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microRNAs: a newly described class of encoded molecules that play a role in
health and disease

Felekkis K, Touvana E, Stefanou Ch, Deltas C
Department of Biological Sciences, University of Cyprus, Nikocia, Cyprys

Abstract

Micro RNAs are evolutionarily conserved, single stranded molecules of about 22 nucleotides in length and func-
tion post-transcriptionally by partial binding (partial complementarity) to the mRNA of genes. Binding of a specific
miRNA to its target on an mRNA can inhibit its expression by a variety of mechanisms. Although the most common
mechanism is translational repression as a result of miRNA binding to the 3"UTR of an mRNA, mechanisms involving
mRNA degradation and destabilization have also been described. Micro RNAs are currently considered as “master
regulators” of gene expression. Since a single miRNA can bind and consequently regulate the expression of more than
100 different transcripts it has been estimated that miRNAs may be able to regulate up to 30% of the protein-coding
genes in the human genome. As a result, miRNAs receive widespread attention on their potential role in complicated
biological processes and multifactorial diseases. In this review we are discussing the biogenesis of miRNAs, their mode
of action as well as their role in human diseases through genetic variations on their target sites. Hippokratia 2010; 14
(4): 236-240
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Several different classes of small RNAs appear to
have significant regulatory roles in various cellular pro-
cesses. These classes include small interference RNAs
(siRNAs), micro RNAs (miRNAs), repeat-associated
siRNAs (rasiRNAs) and piwi (P-element induced wimpy
testis) interacting RNAs (piRNAs). Small RNAs act like
repressors of gene expression in plants, animals and
many fungi. They function by guiding sequence-specific
gene silencing at the transcriptional and/or post-tran-
scriptional level, through a mechanism known as RNA
interference (RNAi) (Figure 1). During this process
naturally occurring or external small RNA duplexes are
processed into specific short single-stranded RNA end-
products that can drive gene silencing by specific and
distinct mechanisms. In the case of natural small RNA
duplexes, they are either encoded in the genome or are
generated by replication of viral intruders" 2.
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Distinct sequence and/or structural elements in the
precursor transcripts of small RNAs, recruit RNA-process-
ing enzymes and proteins which are responsible for small
RNA maturation and for the subsequent assembly of the
small RNAs into effector complexes that mediate small
RNA function?. The RNAI pathway involves two phases.
During the initiation phase the double stranded RNA
molecules, which are either in the form of a hairpin or a
longer dsRNA, are cleaved by the enzyme Dicer. During
the execution phase the gene specific inactivation occurs by
hybridization to and degradation of the target mRNA or
by translation inhibition. Ribonucleoprotein (RNP) com-
plexes (e.g RISC) are essential for this phase'.
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Figure 1: Overview of the RNA interference pathways.
The RNAI pathway can be divided into the siRNA and
miRNA pathways. The RNAi pathway involves two
phases. During the initiation phase the double stranded
RNA molecules (ds RNA molecules or pre-miRNAs)
are cleaved by the enzyme Dicer. During the execution
phase the gene specific inactivation occurs by hybridiza-
tion to and degradation of the target mRNA (siRNA)
or by translation inhibition (miRNA). Ribonucleopro-
tein (RNP) complexes (e.g. RISC) are essential for this
phase.
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RNP complexes contain at their center an Argo-
naute/Piwi protein family member and are loaded with
distinct classes of small RNAs to form target-recog-
nizing complexes. The Argonaute/Piwi family is well
conserved and members have been identified in many
species. Argonaute/Piwi proteins demonstrate bilobal
architecture where the first lobe contains the N-terminal
PAZ-domain responsible for binding the 3’-end of the
guide small RNA. The second lobe contains the MID-
domain, responsible for binding the 5’-phosphate of the
guide RNA, and the RNase H endonuclease domain,
also known as the PIWI-domain®.

The different classes of small RNAs are distinguished
from each other by their length, with peak lengths vary-
ing from 21 to 30 nucleotides. The lengths of the differ-
ent classes of small RNAs vary due to distinct mecha-
nisms of biogenesis. In addition, other characteristics
such as the presence of a 5’-uridine, phosphorylation
at the 5’-end and 2’-O-methylation at the 3’ end of the
RNA molecule determine the loading of small RNAs
onto effector ribonucleoprotein (RNP) complexes®.

Definition of microRNAs

MicroRNAs (miRNAs) belong to the most abundant
class of small RNAs in animals? It is a recently discov-
ered class of eukaryotic, endogenous, non-coding RNAs
that play a key role in the regulation of gene expression.
When mature, they are short, single-stranded RNA
molecules approximately 21-23 nucleotides in length,
which usually have an uridine at their 5’-end and they
are partially complementary to one or more messenger
RNA (mRNA) molecules (target mnRNAs)> Their main
function is to down-regulate gene expression by inhibit-
ing translation or by targeting the mRNA for degrada-
tion or deadenylation®. However, it was recently found
that some miRNAs, like miR-369-3, can upregulate the
translation of the tumor necrosis factor alpha*.

Each miRNA is thought to regulate multiple genes.
Since hundreds of miRNA genes are predicted to be pres-
ent in higher eukaryotes ("1000 unique miRNAs), the po-
tential regulatory circuitry afforded by miRNA is huge™°.
Acting at the post-transcriptional level, these molecules
may alter the expression of as much as 20-30% of all
mammalian protein-encoding genes’. Several research
groups have verified that miRNAs may act as key regula-
tors of processes as diverse as embryonic development,
cell proliferation, cell growth, tissue differentiation and
apoptosis. Recent studies of miRNA expression involve
miRNAs in cellular signaling network, cross-species gene
expression variation and co-regulation with transcription
factors. Consequently, mutation on miRNAs, dysfunc-
tion of miRNA biogenesis and disregulation may result
in a broad spectrum of diseases. Furthermore, compo-
nents required for miRNA processing and/or function
have also been implicated in various disorders such as
fragile-X mental retardation, DiGeorge syndrome and
cancer. Currently, there have been reported 70 diseases
which are associated with miRNAs®°.

Transcription of miRNAs

MicroRNAs are transcribed from different genom-
ic locations. They can be classified as intronic or inter-
genic miRNAs (Figure 2). Intronic miRNAs share the
same promoter with the corresponding encoded genes
and they are spliced out of the transcript of the en-
coded genes and processed into mature miRNAs. In-
tergenic miRNAs are encoded in the genomic region
between the clusters of genes and they have their own
promoters. However, it was recently found that the
majority of the human miRNA loci are located in the
intronic regions'*'2. MicroRNAs are clustered in poly-
cistronic transcripts. Usually, there are between two
to three miRNA in a cluster. However, larger clusters
have been identified, such as the human hsa-miR-17
cluster composed of six members, which is also con-
served in other mammals, or the Drosophila melano-
gaster cluster of eight miRNA. Recently, Seitz et al'?
predicted a huge cluster of 40 miRNA located in the
"l Mb human imprinted 14q32 locus, several of which
were shown to be expressed. Clustered miRNAs may
show high similarity in sequence, but they can also
differ. Accumulating evidence suggests that clustered
miRNAs are transcribed as polycistrons and have simi-
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(—b Intronic
miRNA

(—} Intergenic
miRNA
= I D r ED

C )
/,
;

Pri-miRNA

> Polycistronic
miRNA 1 miRNA 2
’P )
}l:-(\ '

Pri-miRNA

Figure 2: Transcription of miRNAs. MicroRNAs are tran-
scribed as individual miRNA genes, from introns of cod-
ing genes classified as intronic or from the genomic region
between the clusters of genes classified as intergenic. Some
microRNAs are clustered in polycistronic transcripts.

Biogenesis of microRNAs

MiRNAs are first transcribed as primary transcripts
(pri-miRNA) with a cap and poly-A tail by RNA poly-
merase IT or RNA polymerase I11'3!%. A typical pri-miR-
NA is composed of a double stranded stem of "33 base
pairs, a terminal loop and two flanking unstructured
single-stranded segments as shown in (Figure 3)". Pri-
miRNA is processed to a short 70-nucleotide stem-loop
structure known as pre-miRNA by a protein complex
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known as the Microprocessor complex which consists of
the ribonuclease Drosha, an RNase III enzyme'® and a
double stranded-RNA binding protein called DGCRS
(DiGeorge syndrome critical region 8 gene)'> 1.

The cleavage of a pri-miRNA by microprocessor
begins with DGCRS8 recognizing the ssRNA-dsRNA
junction typical of a pri-miRNA. Drosha is then brought
close to its substrate through interaction with DGCR8
and cleaves the stem of a pri-miRNA 11 nt away from
the two single stranded segments (22 nts away from the
loop). Drosha removes the double-stranded stem from
the remainder of the pri-miRNA by cleaving proximal
and distal of the stem, generating a pre-miRNA that
has a 5-monophosphate and a 3'-2-nt overhang (Figure
3). Although microprocessing is already sufficient for
conversion of a pri-miRNA into a pre-miRNA in vitro,
cleavage of pri-miRNA in vivo does not depend on Dro-
sha and DGCRS only, but also on other accessory pro-
teins, such as the RNA binding protein hnRNP Al and
the p68 and p72 RNA helicases'.

Recently, a subclass of pre-miRNAs, pre-miRNA/in-
trons (known as mirtrons), has been shown to depend
on the RNA splicing machinery for their biogenesis
in Drosophila melanogaster, Caenorhabditis elegans
and mammals. Mirtrons are derived from certain deb-
ranched introns that fold into hairpin structures, mimic
the structural hallmarks of pre-miRNAs and enter the
miRNA-processing pathway. The discovery of mirtrons
suggests that any RNA, with a size analogous to a pre-
miRNA and all the structural features of a pre-miRNA,
can be used as a substrate by the miRNA processing ma-
chinery, and give rise to a functional miRNAY.

After the pre-miRNA is generated in the nucleus, it
is exported by Exportin-5 (Exp-5) to the cytoplasm by
the action of RanGTPase. RanGTP is hydrolyzed by
RanGAP to RanGDP, and the pre-miRNA is released
from Exp-5 which is also important for stabilizing pre-
miRNAs in the nucleus. When Exp-5 is knocked down
by siRNAs, the levels of pre-miRNAs are reduced not
only in the cytoplasm, but also in the nucleus, suggest-
ing that binding of pre-miRNAs to Exp-5 protects them
from degradation'’.

In the cytoplasm, an RNAse III endonuclease called
Dicer cleaves pre-miRNAs into short RNA duplexes
termed miRNA duplexes (Figure 3). The RNA strand of
the miRNA duplex that is complementary to the mature
miRNA is shown with a star symbol (miRNA*). Mam-
malian Dicer has an N-terminal ATPase/helicase do-
main, a PAZ domain, two RNase III catalytic domains
and a C-terminal dsRNA binding domain (dsRBD)'.
Biochemical experiments have revealed that both PAZ
domain and dsRBD are essential for the interaction of
Dicer with pre-miRNAs. PAZ domain recognizes and
binds the 2-nt 3'-overhang at the base of the pre-miR-
NA hairpin generated by Drosha'™®. After that, Dicer
dimerizes its two RNase III domains intramolecularly,
to form a single processing center and cuts the stem of
pre-miRNAs 22 nt away from their termini at positions

separated by 2 nts, thereby generating 3'-2-nt overhang.
After cleavage, the miRNA duplex is unwound by an un-
identified RNA helicase and the mature miRNA strand
binds to an Argonaute (Ago) protein into an RNPcom-
plex in a process called “miRNA loading” or assembly.
The miRNA* strand is degraded (Figure 3)'7. A pri-
mary determinant as to which of the two strands of a
miRNA duplex will be loaded on Ago proteins is the
inherent thermodynamic asymmetry of the miRNA du-
plex. The RNA strand whose 5'- end is less stably bound
to the opposite strand will be loaded to Ago proteins and
form the mature miRNA".
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Figure 3: Overview of microRNA processing. MiRNAs are
first transcribed as primary transcripts (pri-miRNA) with a
cap and poly-A tail by RNA polymerase IT or RNA poly-
merase III . A pri-miRNA is composed of a double strand-
ed stem of 33 base pairs, a terminal loop and two flank-
ing unstructured single-stranded segments. Pri-miRNA
is processed to a short 70-nucleotide stem-loop structure
known as pre-miRNA by a protein complex known as the
Microprocessor complex which consists of the ribonuclease
Drosha, an RNase III enzyme and a double stranded-RNA
binding protein called DGCRS. After the pre-miRNA is
generated in the nucleus, it is exported by Exportin-5 (Exp-
5) to the cytoplasm by the action of RanGTPase.

In the cytoplasm, an RNAse III endonuclease called Dicer
cleaves pre-miRNAs into short RNA duplexes termed miR-
NA duplexes. The RNA strand of the miRNA duplex that is
complementary to the mature miRNA is shown with a star
symbol (*). After cleavage, the miRNA duplex is unwound
by an unidentified RNA helicase and the mature miRNA
strand binds to an Argonaute (Ago) protein into an RNP
complex. The miRNA* strand is degraded.
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MicroRNA targets and mechanism of action

The mature miRNA binds to the target mRNA and
typically in the 3’-untranslated region (3’- UTR). Thus,
it interferes with translation of the mRNA. MiRNAs
base-pair with miRNA recognition elements (MREs)
located on their mRNA targets, usually on the 3"-UTR,
through a critical region called the ‘seed region” which
includes nucleotides 2-8 from the 5-end of the miRNA
as shown in figure 4!°. Asymmetry is the general rule for
matches between a microRNA and its target. The 5’-end
of the microRNA tends to have more bases comple-
mentary to the target than the 3’-end does. Cohen et al.,
concluded that the complementarity of seven or more
bases to the 5’-end miRNA is sufficient for regulation.
Basepairing between the 3'-segment of the miRNA and
the mRNA target is not always essential for repression,
but strong base-pairing within this region can partially
compensate for weaker seed matches or enhance repres-
sion. As a matter of fact, miR-24 regulates expression
of E2F2, MYC, AURKB, CCNA2, CDC2, CDK4, and
FENT1 by recognizing seedless but highly complementary
sequences®. Additionally, multiple MREs for the same
or different miRNAs within the same 3"UTR can func-
tion cooperatively to enhance repression. Spacing of the
seed sites within the 3'UTR may play a significant role
in the action of miRNAs. Finally, sequences adjacent to
MREs and the secondary structure of the 3"'UTR of the
target mRNA may affect binding of miRNAs; miRNPs
cannot efficiently “unwind” structured RNA areas, and
thus miRNAs cannot bind to sites that are embedded in
such structured areas.

Seed Proximal Nucleus

nt-8 nt-2

!

i
FHOTTTTTTTTTTTI I I TTT1TT7T 5P
[AERARN

I |

MRE
{miRNA Recognition Element)

miRNA

3 mRNA target

Figure 4: MicroRNA binding to the target mRNA. The
mature miRNA binds to the target mRNA and typically in
the 3’-untranslated region (3’- UTR). MiRNAs base-pair
with miRNA recognition elements (MREs) located on their
mRNA targets, usually on the 3’-UTR, through a critical
region called the ‘seed region’ which includes nucleotides
2-8 from the 5-end of the miRNA.

In plants, the main mechanism of regulation by miR-
NAs is mRNA cleavage. However, in animals miRNAs
repress the translation of their mRNA targets and/or de-
stabilize them without endonucleolytic cleavage. Early
studies in Caenorhabditis elegans showed that the small
non-coding RNAs lin-4 and let-7, represented imperfect
complementary matches to sequences within the 3'UTRs
of their target mRNAs. Furthermore, this interaction
between the miRNA and target mRNA resulted in de-
creased target protein levels without affecting the sta-

bility of the mRNA. This profile of a significant reduc-
tion in protein level without a proportionate reduction
in target mRNA levels became a hallmark of miRNA
function. We now know that the vast majority of animal
miRNAs base-pair with imperfect complementarity with
their mRNA targets.

The expression of a large number of predicted hu-
man miRNA genes has been confirmed (721 miRNAs,
release 14 miRBase), but the predicted miRNA tar-
gets remain to be identified and verified. In order for a
miRNA to regulate the expression of a specific gene it
must first exhibit some partial complementarity with the
target mRNA, specifically in the 3’UTR of the mRNA.
However, theoretical sequence complementarity of the
miRNA to the mRNA is not a reliable predictor of a real
miRNA target. The energy required to overcome the
secondary structure of the mRNA should also be taken
into consideration. Several groups have developed algo-
rithms for identification of mRNA sequences that could
serve as target sites for known miRNAs. Some of them
are MiRanda, PicTar and TargetScan'™'. In general
those algorithms take into account matches between the
5’-end of the miRNA and the 3'UTRs, the free energy
of the RNA-RNA duplex and the degree of conservation
of the miRNA target in related genomes.

Multiple algorithms should be utilized for target pre-
diction because these programs usually predict different
miRNA-binding sites. When a certain gene was analyzed
for putative miRNA-binding sites, miRanda algorithm
predicted 27 miRNA-binding sites. But when Tar-
getScan was used it predicted 37 miRNA-binding sites
with an overlap of only 8 of those predicted by miRanda.
Moreover, when the gene was analyzed by the PicTar al-
gorithm no miRNA-binding site was predicted because
of the strict requirement for sequence conservation of
binding sites in different species’. For an accurate and
efficient target prediction the miRNA-target interaction
must be confirmed, the predicted miRNA and mRNA
target gene must be coexpressed, a given miRNA must
have a predictable effect on the expression of the target
protein and the miRNA-mediated regulation of target
gene expression should equate with altered biological
function®”. The initial hypothesized interaction between
a specific miRNA and its targer mRNA, is of paramount
importance and it can be tested with in vitro systems
with the use of sensor constructs, such as Luciferase con-
structs with 3’UTR of the target gene®.

Polymorphisms within miRNA binding sites

Because of the stringent recognition requirement
between the miRNA seed region and its target, se-
quence variations such as SNPs in the miRNA-binding
seed region (mirSNPs) can disrupt the miRNA-mRNA
target site interaction affecting the expression of the
miRNA targets. The occurrence of SNPs in pre-miRNA
sequences is relatively rare. Only "10% of human pre-
miRNAs contain documented SNPs and less than 1%
of miRNAs have SNPs in the functional seed region. In
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PolymiRTS (database for Polymorphism in microRNA
Target Site) there are already 15791 records for SNPs
in microRNA target sites that have been spotted in hu-
mans [2]. A SNP can eliminate or weaken the binding
to a miRNA target or increase the binding by creating
a perfect sequence match to the seed of a miRNA that
normally is not associated with the given mRNA. These
can lead to a significant alteration of protein expression.
Moreover SNPs may reduce the stability of the pri-miR,
the efficiency of of pri-miR processing into pre-miR,
and the efficiency of pre-miR processing into the ma-
ture miRNA!22,

Newly developed methods that identify miRNAs and
their targets and genomic databases of SNPs, provide an
opportunity to explore human evolution at miRNA target
level. To identify variations in the target sites that are re-
lated to a biological/pathological event in epidemiologic
studies, a number of factors should be considered. First,
the target genes should be directly or indirectly related
to the disease under study. In addition, the polymor-
phisms should be within the seed region. Furthermore,
there should be specific data relating to the population
frequency of the SNPs in the ethnic group being stud-
ied and should have a preferred frequency of not <5%
for the variant allele”. The frequency of polymorphisms
in the miRNAs sequences is low, apparently because of
their small length and their highly conserved sequences.
SNPs in miRNAs or miRNAs targets have been associ-
ated with the development of several diseases, such as
the early age of breast cancer onset?, papillary thyroid
carcinoma?®, breast/ovarian cancer®, and hepatocellular
carcinoma®. MirSNPs have also been correlated with
Schizophrenia and autism?. Up to date, there is only one
report that indicates the presence of a causative muta-
tion on the miRNA seed itself. Specifically, the authors
demonstrated that mutations found in the seed region of
human miR-96 are responsible for nonsyndromic pro-
gressive hearing loss®.

As mentioned before, miRNAs have multiple tar-
gets and regulate the expression of hundreds of genes
that have important cellular functions like for example
cell differentiation, development, proliferation and pro-
gression of human diseases. As a result, a variation in
miRNAs may have an extensive and often deleterious
impact with implications for both evolutionary studies
and biomedical research'® %".
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