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Abstract
Gene expression and its regulation play a central role in maintaining 

life and generation in all living things. According to the central dogma of 
genetics, DNA plays a central role in gene expression, RNA is synthesized 
from DNA, and protein is synthesized from RNA. According to recent 
research results, human DNA produces more regulator non-coding 
RNA than protein coding RNAs. These RNAs act as important functional 
regulatory molecules in various cellular processes, including chromatin 
remodeling, transcription, post-transcriptional modifications and 
signal transfer. Therefore, the regulator ncRNAs act as key regulators 
of physiological programs in terms of development and disease. In this 
review, the main structural and functional properties of miRNA, siRNA, 
piRNA, lncRNA and circRNA defined as regulator ncRNAs are reviewed.
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Introduction
In 1838, cell theory was introduced by Schleiden 

and Schwann. Microscope examination of plant tissues 
by Schleiden and animal tissues by Schwann led to the 
same result: all living things are made up of cells [1, 2]. 
Gene expression plays a central role in the maintenance 
of life and generation in all living beings, whether single-
celled or multi-celled organisms, and the development 
of all cells and tissues and the provision of homeostasis 
are possible through regulation of gene expression. DNA 
plays a central role in gene expression, and RNA is 
synthesized from DNA according to the dogma expressed 
centrally in genetics, and protein is synthesized from 
RNA [3].

Housekeeping RNAs are RNAs that are structurally 
expressed in gene expression and are essential for 
normal cellular functions. In carrying out these structural 
functions in the cell, both encoding (protein coding) 
RNAs (mRNA) and non-coding (protein non-coding) 
RNAs (snRNA, tRNA, rRNA, snoRNA) are produced. 
Messenger RNAs (mRNA) act as a template for protein 
synthesis, ribosomal RNAs (rRNA) and transfer RNAs 
(tRNA) are involved in the translation of mRNA into 
protein. snRNAs (small nuclear RNAs) play a role 
in splicing to create mature mRNA. snoRNAs (small 

nucleolar RNAs) have several different types but mainly 
play a role in the modification of rRNAs [4]. 

The introduction of regulator non-coding RNAs 
(ncRNAs) as a different group after 1980s, apart from 
the above-mentioned RNAs, which played a role in the 
fulfillment of basic cellular functions, completely changed 
our thinking about ncRNAs. In studies conducted in E. 
coli, it was revealed that the first time the micF RNA 
was discovered, the transcription was regulated by the 
regulator ncRNAs called micro RNAs (miRNAs) [5]. 
Following this, lin-4, the first regulator miRNA discovered 
in C. elegans in the 1990s, was introduced [6]. In the 
same years, H19 lncRNA [7], which is a long non-coding 
RNA (lncRNA) that plays a role in genomic imprint, 
and Xist lncRNA, which plays a role in X chromosome 
inactivation, were identified in studies in mice [8]. It 
was found that miRNAs identified in C. elegans in 1998 
regulated the transcription of complementary mRNAs 
through a mechanism called RNA interference [9]. It was 
revealed that let-7, the second miRNA identified in C. 
Elegans in 2000, contains common sequences in human 
and increases exponentially in human cell lines [10, 11]. 
In 2002, the first human miRNA was identified in cases of 
B cell chronic lymphocytic leukemia: miR-15a and miR-
16-1 [12]. Then the miR17-92 cluster and miR-155 were 
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discovered as the first human oncogenic miRNAs [13, 14].
While these developments related to the regulator ncRNAs 

occurred, the first draft results of the Human Genome Project 
were published in 2001. Later, its deficiencies were completed 
and the correctly edited results were published in 2004 by the 
International Human Genome Sequencing Consortium [15]. 
However, this contradicted the "efficiency principle", which is 
one of the most fundamental principles of biological systems in 
terms of "efficiency of the genome", given that proteins represent 
the primary functional end product of genetic information.

With the ENCODE (Encyclopedia of DNA Elements) 
project that started in 2003, it was aimed to define all functional 
elements in the human genome. How much of our genome has 
"junk DNA" that has no role, and how many of them have a 
function other than protein coding? The results of the ENCODE 
project showed that 75% of the human genome is transcribed 
and this led to the recognition of the role of non-coding RNAs 
in the regulation of gene expression. With the ENCODE project, 
more than 50,000 lncRNAs and as many as 9000 small ncRNAs 
have been identified [16].

Studies in recent years have shown that there are thousands 
of unique ncRNA sequences in our tissues and cells. This turned 
our ncRNA perception from “jung” transcriptional products 
into functional regulator molecules that mediate cellular 
processes, including chromatin remodeling, transcription, post-
transcriptional modifications, and signal transfer. Networks 
involving regulator ncRNAs can affect a large number of 
molecular targets to activate specific cell biology responses 
and cell destiny. As a result, regulator ncRNAs function as key 
regulators of physiological programs in terms of development 
and disease [17].

In this study, the major structural and functional properties 
of miRNA, siRNA (small interfering RNA), piRNA (RNA 
interacting with piwi proteins), lncRNA and circRNA (circular 
RNA), which are defined as regulator ncRNAs, are reviewed.

miRNA
miRNA is a transcript of approximately 22 nucleotides in 

length, which interacts directly with the partially complementary 
target region located in the 3 'UTR region of the target mRNA 
(18). This definition was first used by three different research 
groups working on C. Elegans in 2001 [19, 20]. When the 
miRNA research area began to expand, experts came together 
to issue guidelines on how to name these transcripts between 
species, and a recording system was created so that the same 
symbols were not used by different research groups for different 
miRNAs [21, 22]. This miRNA recording system, which was 
created first, was later transformed into miRBase, the unique 
and online database system for miRNAs [23].

miRNA maturation is a multi-stage process that begins in 
the nucleus and ends in the cytoplasm. miRNAs are transcribed 
by RNA pol II as mono or polysistronic primary miRNA 
precursors (pri-miRNA). pri-miRNAs contain a 7mG cap at the 
5 'end and a poly A tail at the 3' end [24, 25]. Two biosynthetic 
pathways have been defined for miRNAs. Accordingly, the first 
pathway is the typical Drosha-dicer dependent biosynthesis 
pathway. The source of longer pri-miRNAs in this pathway is 
usually intergenic regions [26]. The second pathway is atypical 
pathway. The origin of these miRNAs is called mirtrons because 
they are introns of protein-coding genes [27].

The main mechanism for the typical pathway of 
miRNA biogenesis in mammals is shown in Figure 1. In a 
typical pathway, mammalian miRNA is transcribed by RNA 

polymerase II as a primary miRNA (pri-miRNA) transcript. The 
secondary structure of pri-miRNA formed by base matching 
can be polyadenylated and regulated by transcription factors 
[28]. pri-miRNA is detected in the nucleus by the Drosha/
DGCR8 DiGeorge Syndrome Critical Region Gene 8 enzymatic 
complex. The Drosha enzyme contained in this complex is 
an RNase III group endonuclease capable of cutting double 
chain RNA and complexes with DGCR8, a double chain RNA 
binding protein that acts as a ruler to measure the breakpoint 
of pri-miRNA. This complex breaks pri-miRNA into a 65-70 
nucleotide precursor RNA (pre-RNA) [29]. The pre-miRNA is 
folded locally to become a stable hairpin structure, and at the 
3 'end of this structure there is a 2 nucleotide protrusion. This 
feature of the molecule provides specificity for the transport of 
the exporter 5 to the cytoplasm and its processing by the RNase 
III dicer enzyme [30]. miRNA is transported to the cytoplasm 
through the nuclear envelope through the exportin-5 receptor / 
ran-GTP-dependent mechanism [31]. In eukaryotes, exportin-5 
and ran-GTP are similar carrier molecules, and binding of pre-
miRNA to these molecules prevents nuclear degradation of pre-
miRNA and facilitates its transition to cytoplasm [32]. The pre-
miRNA from the cytoplasm is processed into a 22 nucleotide 
long dsRNA by an "RNase III dicer/double chain RNA binding 
protein complex". This double-chain RNA-binding protein 
complex in mammalian cells consists of two proteins. The first 
of these is “transactivation response element RNA-binding 
protein (TRBP)” and the second is “protein activator of the 
interferon-induced protein kinase (PACT)” [33]. In the next step, 
mature miRNA duplexes bind to the argonate (ago-1-4) protein 
and “RNA-induced silencing complex (RISC)” is created. 
In mammal, ago2 is the main protein associated with mRNA 
degradation or translation suppression in the RISC complex. 
Also, single-stranded mature miRNA is also associated with 
RISC, and this shows sequence matching with the target mRNA. 
As a result, the RISC complex binds to 3 'UTR regions of the 
target mRNA and induces post-transcription silencing [34]. The 
ago-miRNP complex also provides binding of other proteins that 
mediate the degradation of mRNA or suppression of translation. 
The main component of mature miRNA for target recognition 
is the 2-7 nucleotide-long Watson-Crick matching region [35].

Atypical pathway is Drosha independent and dicer 
dependent pathway. Namely, mirtrons are directly transferred 

Figure 1. Biosynthesis and mechanism of action of miRNA
(Abbreviations: DGCR8: DiGeorge Syndrome Critical Region
Gene 8, pri-miRNA: primary miRNA, TRBP: Transactivation
Response Element RNA-Binding Protein, RISC: RNA-Induced
Silencing Complex).
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to the cytoplasm without being treated with Drosha/DGCR8. 
Then, mirtrons complete the dicer-dependent processing steps in 
the cytoplasm, similar to the typical pathway of miRNAs [36]. 
Some miRNAs are encoded by a gene set such as miR-17 ~ 92 
gene cluster. In a study with this gene cluster, an intermediate 
formation called progenitor-miRNA (pro-miRNA) was shown 
during the processing of the pri-miR-17 ~ 92a transcript 
containing all six miRNAs from this cluster [37].

miRNAs are often transcribed from two target genomic 
loci. The first is from the miRNA genes in the intergenic region, 
and the second from the introns of protein-encoding genes [38, 
39]. It has been demonstrated that there are many miRNA genes 
in the intergenic regions of chromosomes 1, 14, 19, and X [40]. 
Many miRNA genes are evolutionarily conserved and most of 
them interact with mRNAs, indicating their important biological 
functions [41]. 

In addition to mRNAs, miRNAs are regulators for 
non-coding RNAs, such as lncRNAs and circRNAs. It has 
been shown that miRNA can target several hundred mRNAs, 
suggesting a complex and combined form of miRNA movement 
in mRNA regulation [42]. It is estimated that more than 60% of 
all mRNAs contain the miRNA target sequence in the 3 'UTR 
regions [43]. This shows that miRNAs play a role in normal 
cellular homeostasis and disease states [44]. An increasing 
number of studies in recent years have revealed that miRNAs 
play a role in the development of many diseases [45]. These 
include heart diseases such as hypertrophy and ischemia [46], 
schizophrenia and major depression [47], deafness [48], stroke 
[49], psoriasis [50], cirrhosis [51], rheumatoid arthritis [52] and 
cancer [53].

miRNAs are found in both intracellular and extracellular 
media and in almost all biological fluids [54]. MiRNAs distributed 
within exosomes affect inflammation and autoimmunity [55]. 
Exosomes are cell-derived vesicles containing functional 
molecules such as RNA, DNA, protein and lipids [56]. Exosomes 
often mediate intercellular communication by giving functional 
molecules from donors to recipient cells, including miRNAs, 
lncRNAs, and circRNAs. Exosomes carrying miRNA have been 
identified as potential biomarkers for rheumatoid arthritis [57].

The natural structure of miRNAs has a strong potential 
that can disrupt a large number of cell signaling pathways in the 
event of abnormal expression, thereby having a profound effect 
on cancer iniciacion and progression. In numerous articles since 
the first evidence of miRNAs' role in cancer has been published, 
miRNAs have been shown to play a role in all stages such as 
cancer development, progression, metastasis and drug resistance 
[58, 59]. In addition, it has been demonstrated that miRNAs can 
distinguish between normal tissue and cancer tissue and between 
subtypes of a particular cancer [60]. Therefore, miRNAs can 
play a key role in drug resistance and as a biomarker for early 
diagnosis. As a result, the modus operantis obtained so far about 
miRNAs may play a role in researchers designing artificial 
miRNAs that target many genes.

siRNA
siRNA is produced from a 70-80 bp long double chain 

RNA (dsRNA) molecule that results from virus replication 
exogenously and endogenously transposon activity or gene 
transcription. These double chain RNAs are broken down into 
19-24 nucleotide fragments by the RNase III enzyme dicer. 
These RNA fragments then combine with argonate proteins, 
causing degradation of the target mRNA [61]. In this mechanism, 
the breaker endonuclease activity of argonate proteins breaks 

down target transcripts to perform gene silencing. In this 
respect, the biosynthesis and mechanism of action of siRNA 
are similar to miRNA. In addition, some other proteins are 
involved in translation suppression and specific chromatin 
modification processes [62]. In the case of endogenous siRNA 
(endo-siRNA), dsRNA results from elongated hairpin structures 
or base matching of "sens-antisense" transcripts. Sens-antisense 
transcripts matching may depend on bidirectional transcription or 
complementary transcripts of different loci [63]. Endo-siRNAs 
play a role in silencing transposable elements in mammals. The 
piRNA pathway serves as an important defense mechanism 
against repetitive transposable elements in mammalian testicles, 
while the female germline transposable elements lead to 
dsRNAs that can be processed into endo-siRNAs. Thus, endo-
siRNAs contribute to maintaining genomic stability in the 
female germline [64].

Exogenous siRNAs (exo-siRNA) consist of dsRNAs taken 
from outside the cell. This mechanism plays a role as an antiviral 
defense mechanism in nematodes, plants and Drosophila. Here, 
after the onset of viral infection, viral dsRNAs are processed 
into siRNAs that target viral mRNAs from which they originate 
[65]. In addition, a protein-mediated interferon response system 
for antiviral defense is activated during infiltration of viral long 
dsRNAs in many differentiated cells [66].

In addition, recent studies have shown that siRNAs can 
cause transcriptional gene silencing through DNA methylation 
and histone modification [67]. In a study on this issue, siRNAs 
were shown to prevent cisplatin resistance in human non-small-
cell lung carcinoma (NSCLC) and stomach cancer cells by 
silencing a histone methyltransferase (EZH2: Enhancer of Zeste 
Homology-2) [68]. These and similar research results show us 
that RNA interference pathways may also have regulatory roles 
on epigenetic mechanisms. In-depth investigation of the siRNAs 
involved in this process can help us understand the regulation of 
epigenetic mechanisms accurately.

piRNA
piRNA is a 24-31 nucleotide long single chain RNA 

molecule processed from a single chain precursor RNA transcript 
[69]. The precursor piRNA is transcribed as a long transcript 
by RNA pol II. This is then transferred to the cytoplasm and 
processed independently of the dicer enzyme. The precursor 
piRNA is processed into mature piRNA by a protein complex 
that is still not fully known, except for argonate proteins. The 
piRNA sequences are much more diverse than any known 
cellular RNA class due to the variety of processing mechanisms 
and source transposons and constitute the largest non-coding 
RNA class [70, 71]. The piRNAs were discovered in the mouse 
testicles in 2006 by four independent groups. piRNAs play a 
role in silencing retrotransposons at both post-transcription and 
epigenetic levels and especially during spermatogenesis [72-
75]. Transposon regulation by piRNAs is conceptually similar 
to the immune system that can recognize “self” and “non-self”. 
It is understood that piRNAs use a complex mechanism to select 
and regulate genes that are not self-contained [76].

Two mechanisms have been characterized in Drosophila, 
although it is not entirely clear how precursor piRNAs are 
processed into mature piRNAs. These are primary pathway and 
secondary pathway (ping-pong cycle) (Figure 2). Members of 
the argonate protein family [piwi ("P-element-Induced WImpy 
testis), aub (Aubergine), ago3 (Argonaute)] play an important 
role from the primary pathway and ping-pong pathway. In the 
primary pathway, piRNAs are expressed and processed from 
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genomic regions called piRNA clusters. The single-stranded 
piRNA cluster combines with piwi and the double-stranded 
piRNA cluster with aub to form the piRNA-induced silencing 
complex (piRISC). The 3'-UTR sequences of some protein-
coding genes can also function as sources of primary piRNAs. 
The gene silencing function performed by piRISC occurs both 
in the cytoplasm and in the nucleus. Piwi plays a role in the 
transcriptional gene silencing process in the nucleus. The 
ping-pong path is triggered by the aub-piRNA complex along 
with ago3. The ping-pong path silences the target transposon 
sequence and also amplifies the piRNA sequence. Some aub-
piRNA complexes are transmitted by maternal inheritance [77]. 
While primary piRNAs tend to contain uridine (U) at their 5 'end 
(1U trend), secondary piRNAs are complementary to the last 
10 nucleotides at the 5' ends of primary piRNAs, and therefore 
tend to be adenine to the tenth nucleotide uridine of secondary 
piRNAs. (10A trend) [78].

Although the molecular mechanisms of piRNA biogenesis 
and function have been studied in the last few years, there 
are some gaps that need to be addressed for mature piRNA 
production and clarification of cellular functions [79]. However, 
since the piRNA sequences and piwi proteins differ among 
species, it is difficult to fully reveal the biogenesis and functions 
of piRNA [80].

The prototype of piwi proteins is encoded by the drozophila 
piwi gene, which was originally defined as a basic gene for 
germ line development [81]. Drozofila has three different piwi 
genes (ago3, aub and piwi). Of these, piwi and aub play a role 
in both male and female fertility, but ago3 is required for female 
fertility [82]. In addition, Drosophila piRNA pathway regulates 
transposon activity to protect telomeres [83].

Mice also express three different piwi proteins (MIWI, 
MIWI2 and MILI). All three PIWI proteins are expressed 
at different stages during spermatogenesis, but only MILI is 
expressed in female germ cells, albeit weak. Mutations in mouse 
PIWI genes affect the male germ line, but not the female germ 
line [84]. According to the researches, piRNAs in mice are 
divided into two subgroups. The first is the "pachytene piRNA" 
group, which mainly occurs during meiosis and continues to be 
expressed in haploid spermatitis. The other is the pre-pachytene-
piRNA group that appears primarily in pre-meiosis germ cells. 
Although pre-pachytene-piRNAs have the molecular properties 
of the pachytene piRNA cluster, pre-pachytene piRNAs come 
from a completely different cluster and contain repetitive 
sequences [85].

Contrary to conventional gene-silencing mechanisms 
mediated by other small RNAs, piRNAs were found to have 
the ability to promote euchromatin histone modifications in 
Drosophila [86]. Also, a current genome-wide study showed 
that piRNAs and piwi are strongly associated with chromatin 
regulation. In this study, piRNAs were shown to suppress 
HP1a (heterochromatin protein 1a) protein to specific genomic 
loci, suppressing transcription by RNA pol II by an epigenetic 
mechanism [87].

Studies have shown that the DNA methyltransferase 
family (DNMT3a, DNMT3b and DNMT3L) play an important 
role in transposon methylation. Therefore, the catalytic activities 
of DNMT3a and DNMT3b are very important in germ cells and 
somatic cells. DNMT3L is an important regulator of methylation 
in germ cells [88]. Experiments show that two piwi proteins 
(MILI and MIWI2) are required to silence LINE-1 and IAP 
transposons in the testicle, and the deletion of MILI or MIWI2 
reduces the level of transposon methylation. MIWI2 is always 
in the nucleus during the critical methylation time. Small RNA 
sequence analysis showed that both MILI and MIWI have 
an upward-acting role in DNMT3L, and then they have an 
impact on DNMT3a and DNMT3b. These experimental results 
confirmed that the piwi protein/piRNA complex can mediate 
the methylation of transposons and that piRNA is a specific 
determinant of DNA methylation in germ cells [89]. 

Although the biogenesis and functions of piRNAs are 
still not fully clear, many studies have managed to compare 
different expression profiles of these small non-coding RNAs 
in different tissues, thanks to deep sequencing technology. In a 
study, researchers specifically aimed to compare the expression 
differences of sncRNAs in normal tissues and tumor tissues. So 
they tried to analyze their effects on metastatic disease and their 
presence in peripheral blood. In NSCLC, piR-L-163 was found 
to be down-regulated in this cancer cell line compared to the 
epithelial cell line [90]. In the breast, piR-34736, piR-34249, 
piR-35407, piR-36318, piR-34377, piR-36743, piR-36026 and 
piR-31106 were significantly differentiated between tumor and 
matched non-malignant tissue [91].

Recent studies have uncovered numerous cytoplasmic 
factors that play a role in piRNA biogenesis, as well as some 
nuclear factors that recognize and copy piRNA clusters to 
produce piRNA precursors or function in piRNA-mediated 
transcriptional silencing. In addition, some studies on eukaryotes 
have identified piRNAs that target protein-encoding genes and 
piRNAs that transmit transposon activity over generations [92].

lncRNA
RNAs that are longer than 200 nucleotides and have no 

protein coding potential are called lncRNAs. All mammalian 
lncRNAs have few common structural, functional or mechanical 
properties. Only some of the estimated thousands of mammalian 
lncRNAs have been mechanically characterized to date, and 
fewer have been functionally validated in vivo. LncRNAs vary 
widely in their properties, localization and mode of action [93, 
94]. A small number of lncRNAs were identified before the 
human genome was sequenced; H19, BCYRN1 (BC200) and 
XIST [95-97]. However, the existence of a large number of 
transcripts, which appeared to be untranslated after the disclosure 
of the human genome sequence in 2001, emerged [98]. These 
were originally called mRNA-like ncRNAs; because they are 
usually transcribed by RNA pol II and caping, splicing, and 
polyadenylated, like protein-encoding mRNAs [99]. After many 
studies on non-coding transcripts in humans and mice, the term 

Figure 2. piRNA biogenesis pathways (Abbreviations: 
Aubergine: aub, Argonaute: ago, Adenine: A, Uridine: U) [77].
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“long” was first used in 2007 to refer to transcripts containing more 
than 200 nucleotides [100]. Although it was later revealed that 
some of the lncRNAs have coding potential, the term “lncRNA” 
has become a useful shorthand and has taken its place in the 
scientific literature. Since lncRNAs have secondary and tertiary 
structures, they display RNA and protein-like functions [101]. 
LncRNAs produce various effects depending on RNA-protein, 
RNA-DNA and RNA-RNA interactions, and their cytocymetry 
and localization in a particular cellular compartment. lncRNAs 
are mainly transcribed by RNA pol II and III in human, but are 
also produced by pol V in other eukaryotic organisms [102]. 

lncRNAs can occur due to different reasons: (1) it can be 
caused by the disruption of the translational reading frame of a 
protein encoding gene, (2) it may be caused by chromosomal 
reorganizations, (3) it can be produced by replication of a 
non-coding gene by retrotransposition, (4) can be created by 
duplication of tandem sequences, (5) may result from insertion 
of a transposable element [103].

In general, lncRNAs are classified according to the regions 
from which they originate from the genome and their positions 
within the genome. Accordingly: (1) Intronic lncRNAs: All 
are within the intron of a protein encoding gene and consist 
of intronic transcripts. Few of the classified lncRNA genes 
make up this group. (2) Intergenic lncRNAs: An lncRNA gene 
is considered intergenic if it does not coincide with a protein 
coding gene in both strands, does not share a bidirectional 
promoter with a protein coding gene, and is not a host gene for a 
miRNA. (3) Sens lncRNAs: These are lncRNAs obtained from 
transcripts that overlap with a protein encoding gene on the same 
strand. This category should be applied carefully because it has 
been shown that such lncRNA genes can then be combined with 
the protein coding locus. (4) Antisense lncRNAs: If an lncRNA 
gene coincides with a protein-encoding gene on the opposite 
strand, it is considered an antisense and no exon-exon overlap 
is required. (5) Divergent lncRNAs: These are lncRNAs that are 
created by the use of a promoter in the opposite direction to a 
protein encoding gene. (6) lncRNAs that host for micro RNAs 
or snoRNAs: when said small RNAs are on the same strand as 
an lncRNA [104].

An increasing number of studies have reported that 
lncRNAs have important functions in regulating various 
cellular processes, such as transcription, post-transcriptional 
modifications, post-transcriptional mRNA regulation, and 
regulation of the cytoskeleton organization. Some of these 
functions are schematized in Figure-3. lncRNAs can act as 
guide molecules for chromatin-modifying protein complexes to 
regulate epigenetic control of gene expression [105] (Figure 3-A). 
The actively transcribed enhancer element can lead to enhancer 
RNA (eRNA) production or enhancer-associated RNAs. 
eRNAs can capture transcription factors and several enhancer-
associated lncRNAs have been shown to activate transcription 
as cis and trans [106] (Figure 3-B). The lncRNA can suppress 
transcription by detaching the transcription pre-initiation 
complex in the main promoter of the gene to be transcribed [107] 
(Figure 3-C). LncRNA can bind to target mRNAs, resulting in 
increased stability of mRNAs [108] (Figure 3-D). lncRNAs 
can target mRNAs for degradation in a process called staufen1 
(STAU1) mediated degradation [109] (Figure 3-E). LncRNAs 
are concerned with the creation and maintenance of nuclear 
structures and the coordination of nuclear architecture among 
various chromosomes. Paraspeckles are nuclear structures that 
play a role in the further regulation of adenosine, are known 
to contain lncRNA NEAT1 and are believed to contribute to 

the nuclear retention of mRNAs [110] (Figure 3-F). Some of 
the lncRNAs act as "competitive endogenous RNA (ceRNA)" 
by removing circRNA and miRNAs from mRNA targets. The 
ceRNA mechanism works as follows: miRNAs are widely 
accepted as active negative regulators of gene expression and 
reduce the stability or limit translation of the target mRNA. 
The miRNA is complementary to the miRNA response element 
(MRE) of the target mRNA called the core region (usually 6-8 
nucleotides in length) in the 3 'UTR and acts by binding there. 
However, miRNA does not only interact with mRNA, but other 
endogenous RNAs, such as lncRNA and circRNA with MRE 
sequence, can compete with mRNA for the same miRNA 
pool. Several lncRNAs act as rival endogenous RNAs, also 
called "miRNA sponges", fine-tuning the regulation of gene 
expression by coupling with miRNAs. These lncRNAs contain 
multiple binding sites for one or more miRNAs and titrate the 
miRNA away from the true mRNA targets. Thus, it modifies 
target mRNA expression by modulating miRNA-mediated post-
transcriptional silencing [111] (Figure 3-G).

Genomic imprinting and X chromosome inactivation 
studies are the first studies to define roles for two lncRNA 
H19 RNA and Xist RNA, respectively, and reveal a role for 
lncRNAs in epigenetic regulation. H19 lncRNA is spliced, 
polyadenylated, transported to the cytoplasm and plays a role in 
genomic imprinting by achieving high cytosolic concentration. 
Even though it is the first gene closely associated with genomic 
imprinting, the function of H19 is still unclear. It has recently been 
found that H19 lncRNA contains a miR-625 precursor in human 
and rat cells [112]. This indicates that H19 lncRNA regulates 
gene expression through a miRNA based mechanism. The 17 
kilobase long Xist lncRNA is essential for inactivation of the X 
chromosome. Xist lncRNA does not go to cytoplasm; instead, 
the cis effectively silences genes by covering the surface of the 
X chromosome to be inactivated [113]. Another mechanism for 
X chromosome inactivation Xist and Tsix lncRNAs can form 
an RNA dimmer that is processed by the dicer enzyme to form 
siRNAs. These different approaches can coordinate the roles 
of lncRNAs and small RNAs in chromatin remodeling, which 
indicates that there is a more complex and interactive regulatory 
network by the regulator ncRNAs [114].

Studies have shown that dysregulations in lncRNA 
profiles are associated with the regulation of cell proliferation, 
differentiation, apoptosis, cell cycle, migration, invasion, 
epithelial-mesenchymal transition (EMT) and antitumor drug 
resistance in relation to the pathogenesis of cancer [115-117].

Figure 3. Functions of lncRNAs (Abbreviations: Me: Methyl, Ac: 
Acetyl).
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Chemoresistance, including intrinsic and acquired 
anticancer drug resistance, remains the primary barrier 
to curative cancer treatment. Therefore, deciphering the 
underlying molecular mechanisms is very important to 
overcome chemoresistance. Cumulative evidence has shown 
that lncRNAs play an important role in maintaining anticancer 
drug resistance across a wide range of cancer. Therefore, many 
lncRNAs are candidates to be new therapeutic targets in the 
treatment of malignancies by revealing their critical functions 
in chemoresistance [118]. In addition to neurodegenerative 
diseases, there is growing evidence of the importance of lncRNAs 
in brain development function maintenance and differentiation 
of neurons [119]. An increasing number of studies have found 
that lncRNAs are expressed in different ways and affect immune 
cells in various autoimmune diseases, including rheumatoid 
arthritis [120].

circRNA
circRNAs are formed by transforming exons, introns or 

both in pre-mRNA into circular RNA with the "back-splicing" 
mechanism, which is an atypical splicing mechanism. During this 
process, the transcripts that will form the circRNA are connected 
to each other by their phosphodiester bond with 3 'and 5' ends 
and a circular RNA molecule is formed [121]. Thus, circRNAs 
do not have 5 'cap and 3' tail regions, making them resistant to 
digestion of ribonuclease such as RNase R, and provides a long 
half-life up to 10 times that of linear RNAs [122].

The first circRNA molecule was found in an RNA virus 
in 1976 [123]. In 1991, circRNAs were observed in eukaryotic 
cell lines by electron microscopy [124]. Then circRNAs were 
considered as abnormal splicing products for a long time [125]. 
Thanks to the genomic and transcriptomic data produced by 
the new generation sequencing technology and bioinformatics 
algorithms, a significant amount of circRNA was identified in 
eukaryotes and it was shown that they were not coincidental by-
products or abnormal "splicing residues" [126].

There are three different types of circRNAs, depending 
on the sequence contents: (1) exonic circRNAs (ecRNA), (2) 
intronic circRNAs (ciRNA), and (3) exon-intron circRNA 
(eicRNA) [127]. It has been shown that some intron containing 
circRNAs are sequestered in the nucleus and exonic circRNAs 
are transferred to the cytoplasm. Most of the circRNAs currently 
discovered are exonic and commonly found in the cytoplasm 
[128]. Although various classifications are made in different 
sources, there is no valid standard system for naming circRNAs. 
There are many circRNAs listed in public databases such as 
CIRCpedia, circBank and circBase, which currently use different 
identifiers [129-131].

circRNA is an evolutionarily conserved RNA class. They 
are abundant in the cell and are widely expressed in tissues. 
Recent studies have shown that there are about 15000 human 
circRNA sequences in mouse or rat genomes [132]. It has 
been shown that a large number of circRNAs are expressed in 
mammalian cells, fungi, plants and protists [133]. circRNAs are 
expressed in the vast majority of human tissues and are highly 
found in the brain, in particular [134]. Also, the expression of 
circRNAs always has tissue or cell specificity. This makes them 
a suitable candidate for biomarker studies in human cancers 
[135].

High-output technologies such as the ribosome RNA-
depleted RNA-seq method and, more importantly, advances in 
preparing bioinformatics algorithms for circRNAs, enable the 

identification of circRNAs and their potential functions in depth. 
In a study using the rRNA-depleted RNA-seq method, mixed 
exons and potential circRNAs in human cancers were detected 
[136]. In a study that systematically investigated circRNAs in 
mice and nematodes, it was found that circRNAs were expressed 
in a manner specific to tissue and developmental stage [137]. 
In some studies, a genome-wide RNA exonuclease enrichment 
strategy was applied before sequencing for further circRNA 
identification. This method led to the enrichment of the sample 
in terms of circRNAs, thereby defining much more circRNAs 
[138]. In a recent study, the circRNAs in more than 2000 cancer 
samples were detected and characterized using the exome 
capture RNA-seq method [139].

circRNA can combine with miRNAs and function as a 
miRNA sponge that can isolate them from natural mRNA targets 
[140]. The data obtained shows that ecRNA plays a role mainly 
in cytoplasm in various pathological and physiological processes 
through the ceRNA mechanism [141] (Figure 3G). In a study, 
circRNAs were reported to be effective in the regulation of 
autoimmunity and inflammation through the ceRNA mechanism 
[142]. The best known example for the competitive endogenous 
RNA mechanism is ciRS-7, which contains more than seventy 
conserved binding sites for miR-7. On the other hand, ciRNA 
and eicRNAs usually regulate targeted genes in the nucleus 
[143, 144].

Another important function of circRNAs is to act as a 
protein sponge. In this mechanism, a molecular reservoir of 
proteins is created by binding specific proteins to circRNAs. 
Thus, it is possible to create a rapid response to extracellular 
stimuli [145].

circRNAs act as miRNA sponges and miRNA reservoirs, 
playing a role in regulating various immune disorders through 
epigenetic modifications [146]. Accumulating data reveal the 
vital roles of circRNAs in various diseases such as cancer, 
neurological disorders and cardiovascular diseases [147]. 
The critical role of circRNAs in antiviral immunity is well 
documented, which provides potential therapeutic strategies for 
antiviral treatments to target circRNAs [148].

Although circRNAs are considered non-coding elements, 
some studies have shown hidden peptides encoded by circRNAs, 
which will greatly expand our understanding of the physiological 
functions in the cell [149]. Based on our traditional views, 5 
'and 3' UTRs are essential elements for initiating translation in 
eukaryotic cells. Although circRNAs are considered non-coding 
RNAs due to the absence of 5 'and 3' inserts, recent evidence 
suggests that circRNAs can be associated with polysomes, and 
some contain the start codon AUG and an open reading frame 
(ORF). According to these results, circRNAs can encode some 
regulator peptides and a hidden proteome encoded by circRNAs 
can be found [150]. Indeed, studies on this subject support this 
view. The SNF2 histone-binding PHD RING helicase (SHPRH)"  
gene, a circRNA gene, encodes the 146 amino acid SHPRH 
protein and is abundantly expressed in the normal human brain. 
Overexpression of SHPRH protein has been shown to reduce 
malignant behavior and tumor formation in glioblastoma in vitro 
and in vivo [151]. In another study, an 87-amino acid peptide 
encoded by the circRNA gene, LINC-PINT (long intergenic non-
protein-coding RNA p53-induced transcript) gene, was shown 
to suppress the proliferation of glioblastoma cells in vitro and 
in vivo [152].
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Future perspectives
Recent discoveries of short and long regulator ncRNAs 

in recent years have demonstrated the importance and also 
complexity of RNA-mediated regulation in almost all biological 
processes. In this case, an average gene locus is much more 
complex than previously thought. Adding short and long 
regulator ncRNAs to our knowledge of alternative splicing and 
multiple transcription initiation and termination sites overly 
complicates the composition and regulation of gene loci. These 
new developments in the field of regulator ncRNA biology 
clearly show that some previous dogmas about genetics and 
epigenetics should be reorganized, taking into account the 
increasing complexity of RNA species and gene loci.

Initially, miRNA, siRNA, piRNA, lncRNA and circRNA 
were thought to function independently, and this assumption 
was strengthened due to the obvious differences between 
them. However, it has become increasingly difficult to see the 
functions of each of the regulator ncRNAs isolated from the 
others. Because all these regulator ncRNAs target the mRNA of 
many other genes, the mRNA of each gene can be targeted by 

multiple regulator ncRNAs, and therefore the regulator ncRNAs 
link related genes to the regulator networks. Recent studies have 
revealed that some of the regulator ncRNAs encode protein, and 
even circRNAs can encode a hidden proteome, suggesting that 
functions related to regulator ncRNAs may be more complex 
than predicted.

At the moment, the first thing to do is to understand 
the mechanism of action of the regulator ncRNAs and their 
relationships. For this purpose, we need to systematically find 
each of the regulator ncRNAs and analyze the relationships 
between them. This can require new methods in gene and 
genome screening technologies. The ultimate aim is to clarify 
the detailed regulation mechanisms of regulator ncRNAs and 
their interactions with normal cell biology and pathology.
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