies will provide evidence on the extent to
which miRNAs regulate OA development and the potential
of miRNA-based interventions to ameliorate OA.

5. Conclusions

For the first time, we demonstrated changes in miRNAs in
human knee cartilage ageing and OA. These represent
miRNAs with known roles in ageing and/or OA as well
as novel candidates for further functional studies. Impor-
tantly, our work provides critical evidence on the potential
function of biological processes of miRNAs in cartilage
ageing and OA. Further work is ongoing to determine
the functional significance of specific miRNA candidates
identified in this study with the aim of providing candi-
dates as diagnostic biomarkers and therapeutic targets for
OA treatment.
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Several studies showed that altered expression of the miRNA-ome in maternal circulation or in placental tissue may reflect not only
gestational disorders, such as preeclampsia, spontaneous abortion, preterm birth, low birth weight, or macrosomia, but also
prenatal exposure to environmental pollutants. Generally, the relationships between environmental exposure, changes in
miRNA expression, and gestational disorders are explored separately, producing conflicting findings. However, validation of
tissue-accessible biomarkers for the monitoring of adverse pregnancy outcomes needs a systematic methodological approach
that takes also into account early-life environmental exposure. To achieve this goal, exposure to xenochemicals, endogenous
agents, and diet should be assessed. This study has the aim to provide a comprehensive review on the role of miRNAs as
potential biomarkers for adverse pregnancy outcomes and prenatal environmental exposure.

1. Introduction

MicroRNAs (miRNAs) are endogenous, short, noncoding
molecules, which play a role in the mechanism of posttran-
scriptional gene expression by suppressing translation of
protein-coding genes or cleaving target mRNAs [1–3]. A
peculiar characteristic of miRNAs is represented by the fact
that one miRNA can regulate the expression of several genes,
while one gene can be targeted by different miRNAs [4],
which means that miRNAs can regulate up to 30% of the
human genome [3]. In fact, miRNAs represent important
epigenetic mechanisms of regulation that can control com-
plex processes such as cell growth, differentiation, stress
response, and tissue remodeling, that, under particular
conditions, can play a key role in many disease states [5, 6],
including gestational disorders. In particular, miRNAs may
reflect pathological gestational conditions [7], such as
preeclampsia [8–10], spontaneous abortion [11–13], preterm
birth [6, 14, 15], macrosomia [16, 17], or low birth weight
[18]. Thus, their detection in maternal circulation makes
miRNAs good candidate biomarkers to monitor the

progression of normal pregnancy and the presence of gesta-
tional diseases [19], for the prevention and treatment of
adverse pregnancy outcomes.

The aim of the present study was to provide a compre-
hensive review on the role of miRNA characterization as
potential biomarkers for monitoring the most common
adverse pregnancy outcomes with a focus on the influence
of environmental exposure during pregnancy.

2. miRNAs and Preeclampsia

Preeclampsia (PE) is a leading global cause of maternal and
perinatal mortality, affecting up to 8% of pregnancies [20].
PE is the result of impaired placental development and mal-
adaptation to the gestational conditions which leads to clini-
cal disturbs [21]. According to the clinical management
guidelines for obstetrician-gynecologists, a pregnant woman
can be diagnosed with PE when she suffers from blood pres-
sure of 140mm Hg systolic or higher or 90mm Hg diastolic
or higher that occurs after 20 weeks of gestation in a woman
with previously normal blood pressure and proteinuria. PE
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Table 1: Studies reporting an association between alteration of miRNA expression and PE.

Authors and
year

Study design
Enrolled
population

Samples
Gestational

age at sampling (weeks)
Techniques ↑ miRNAs ↓ miRNAs

Wu et al.,
2012 [23]

Retrospective
10 cases +
10 controls

Maternal
serum

37–40
miRNA

microarray
+ qRT-PCR

miR-24, miR-26a,
miR-103, miR-130b,
miR-181a, miR-342-
3p, and miR-574-5p

(cases)

Choi et al.,
2013 [8]

Retrospective
21 cases + 20
controls

Placental
tissue

35–40
miRNA

microarray
+ qRT-PCR

miR-24, miR-26a,
miR-103, miR-130b,
miR-181a, miR-342-
3p, and miR-574-5p

(cases)

miR-21 and
miR-223 (cases)

Ura et al.,
2014 [24]

Retrospective
24 cases + 24
controls

Maternal
serum

12–14
TLDA

+qRT-PCR
miR-1233, miR-520,
miR-210 (cases)

miR-144 (cases)

Li et al.,
2013 [9]

Retrospective

First step:4
mild PE + 4
severe PE
+ 4 controls

Maternal
serum

32–38
SOLiD

sequencing

miR-519d, miR-517b,
miR-517c, miR-26b,
miR-221, miR-521,
miR-378, miR-519a,
miR-520h, miR-125b,
miR-29a, miR-125a-

5p, miR-114,
miR-30a, miR-518c,
miR-27a, miR-519e,
miR-130a, miR-515-
3p, miR-299a-5p,

miR-518b, miR-23a,
miR-23b,

miR-34a, miR-424,
miR-525-3p,

miR-199a-5p, miR-
29b, miR-99a, miR-21,
miR-145, miR-512-5p,
and miR-30b (mild
and severe PE)

miR-15b,
miR-223,

miR-320c, miR-
185, miR-107,
miR-451, and
let-7f (mild and

severe PE)

miR-19a, miR-10a,
miR-144, miR-151b,
miR-144, miR-182,
and miR-19b (severe

PE)

miR-19a,
miR-144,

miR-19b, and
miR-25
(mild PE)

Validation
step:

16 mild PE
+ 22 severe
PE + 32
controls

28–38 qRT-PCR

miR-141, miR-29a,
(mild PE)

miR-144
(mild PE)miR-141, miR-221,

and miR-29a (severe
PE)

Munaut et al.,
2016 [10]

Retrospective
23 cases + 44
controls

Maternal
serum

31-32 qRT-PCR

miR-210-3p, miR-
210-5p, miR-1233-3p,
and miR-574-5p (PE

women)

—

Sandrim et al.,
2016 [25]

Retrospective

Screening:
5 cases + 4
controls

Maternal
plasma

35

PCR array
+ qRT-PCR

miR-885-5p
(PE women)

miR-376c-3p,
miR-19a-3p,

and miR-19b-3p
(PE women)

Case control
study:

19 cases + 14
controls

35
miR-885-5p
(PE women)

—
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can also be diagnosed in a severe form if the pregnant woman
suffers from one of more of the following symptoms: blood
pressure of 160mm Hg systolic or higher or 110mm Hg dia-
stolic or higher on two occasions at least 6 hours apart while
the patient is on bed rest; proteinuria of 5 g or higher in a 24-
hour urine specimen or 3+ or greater on two random urine
samples collected at least 4 hours apart; oliguria of less than
500mL in 24 hours; cerebral or visual disturbances; pulmo-
nary edema or cyanosis; epigastric or right upper-quadrant
pain; impaired liver function; thrombocytopenia; and fetal
growth restriction [22]. In order to prevent severe conse-
quences for both the mother and the fetus, it is essential to
identify women at risk of PE at an early stage [20]. In this sce-
nario, much progress has been made to characterize miRNAs
as potential biomarkers able to identify women at risk of PE.
Up to date, several studies described the differential regula-
tion of miRNAs in pregnant women suffering from PE and
in healthy controls (Table 1). In 2012, Wu and collaborators
detected 15 differentially expressed miRNAs in serum of
severe preeclamptic women and healthy controls: miR-574-
5p, miR-26a, miR-151-3p, miR-130a, miR-181a, miR-130b,
miR-30d, miR-145, miR-103, miR-425, miR-221, miR-342-
3p, and miR-24 were upregulated, while miR-144 and miR-
16 were downregulated in PE women. Among these fifteen
miRNAs, seven were further confirmed as upregulated in
PE women by quantitative RT-PCR (miR-24, miR-26a,
miR-103, miR-130b, miR-181a, miR-342-3p, and miR-574-
5p; fold change, FC=1.89–3.77) [23]. miR-26a and miR-
342-3p were also detected as upregulated in PE women by
Choi and colleagues, who isolated from formalin-fixed and
paraffin-embedded samples of the placenta thirteen miRNAs
(miR-92b, miR-197, miR-342-3p, miR-296-5p, miR-26b,
miR-25, miR-296-3p, miR-26a, miR-198, miR-202, miR-
191, miR-95, and miR-204) significantly overexpressed
(FC=2.03–12.28). Conversely, they detected miR-21 and
miR-223 as underexpressed in women suffering from severe
PE (FCs= 0.33 and 0.40, resp.) [8]. A study by Ura et al.
detected 19 differentially expressed miRNAs in severe PE
women: 12 were upregulated (miR-1233, miR-650, miR-
520a, miR-215, miR-210, miR-25, miR-518b, miR-193a-3p,
miR-32, miR-204, miR-296-5p, and miR-152), while 7 were
downregulated (miR-126, miR-335, miR-144, miR-204,
miR-668, miR-376a, and miR-15b). The results obtained by
TaqMan array analysis were validated through quantitative
real-time PCR, that confirmed that severe PE is associated
with the upregulation of miR-1233, miR-520, and miR-210

(FC=3.1–5.4) and the downregulation of miR-144
(FC=0.39) during the early stages of pregnancy [24].

In 2013, a two-step study identified 51 miRNAs differen-
tially expressed in women suffering from severe or mild PE
compared to healthy pregnant women. The first step used a
sequencing method to identify 22 upregulated miRNAs and
5 downregulated miRNAs in plasma of women suffering
from severe PE. Furthermore, the researchers showed that
33 miRNAs were upregulated and 6 miRNAs were downreg-
ulated in plasma of mild preeclamptic women. The second
step of the study focused on four different miRNAs (miR-
141, miR-144, miR-221, and miR-29a) selected among the
51 previously detected, in order to validate the results on a
larger number of samples through a RT-PCR method. The
results from this second step confirmed the upregulation of
miR-141, miR-221, and miR-29a in women suffering from
severe PE and the upregulation of miR-141 and miR-29a
and the downregulation of miR-144 in women suffering with
mild PE [9]. In a retrospective study by Munaut and col-
leagues, four different miRNAs (miR-210-3p, miR-210-5p,
miR-1233-3p, and miR-574-5p) were identified as upregu-
lated in serum of PE women [10], while Sandrim and collab-
orators found miR-885-5p significantly overexpressed in
plasma of PE women (FC=4.5) [25].

In a recent study by Hromadnikova and colleagues, the
differential expression pattern of C19MC miRNAs was
detected in plasma of preeclamptic women compared to
healthy controls. Particularly, levels of miR-517-5p, miR-
518b, and miR-520h increased during the first trimester of
gestation in women who developed PE (FC=3.1–8.9) [26].

3. miRNAs and Spontaneous Abortion

Abortion, defined by the World Health Organization
(WHO) as “any interruption of pregnancy before 28 weeks
of gestation with a dead fetus” [27], is the most common
complication in human reproduction, with an incidence
ranging from 50 to 70% of all conceptions [28]. The sponta-
neous interruption of two or more pregnancies consists of a
different disorder, which is the recurrent pregnancy loss
(RPL), that affects 5% of pregnant women suffering from this
disease [29]. Although the known causes of RPL are cytoge-
netic abnormalities, antiphospholipid syndrome, uterine
anomalies, hereditary thrombophilia, autoimmunity, sperm
quality, and environmental factors, it is not possible to
understand its etiology in most of the cases [30].

Table 1: Continued.

Authors and
year

Study design
Enrolled
population

Samples
Gestational

age at sampling (weeks)
Techniques ↑ miRNAs ↓ miRNAs

Replication
study:

8 cases + 8
controls

35
miR-885-5p
(PE women)

—

Hromadnikova
et al., 2017 [26]

Retrospective
21 PE + 58
controls

Maternal
plasma

10-11 qRT-PCR
miR-517-5p, miR-
518b, and miR-520h

(PE women)
—

qRT-PCR: quantitative real-time polymerase chain reaction; TLDA: TaqMan low-density array; PE: preeclampsia; IUGR: intrauterine growth restriction.
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Unexplained recurrentpregnancy loss (URPL) is amajor chal-
lenge in the obstetric field as it lacks of both safe and effective
therapies and reliable methods of early diagnosis [13].

In the uterus, miRNAs can regulate the expression of
genes associated with the anti-inflammatory response at the
time of peri-implantation and can also have a role in the
maternal-fetal immune tolerance [30]. Table 2 shows the
results of studies that have investigated the role of miRNA
regulation in RPL; among these, a study conducted on 12
childless Chinese women with three or more spontaneous
miscarriages at the 7th week of gestation and on women with
induced abortion, showed that miR-133a was highly overex-
pressed in the villi of the RPL cases (FC=32.4) [31]. Further-
more, JEG-3 cell lines were cultured and transfected with
pre-miR-133a. Luciferase reporter assays and subsequent
Western blot analysis showed that cell lines transfected with
pre-miR-133a had a decreasedHLA-G expression when com-
pared with control cell lines [31]. HLA-G is a nonclassical
major histocompatibility complex which is expressed in the
placenta during the full length of gestation and almost solely
in the extravillous trophoblasts at the fetal-maternal interface
[32]. The peculiar localization of HLA-G suggests that it plays
a crucial role in the maternal immune tolerance to the fetus
[31]; however, it is known that its expression is associatedwith
spontaneous abortion [33]. Thus, the study byWang and col-
leagues provides evidences that miR-133a is involved in the
pathogenesis of RPL by reducing the translation of HLA-G
by binding its 3′-UTR [31].

Further analysis on the identification of miRNA profiles
in villi of RPL cases has been conducted by Dong and
colleagues in 2014. In their study, differences in miRNA
expression were observed in villus tissues and decidua tissues
obtained from 20 Chinese women suffering from RPL,
compared to those in 15 clinically normal controls. In the
villus of RPL women, 41 miRNAs were found as downregu-
lated, whereas four were upregulated. In the decidua of RPL
women, seven miRNAs were overexpressed. However, to
further filter the key miRNAs involved in the RPL processes,

new fold change criteria were selected (≥2 or ≤0.2): miR184,
miR187, and miR125b-2 were significantly overexpressed in
the villus of RPL women, whereas miR520f, miR3175, and
miR4672 were downregulated. As far as the decidua is
concerned, miR517c, miR591a-1, miR522, miR520h, and
miR184 were found upregulated in RPL women, compared
to those in normal controls. High levels ofmiR184were found
in both samples, suggesting that it is involved in RPL [34].

In 2016, Li and Li isolated NK (Natural Killer) cells from
decidua tissue of both women suffering from URPL and
healthy controls and identified six differentially expressed
miRNAs: miR-34a, miR-155, miR-141, miR-125a, and miR-
125b were upregulated (FC=1.85–3.96), while miR-24 was
downregulated, in the URPL group, compared with the those
in healthy controls (FC=0.64) [11]. Interestingly, members
of the miR-24 family are regulators of p53 and thus involved
in the mechanisms of apoptosis and cell proliferation [35];
however, this was the first study showing a possible associa-
tion with RPL [11].

Further studies on URPL have been conducted by Qin
and colleagues, who screened circulating miRNAs isolated
from plasma of women suffering from URPL and healthy
controls. Their findings showed that 6 miRNAs had differen-
tial expression between cases and controls and thus could
serve as a potential candidate biomarker for URPL. Particu-
larly, miR320b, miR146b-5p, miR221-3p, and miR559 were
upregulated (FC=3.06–4.79) whereas miR101-3p was
downregulated (FC=0.21). However, the use of miRNAs as
noninvasive diagnostic biomarkers has not been established
yet and the sample size of the study was small. Thus, studies
on larger populations are needed in order to validate the
potential role of these miRNAs as biomarkers for URPL [13].

4. miRNAs and Preterm Birth

Preterm birth (PTB) is defined as birth occurring earlier than
the 37th week of gestation or before 259 days since the first
day of a woman’s last menstrual period [36]. Premature

Table 2: Studies reporting an association between alteration of miRNA expression and spontaneous abortion.

Authors and
year

Study design
Enrolled
population

Samples
Gestational age at
sampling (weeks)

Techniques ↑ miRNAs ↓ miRNAs

Wang et al.,
2012 [31]

Retrospective
12 cases
+ 10

controls
Villi 7

Microarray
+ qRT-PCR

miR-133a

Dong et al.,
2014 [34]

Retrospective
20 cases
+ 15

controls

Villi and
decidua

7
Microarray
+ qRT-PCR

miR-184, miR-187,
and miR-125b-2

(villi RPL)—miR-517c,
miR-519a-1, miR-522,
miR-520h, miR-184

(decidua RPL)

miR-520f, miR-
3175, and miR-

4672
(villi RPL)

Li and Li.,
2016 [11]

Retrospective
20 cases
+ 20

controls
Decidua 7–10 qRT-PCR

miR-34a, miR-155, miR-141,
miR-125a, and miR-125b

(RPL)
miR-24 (RPL)

Qin et al.,
2016 [13]

Retrospective
27 cases
+ 28

controls

Maternal
plasma

7
miRNA

array + qRT-
PCR

miR-320b, miR-146b-5p, miR-
221-3p, and miR-559 (cases)

miR-101-3p
(cases)

qRT-PCR: quantitative real-time polymerase chain reaction; RPL: recurrent pregnancy loss.
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birth, especially very premature birth, is a major cause of
neonatal mortality, morbidity, disability [37], and cognitive
impairment, in both childhood and adolescence [38]. In fact,
complications of preterm birth are the single largest direct
cause of neonatal deaths, responsible alone for 35% of the
world’s 3.1 million deaths a year, and the second most com-
mon cause of under 5-year-old deaths after pneumonia [39].
Although risk factors for PTB such as inflammation [40] and
cervical length [41] are known, the major obstacle to the
assessment of impactful interventional strategies against
PTB is represented by the lack of understanding of the critical
molecular mechanisms involved in its pathogenesis [14].

Epigenetic dysregulation may contribute to a substantial
part of the risk of PTB [42], and miRNA modulation may
represent an epigenetic mechanism that may be both a bio-
marker of risk and a target potentially amenable to future
interventions [15]. Hassan and colleagues provided the first
evaluation of a differential miRNA expression in cervical
tissue of women undergoing term labor and delivery: in fact,
among the 226 miRNA expressed in the cervical tissue, three
(miR-223, miR-34b, and miR-34c) were differentially
expressed and upregulated, compared to woman not in labor.
However, the study wasn’t able to investigate on the changes
of the cervix during the progression of the pregnancy [43].
The process of connective tissue remodeling in the cervix,
during pregnancy, occurs in four stages (softening, ripening,
dilation, and repair), which are overlapping in time but
uniquely regulated [44]. Elovitz and collaborators gave a sub-
stantial contribution on this topic, setting up a “RNA PAP”
method that demonstrates that a noninvasive molecular
assessment of human cervix during pregnancy is feasible.
The “RNA PAP” technique is like a Pap smear and involves
the collection of ectocervical cells through a cytobrush that
can be performed in each trimester of pregnancy. The molec-
ular analysis on the miRNA-ome, conducted on samples col-
lected with this method, showed that miRNA profiles in
cervical cells may distinguish women who are at risk for
PTB. Among the 99 differentially expressed miRNA between
women undergoing PTB and controls, 24 had a >2-fold
change in expression. Among these, only two (miR-143 and
miR-145) were increased in women who eventually had a
PTB (FC=11.5 and 12.34, resp.) and both were negatively
correlated to cervical length. [14]. Further studies, conducted

by Elovitz and colleagues on miRNA isolated from serum of
pregnant women, showed an alteration in the structure of
four different miRNAs (miR-200a, miR-4695-5P, miR-665,
and miR887) between PTB women and controls: miR-200a
and miR-4695-5P were in their mature form, whereas miR-
665 and miR887 were in their nonactive stem-loop form.
However, miRNA profiles in the maternal blood were not
significantly different in women who were destined to have
a preterm, compared with a term birth. The results are in
contrast with previous findings but may suggest that PTB is
a “local” disturb, with molecular and cellular changes at the
level of the reproductive tissues [6]. The role of local miRNAs
in reproductive tissues might help to significantly advance
understanding of preterm birth. Sanders et al. showed that
six miRNAs (miR-21, miR-30e, miR-142, miR-148b, miR-
29b, and miR-223), isolated from cervical cells, were signifi-
cantly overexpressed in women who had a shorter gestation.
Interestingly, three of these miRNAs (miR-21, miR-142, and
miR-223) have not been isolated in any previous studies con-
cerning PTB or gestational age in general [15]. Table 3 sum-
marizes the miRNAs involved in the etiology of PTB.

5. miRNAs and Birth Weight

The WHO has defined “low birth weight” (LBW) as a weight
at birth of less than 2500 grams [45]. Infants’ LBW can be
caused both by PTB or restricted fetal intrauterine growth
[46], and it is a risk factor for fetal and neonatal mortality,
growth, and cognitive development inhibition and chronic
diseases in adult life [47]. On the other hand, macrosomia
has been defined by the American College of Obstetricians
and Gynecologists as a weight at birth over 4000 grams,
regardless of the gestational age or greater than the 90th
percentile for gestational age, adjusting for neonatal sex and
ethnicity [48]. Maternal overweight and metabolic disorders
such as diabetes mellitus type 2 or gestational diabetes melli-
tus play a key role in macrosomia [49] which is known since
the ’80s for leading to complications such as prenatal
asphyxia, trauma, and fetal death [50]. Several studies have
been conducted in order to find an association between miR-
NAs and these birth outcomes with the aim to establish bio-
markers useful for the diagnosis of these disorders (Table 4).
As far as LBW is concerned, Song and colleagues studied the

Table 3: Studies reporting an association between alteration of miRNA expression and PTB.

Authors and
year

Study design
Enrolled
population

Samples
Gestational age at
sampling (weeks)

Techniques ↑ miRNAs ↓ miRNAs

Elovitz et al.,
2014 [14]

Retrospective
10 cases + 10
controls

Cervical
cells

<37
Affymetrix
GeneChip

miRNA array
+ qRT-PCR

miR-143, miR-145 (cases) —

Elovitz et al.,
2015 [6]

Retrospective
40 cases + 40
controls

Maternal
serum

<30 miRNA array
miR-4695-5P, miR-665
(stem-loop), and miR-887

(stem-loop) (cases)

miR-200a
(cases)

Sanders et al.,
2016 [15]

Prospective
60 pregnant
women, 4 lost
at follow-up

Cervical
cells

<37 NanoString
miR-21, miR-30e, miR-142,
miR-148b, miR-29b, and

miR-223 (cases)

qRT-PCR: quantitative real-time polymerase chain reaction.
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expression of placenta-specific miR-517a in placental tissue
and maternal serum. The expression of mir-517a was higher
both in the placenta of LBW infants (FC=12.33) and in the
serum of women who delivered a LBW baby (FC=8.03).
Further analysis conducted on cultured cells suggested that
mir-517a inhibits trophoblast invasion, leading to abnormal
placentation and, thus, to LBW [18]. Further studies, con-
ducted on placenta-specific miRNAs, showed that the
expression of miR-518b and miR-519a was altered in infants
with IUGR, when compared to large for gestational age
(LGA) infants and healthy babies: specifically, miR-518b

was down regulated (FC=0.46), whereas miR-519a was up
regulated (FC=1.91) [51]. miR-518b and the other C19MC
miRNAs were recently studied also by Hromadnikova and
colleagues, who screened first the trimester blood of IUGR
subjects and healthy controls. However, no significant differ-
ence in plasma levels of C19MCmiRNAs was found between
the two groups [26]. Researches on macrosomia are more
numerous. In 2014, a two-phase study conducted on 120 par-
ticipants showed aberrant expression of miR37a, which was
downregulated in serum of pregnant women who delivered
infants with macrosomia [16]. In 2015, Li and colleagues

Table 4: Studies reporting an association between alteration of miRNA expression and altered BW.

Authors and
year

Gestational
disorder

Study design
Enrolled
population

Samples
Gestational age at
sampling (weeks)

Techniques ↑ miRNAs ↓ miRNAs

Song et al.,
2013 [18]

LBW Retrospective
10 cases
+ 20

controls

Placental
tissue

+maternal
serum

Delivery qRT-PCR

miR-517a
(maternal
serum and
placental
tissue of
cases)

Wang et al.,
2014 [51]

LGA, IUGR Retrospective

30 LGA
+ 30

IUGR+ 30
controls

Placental
tissue

Delivery qRT-PCR
mirR-519a
(IUGR)

miR-518b
(IUGR)

Wang et al.,
2014 [51]

LGA Retrospective

30 LGA
+ 30

IUGR+ 30
controls

Placental
tissue

Delivery qRT-PCR — —

Hromadnikova
et al., 2017 [26]

IUGR Retrospective
18 IUGR

+ 58
controls

Maternal
plasma

10 qRT-PCR — —

Hu et al.,
2014 [16]

Macrosomia Retrospective
60 cases
+ 60

controls

Maternal
serum

16–20
TLDA
− qRT-
PCR

— miR-376a

Li et al.,
2015 [52]

Macrosomia Retrospective
57 cases
+ 100

controls

Placental
tissue

+maternal
serum

Placenta (deliv-
ery) serum (NA)

qRT-PCR

miR-18a,
miR-19a,
miR-20a,

miR-19b, and
miR-92a
(placental
tissue of
cases)

miR17, miR18a,
miR19a, and

miR92a (mater-
nal serum of

cases)

Ge et al.,
2015 [53]

Macrosomia Retrospective
35 cases
+ 20

controls

Maternal
serum

18–28
TLDA

+qRT-CR

miR-523-3p,
miR-3a-3p,
andmiR-16-
5p (cases)

miR-221-3p,
miR-143-3p,
miR-18a-5p
miR-141-3p,
and miR200c-
3p (cases)

Zhang et al.,
2016 [54]

Macrosomia Retrospective
67 cases
+ 64

controls

Placental
tissue

Delivery qRT-PCR miR-21 miR-143

Jiang et al.,
2015 [17]

Macrosomia Retrospective
60 cases
+ 60

controls

Maternal
plasma

16–20 weeks and 1
week from
delivery

TLDA
+qRT-
PCR

— miR-21

Miura et al.,
2015 [55]

Birth weight
Cross-
sectional

82
pregnant
women

Maternal
serum

37-38 qRT-PCR

LBW: low birth weight; qRT-PCR: quantitative real-time polymerase chain reaction; IUGR: intrauterine growth restriction; LGA: large for gestational age;
TLDA: TaqMan low-density array.

6 International Journal of Genomics



investigated on the role of miRNA17-92 cluster in macroso-
mia, with a study on both the placenta and serum from 57
mothers who delivered infants with macrosomia and 100
healthy controls. The results on placenta showed the upregu-
lation of miR17, miR18a, miR19a, miR19b, miR20a, and
miR92a in samples coming from mothers with macrosomic
babies. As far as the maternal serum is concerned, miR17,
miR18a, miR19a, and miR92a were downregulated in plasma
of mothers with macrosomic infants. This result has high
diagnostic sensitivity and specificity for macrosomia, as sug-
gested by the ROC curve analysis [52]. Further studies on
miRNA profile in serum of pregnant women were conducted
by Ge and collaborators, investigating 45 pregnant women
who eventually delivered infants with macrosomia and 30
women who eventually delivered healthy infants. Firstly,
samples of women with fetal macrosomia and women with
a healthy pregnancy were analysed through TaqMan low-
density array (TLDA). Particularly, 143 miRNAs were found
differentially expressed: 43 were up regulated and 100 were
down regulated in women with fetal macrosomia. Among
these, 12 miRNAs were chosen for the validation through
qRT-PCR. Four out of the 12 selected miRNAs were upregu-
lated (miR-661, miR-523-3p, miR-125a-5p, and miR-30a-

3p) while 8 were downregulated (miR-181a-5p, miR-200c-
3p, miR-143-3p, miR-221-3p, miR-16-5p, miR-141-3p,
miR-18a-5p, and miR-451). All the results by TLDA were
confirmed by qRT-PCR with the exception of miR-16-5p
that had opposite results. ROC curve analysis was performed
in order to test the characteristic of the differentially
expressed miRNAs. Downregulated miR-523-3p, miR200c-
3p, and miR141-3p showed a higher efficiency in distinguish-
ing between woman with fetal macrosomia and women with
normal pregnancy; thus, further analysis through qRT-PCR
was conducted in order to verify their specificity for macro-
somia. In fact, further analysis on serum of 16 pregnant
women suffering from PE showed that miR141-3p and
miR200c-3p were downregulated in women with fetal
macrosomia, also when compared to those in preeclamptic
woman, whereas miR-523-3p did not show a significant dif-
ference between the two groups [53]. In 2016, a study on pla-
cental expressed miRNAs on 67 samples of macrosomic
placental tissues and 64 normal placental tissues showed that
high levels of miR-21 and low levels of miR-143 are associ-
ated with macrosomia [54]. MiR-21 was also found associ-
ated to macrosomia by Jiang and colleagues; however,
findings of this study on maternal serum showed that levels

Table 5: Studies reporting an association between alteration of miRNA expression and environmental exposure.

Authors and
year

Exposure
Study
design

Enrolled
population

Samples Techniques ↑ miRNAs ↓ miRNAs

Li et al.,
2015 [56]

Organic and
inorganic

environmental
pollutants

Prospective

110 clinical
normal
pregnant
women

Placental
tissue

NanoString

miR-651
(Pb exposure)
miR-1537

(Cd exposure)
miR-188-5p
(PBDE high

brominated conge-
ner 209 exposure)
miR-1537 (PCB

congener 52 and 10
and total PCB
exposure)

miR-151p, miR-10a, miR-193b,
miR-1975, miR-423-5p, miR-
520d-3p, miR-96, miR-252a,

miR-518d-5p,
miR-520a-5p, miR-190, let-7a,
let-7b, let-7c, let-7d, let-7g, and

let-7i (Hg exposure)
let-7f, miR-146a, miR-10a, and

miR-431 (Pb exposure)
let-7c (PBDE low brominated

congener 99 exposure)

Tsamou et al.,
2016 [57]

PM2.5, NO₂ Prospective

210
mother-
newborn
pairs

Placental
tissue

qRT-PCR

1st trimester
miR-20a, miR-21
(PM2.5 exposure)
miR-21 (NO₂
exposure)

1st trimester
—

2nd trimester
—

2nd trimester
miR-16, miR-21, miR-146a, and

miR-222 (PM2.5 exposure)
miR-20a, miR-21, and miR-146a

(NO₂ exposure)

3rd trimester
—

3rd trimester
miR-146a, (PM2.5 exposure)

LaRocca et al.,
2016 [58]

Endocrine
Disrupting
Chemicals

Prospective 179 women

Maternal
urine +
placental
tissue

PCR Array
+ qRT-
PCR

mir-15a-5p (Σ∗

phenols, Σ
parabens male
placentas)
mir-185 (Σ

DEHPm, Σ LMW)

mir-15a-5p (Σ phenols, Σ
parabens female placentas and

nonparabens, overall)
miR-142-3p (Σ phenols, Σ para-
bens, Σ nonparabens overall)

mir-185 (Σ phthalates, Σ HMW,
overall)

qRT-PCR: quantitative real-time polymerase chain reaction; ∗ indicates the sum of all the chemicals.
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of miR-21 were significantly lower in serum of women deliv-
ering macrosomic infants when compared to healthy con-
trols [17]. Miura and collaborators found an association
between circulating miR-21 levels in maternal serum and
not only infants’ birth weight but also maternal body mass
index. However, no significant association was found
between circulating miR-21 levels and placental weight [55].

6. miRNAs and Environmental
Exposure during Pregnancy

Studies on birth cohorts using miRNAs as biomarkers in
pregnancy have been mostly conducted to assess the associa-
tion between the exposure to environmental pollutants and
changes in the miRNA-ome in placental samples (Table 5).
A study on placental samples from the National Children’s
Study (NCS) Vanguard birth cohort investigated on the asso-
ciation between miRNA profile in placentas and prenatal
exposure to dichlorodiphenyldichloroethylene (DDE),
bisphenolA(BPA), polybrominateddiphenyl ethers (PBDEs),
polychlorinated biphenyls (PCBs), arsenic (As), mercury
(Hg), lead (Pb), and cadmium (Cd). Results showed that expo-
sure to high levels of Hg was associated to decreased levels of
miR-151p, miR-10a, miR-193b, miR-1975, miR-423-5p,
miR-520d-3p, miR-96, miR-252a, miR-518d-5p, miR-520a-
5p, miR-190, and numerous miRNAs belonging to the let-7
family. Exposure to high levels of Pb was associated not only
to lower levels of the let-7 family miRNAs and miR-190 but
also to lower levels ofmiR-146a,miR-10a, andmiR-431, while
the levels ofmiR-651were increased. Exposure tohigh levels of
Cd and PCBs were associated with high levels of miR-1537.
However, the study did not take into account birth outcomes
and analysed only 110 placentas collected from the larger
NCS Vanguard birth cohort [56].

In 2016, a study analysed sample tissues of placenta from
the ENVIRONAGE birth cohort to assess a possible associa-
tion between exposure to air pollutants (PM2.5 and NO2) and
altered expression of placental miRNAs. As far as PM2.5 is
concerned, exposure to the pollutants in the first trimester
of pregnancy was positively associated with increased expres-
sion of miR-20a and miR-21, while exposure during the
second trimester was associated with lower expression of
miR-16, miR-20a, miR-21a, miR-222, and miR146a, which
levels were even lower during the third trimester. Exposure
to NO2 during the first trimester was positively associated
with an increased expression of miR-21, whereas the expo-
sure to the pollutant during the second trimester of
pregnancy showed an association with lower levels of
miR-20a, miR-21, and miR-146a. Although this study has
a larger sample size (210 mother-newborns pairs) than
the other previously described, it does not take into
account pregnancy outcomes [57].

A study conducted on 179 samples of urines and pla-
centas of first-trimester mothers and their infants, coenrolled
in the Harvard Epigenetic Birth Cohort and in the Predictors
of Preeclampsia Study, investigated on the alteration of pla-
cental miRNA expression and exposure to phthalate metabo-
lites and phenol. After a pilot study on 48 samples, LaRocca
and colleagues selected 29 differentially expressed miRNAs

to be further investigated in the full study. The most relevant
results showed that increased levels of total phenols in the
urine were associated with lower expression of miR-142. Par-
ticularly, increased levels of parabens were associated with
lower expression of miR-142 both in urine and in the pla-
centa. Increasing levels of nonparabens in urine was also
associated to lower levels of miR-15a-5p. However, only in
female newborn placentas, the expression levels of miR-
15a-5p were found significantly associated to an increasing
exposure to total phenols. As far as the phenols were con-
cerned, the expression of the majority of tested miRNAs
was positively associated to levels of BPA and BP-3 in urines.
Results about phthalates showed that an increased exposure
to low molecular weight phthalates was associated to lower
levels of miR-185 expression in placenta. The result was
probably due to MEP (monoethyl phthalate), which was the
compound presenting the stronger association with miR-
185. Moreover, the expression of the majority of the tested
miRNAs was associated to the exposure to monocarboxyi-
sooctyl phthalate (MOCP). However, no association between
the expression of the miRNAs altered by the maternal
chemical exposure and gestational age, birth weight, or birth
length was found [58].

7. Discussion

Several studies have investigated on the association between
circulating levels of miRNAs and birth outcomes, to establish
potential biomarkers for the prevention of the most common
gestational disorders. In fact, the aforementioned scientific
literature well describes aberrant miRNA expression in
mother-child pairs with adverse pregnancy outcomes, sug-
gesting that miRNAs may serve as useful prevention and
clinical tools.

However, results from several works are inconsistent and
the spectrums of miRNAs observed by different studies are
rather controversial. Such inconsistency or discrepancies
can be attributed to differences in sample type, sample han-
dling, gestational age at sampling, techniques used for
miRNA profiling, and population characteristics, such as
age, ethnicity, and lifestyles.

Particularly, the results could be influenced by the differ-
ent sources of miRNAs, such as the placenta, umbilical cord
blood, or maternal sera. In biomarker-related studies, both
these noninvasive and easily obtainable samples are suitable
sources of miRNAs, reflecting early-life experience during
pregnancy. However, changes in miRNA expression, using
the cord blood and placenta as starting material, could be
analysed to understand the etiology of adverse pregnancy
outcomes, because the obtained expression profiles reflect
the environmental exposure toward the end of pregnancy.

To investigate the relationship between placental-
specific miRNAs and pregnancy outcomes, researchers
compared the expression of miRNAs isolated from the
placentas between patients affected by the disorders and
healthy controls [8, 51, 54, 56–58]. Since placental tissues
are obtained at the time of delivery, it is unclear whether the
aberrant miRNA expression is the cause or the consequence
of the disorder. Accordingly, only two studies analysed the
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expression of specific miRNAs both in the placenta and
maternal serum [18, 52].

In fact, maternal plasma and serum could be useful to
monitor changes in miRNA expression throughout preg-
nancy and in specific gestational periods, allowing the devel-
opment of screening biomarkers. Other sample sources were
maternal urine [58], decidua [11, 34], villi [31, 34], and cervi-
cal cells [14, 15].

Blood-derived biomarkers could be routinely monitored,
representing the preferred specimens for noninvasive diag-
nosis. However, gestational age at sampling could influence
the levels of circulating miRNAs. Among the reviewed
studies, gestational age at sampling depended on the study
design and sample type, with a range from 7 to 40 weeks.
As a result, it is discouraged to compare findings from
studies which evaluate miRNA expression levels at differ-
ent gestational age. To overcome this issue, studies have
to include results for each trimester of the pregnancy, as pro-
vided by Tsamou et al. and LaRocca et al. [57, 58].

Endogenous degrading properties, elapsed time from
collection, temperature during transport, anticoagulant, and
stabilising agents are key factors that affect the quality of bio-
logical samples and expression analyses. However, among
the reviewed studies, it is unclear whether sample processing
and storage were appropriate.

To date, there are several methods to examine miRNA
profiling, such as quantitative real-time PCR (qRT-PCR),
microarrays, and direct sequencing. Although each method
has advantages and limitations, qRT-PCR seems to have bet-
ter sensitivity than array technologies for miRNA profiling
[59]. On the other hand, qRT-PCR approach is limited in
the number of detectable miRNAs compared with microar-
rays. Next-generation sequencing (NGS) offers important
advantages over other technologies, representing the best
platform for miRNA discovery. However, although NGS is
extremely sensitive, qRT-PCR is still the only platform capa-
ble of generating absolute quantification [59]. Differences in
techniques used for miRNA profiling are also a contributing
factor controversial in the specific miRNA expression. The
suitable approach, mostly used, was to identify disease-
related differences in miRNA expression by miRNAmicroar-
ray or second-generation sequencing in small subgroups,
followed by the validation by qRT-PCR on a larger sample
size [8, 9, 13, 14, 16, 23–25, 31, 34, 53, 58]. However, other
studies just used qRT-PCR techniques to validate candidate
biomarkers identified through literature search or based on
previous findings [10, 11, 18, 26, 51, 52, 54, 55, 57]. In addi-
tion, variability between studies was also observed in data
reporting. In fact, the majority of studies used 2-fold change
and 0.5-fold change thresholds to define marked differential
miRNA expression [8, 13, 14, 18, 24, 25, 31]. However, others
reported as differentially expressed also miRNA with an
expression of only 1.5-fold changes [11, 23, 51]. Thus, to
improve accuracy and avoid discrepancies, it is important
to develop standardized methodologies both in preanalytical
and analytical activities.

Anadditional limitationof studiesmentioned in thispaper
was the size of the enrolled population. Although several evi-
dences demonstrate the potential application of miRNAs in

themonitoring of adverse pregnancy outcomes, data interpre-
tation must be prudent because of the small sample size.

In this context, a major involvement of large birth
cohorts and biobanks is warranted.

Moreover, the validation of tissue-accessible biomarkers
for the monitoring of adverse pregnancy outcomes needs a
systematic approach that takes also into account early-life
environmental exposure [60]. To achieve this goal, exposure
to xenochemicals, endogenous agents, and diet should be
assessed through the collection of questionnaire data, as well
as biological samples.

At the best of our knowledge, few studies have investigated
miRNAs involved in causal pathways between early-life
exposure and adverse pregnancy outcomes [58]. Generally,
the relationships between environmental exposure, changes
in miRNA expression, and gestational disorders are explored
separately, producing conflicting findings due to methodo-
logical and biospecimen heterogeneity.

8. Conclusion

The overall aim of this review was to summarize the effects of
miRNAs and environmental exposure on pregnancy out-
comes. Although several studies reported differential miRNA
expression in gestational disorders, we arose the need of
more standardized methodologies in both preanalytical and
analytical levels, as well as a major involvement of large birth
cohorts and biobanks. Particularly, the potential to transform
biobanks into well-characterized longitudinal epidemiologi-
cal studies has become crucial to the conduct of large-scale
genomic and epigenomic researches. The set of exposure
information, clinical data, and biological samples, collected
in human biobanks, constitutes a resource to conduct further
analyses for the characterization and validation of miRNAs
as biomarkers in both preventive and diagnostic strategies
for gestational disorders.
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