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Abstract

Micro RNAs are single stranded non-coding RNAs that function to regulate the mRNA and thereby
proteins. It functions as an important epigenetic biomarker. The multiverse of miRNA is highly
complicated one which is governed by numerous protein miRNA interactions which causes
alteration in its genesis as well as regulation. To understand the importance of miRNA in our
genome, it is essential to have a clear knowledge of the various pathways leading to its formation.
This pathway occurs in different levels and include the interplay between many enzymes such as
Drosha, Dicer. Following the genesis, matured miRNA becomes active and complementarily binds
with mRNA to cause its silencing/exaggeration. This genesis of miRNA as well as its interaction is
under the influence of many regulatory proteins.
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Introduction

In eukaryotes, multiple small RNAs have evolved to control abnormal expression
of genetic information and proteins. Those RNAs that are of 20-30 nucleotide in length
and associated with argonate family proteins are categorized as small RNAs. In animals,
three types of small RNAs are majorly known and they include MicroRNA, siRNA and
piwi interacting RNA (piRNA). MicroRNAs are one of the major/dominating type of single
stranded non-coding small RNAs of somatic cells composed of around 22 nucleotides [1].
More than 50% of human genes are regulated by micro RNAs. It influences basic cellular
processes like development, differentiation, proliferation, apoptosis, and regulation of cell
cycle. miRNA pleiotropically regulates the mRNA translation and decay thereby significantly
acting as a post transcriptional regulator [2]. miRNA genomics received its first milestone
when a small RNA, lin-4A was discovered in 1993 in nematodes using genetic screening
technique by Victor Ambros and colleagues. As its functions was unknown, historically tit was
referred to as junk DNA. Later, in the same year, the regulatory role of lin4A was discovered
[3-5]. Yet, the era of miRNA genomics only began in 2000 with the discovery of let-7 RNA
in Caenorhabditis elegans, followed by in humans [6]. Today more than 1800 miRNAs has
been discovered. Owing to the recent technological advancements such as high-throughput
sequencing technologies, computational and bioinformatics prediction methods, the research
on miRNA is progressing at a lightning speed [5]. But still, the specific biological function of
these identified molecules are unknown. Studies comparing the miRNA expression profiles
definitely provides significant information regarding its function and regulation in normal
and diseased conditions. This sheds light onto the possible role of miRNA in pathogenesis of
multiple diseases including cancer. To have an in-depth concept, it is essential to understand
the basics of miRNA in terms of its biogenesis and regulation. Through this article, an attempt
has been made to summarize the formation, effects and regulation of this biomolecule,
providing an insight into the beautiful world of miRNAs.

MicroRNA Biogenesis

Synthesis of mature miRNA is a complicated pathway that involves multi-step processing
of primary RNA. miRNA biogenesis starts with the action of RNA polymerase 1I/III on the
precursor and is classified into Canonical and Noncanonical pathways.
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Canonical pathway of miRNA biogenesis

This is the most dominant pathway for miRNA synthesis which
is getting regulated by numerous enzymes in a complex manner. Itis
initiated in nucleus and is completed in the cytoplasm. Biogenesis is
better understood if described in a sequential order as given below:

miRNA precursor genes: miRNA precursor genes are those
genomic regions that codes for miRNA biogenesis. These are
commonly found within different areas of genome. In most of the
scenario miRNA precursor genes are non-coding genes i.e., they do
not code for any other mRNA/protein. In other words, their sole
purpose is to generate miRNA [6]. Based on its location within
the genome, it can be either intergenic (between two genes) or
intragenic (i.e., within a gene) (Figures 1A & 1B). According to early
researchers, majority of miRNAs are located in intergenic region

whereas only few were found in intronic regions, which is one of
the most common intragenic region [7-9]. The transcriptional units
and regulation of biogenesis of miRNA alters with the change in
the precursor gene location. Intronic miRNAs, located within the
genome share the same promoter along with the encoded target
genes. Here, Intronic sequences are spliced out of the transcript
of encoded genes during post transcriptional modification. These
intronic sequences are further undergoes modifications and
forms mature miRNAs. On the other hand, Intergenic regions act
as an independent unit and has its own promoter along with other
regulatory system. miRNA genes are mainly transcribed by the
enzyme RNA polymerase Il but RNA polymerase 1l also participate
in this process as it transcribes a small group mainly the one
containing Alu repeats [10,11].

-l

.

Gene A Promoter miRNA - Gene B
Figure 1A
Figure 1A: Intergenic genome showing miRNA between two genes.
| —
Promoter Exon 1 miRNA Exon 2
Figure 1 B

Figure 1B: Intronic miRNA located in the intronic region of the genome.

Nuclear processing: Poly II/Poly III enzymes mediates
transcription of miRNA genes and produces primary miRNA (pri-
miRNA). These pri-miRNAs are several kilobases long, contains
local stem loop structures and single stranded RNA segments
at both the 5 and 3’ side (Figure 2). Hence it requires further
processing. All animal pri-miRNAs are processed first within the

nucleus by a microprocessor complex formed of an enzyme Drosha
along with a cofactor Digeorge Syndrome Critical Gene Region in
Gene 8(DGCR8). This complex cleaves the pri-miRNA at the stem of
hairpin structure leading to release of a structure containing 60-70
nucleotide(nt). This structure is known as precursor miRNA (pre-
miRNA) [12-14].
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Figure 2: Intronic miRNA located in the intronic region of the genome.
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Transportation to cytoplasm: The maturation of miRNA
occurs in the cytoplasm for which the pre miRNA formed in nucleus
needs to be transported. This is done through large protein channels
embedded in nuclear membrane known as nuclear pore complex
[15]. The transport is further mediated by Ran GTP dependent
nuclear transport receptor Exportin 5(EXP5) complex (Figure 2).
The crystal structure of this complex shows the presence of many
baseball mitt like structures onto which pre-miRNA stem can be
placed. This enables the interaction of pre-miRNA stem and the
EXP5 Complex. Also, a basic tunnel like structure present at the
bottom of the mitt like structure can interact with 2 nucleotide long
3’ structure of pre-miRNA [16]. These interactions bind pre-miRNA
to EXP5 and thereby facilitate the transportation from the nucleus
through nuclear pore into the cytoplasm. Subsequently, hydrolysis
of GTP releases the pre-miRNA from the complex [5].

Cytoplasmic processing: The pre-miRNA released into the
cytoplasm by EXP5 is processed by a highly specific enzyme known
as Dicer. The human Dicer is also accompanied by two proteins
namely Trans-activation Responsible DNA Binding Protein (TRBP)
and protein kinase, interferon inducible double stranded RNA
dependentactivator (PRKA also called as PACT). Dicer identifies and
cleaves 22 nucleotide near to the terminal loop of the transported
pre-miRNA. Hence, a 22 nucleotide miRNA duplex is formed (Figure
2) [5]. This 22nucleotide miRNA duplex, containing one mature
miRNA guide strand (miRNA) and one passenger strand(miRNA*)
gets incorporated into Ago family protein. Chaperone machinery
HSP70/ HSP90 aids in this process. All these together i.e. miRNA
duplex, dicer and Ago proteins, form an effector complex [17-
19]. Dicer, its associated proteins and Ago family are responsible
for pre-miRNA processing and they also lead to formation of RNA
Induced Silencing Complex (RISC) assembly [5,20].

RISC assembly: RISC is a complex composed of miRNA, dicer,
its associated proteins and Ago. MiRNA within the RISC guides the
complex to bind to mRNA and regulate its function. Information
regarding the exact composition of RISC is unknown but it is clear
that it contains an essential protein called argonate. Humans have
8 classes of RISC complex based on its protein composition that
is chiefly centered around 4 argonate proteins [21,22]. Out of all
these, only AGO2 has slicing activity that helps it to catalyze the
mRNA cleavage [14]. The resultant miRNA duplex(miRNA/miRNA*)
produced as a result of dicer cleavage binds to Ago Protein. miRNA*
of the duplex is degraded by one of the many possible mechanism
given below.

a.  If the miRNA duplex has complementarity around the
central region; it is cleaved by AGO2.This commonly occurs in
the case of siRNA.

b. But most miRNA duplexes lack this central
complementarity and hence rely on unwinding and cleavage by

an unknown helicase for its degradation [6].

RISC with incorporated miRNA is referred to as miRNA
containing nucleoprotein complex (miRNP) [23]. MiRNA within the
RISC guides the complex to bind to mRNA and regulate its function.

Formation of RISC also offers stability to both the miRNA and
the Ago protein which otherwise may get destabilized via Tudor-
SN-mediated endonucleolytic decay or target directed miRNA
destabilization (it involves trimming and 3’ end tailing) [24].

Action on mRNA: The action of miRNA on mRNA is partly
based on the complementarity between them. Nucleotide 2-7 of
miRNA is termed as the seed region [25]. This region as well as the
3’ end is important for the association between miRNA and mRNA.
Centrally matched targets have also been identified. If central
complementarity exists, then the mRNA target can be cleaved via
the endonuclease activity of AGO2 present within the RISC. But
this does not happen in the case of humans, as they lack central
complementarity [5,23]. miRNA can induce target repression with
help of TNRC6 proteins that shortens the poly(A) tails of mRNA
there by repressing its translation. It can also destabilise the mRNA
[24].

Non-canonical miRNA biogenesis pathway

Many non-canonical/alternative miRNA biogenesis pathways
have been identified. This pathway uses different combinations of
the canonical proteins such as Drosha, exportin 5, Dicer and AGO2
i.e., it primarily consists of Drosha/DGCR8-independent and Dicer
independent pathways [5].

The pre-miRNA produced due to Drosha independent
pathway resembles substrates for DICER. Some examples
include:

a.  Mirtrons: When mRNA undergoes splicing, a microRNA
called as mirtrons are created from intronic sequences

b. 7-methylguanosine (m7G)-capped pre-miRNA: These
nascent RNAs are directly exported to the cytoplasm through
exportin 1 without the need for Drosha cleavage.

Dicer independent miRNA: Dicer independent miRNA are
processed by Drosha from endogenous short hairpin RNA (shRNA)
transcripts. Dicer does not identify them as substrate because of
their insufficient length. Due to this these pre-miRNA uses AGO2 for
their maturation [26,27].

Regulation of miRNA Biogenesis

Most of the studies done in the previous periods focused primely
on the transcriptional regulation of the miRNA genes. For example,
it is proven that cardiomyocyte transcription factor networks
transcriptionally regulate the cardiac-specific miRNA families miR-
1 and miR-133 [28,29]. In the same way, intronic miRNA genes are
regulated by the same transcription factor network that manages
the coding mRNA [6]. Apart from transcriptional regulation, miRNA
biogenesis can also be post transcriptionally regulated [30]. This
can be explained using an example of “regulation of let-7 family
during differentiation of embryonic cells”. Mature let-7 is normally
undetectable in stem cells. But during differentiation let-7 family
becomes so highly expressed that it is one of the most abundant
miRNA family in differentiated cells [31]. This increased expression
happens without any significant increase in the host gene
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transcription. In other words, it can be stated that let-7 maturation
is blocked in embryonic cells. This was found to be done by Lin28.
This particular protein:

a) Binds to pri-miRNA and inhibits cleavage by Drosha
b)  Binds to pre-miRNA and inhibits cleavage by Dicer

c¢) Addsoligouridine tail to let-7 precursors and marks them
for degradation.

During differentiation, the expression of Lin28 is shut down due
to which a rapid increase in maturation of lin-7 occurs [6,32,33]. To
re-evaluate importance of Drosha, Dicer, XPO5, TRBP, and PACT in
miRNA biogenesis, several studies using knock out cells have been
performed recently. In studies conducted in Drosha knock out cells,
production of miRNA was observed to be completely abolished but
in Dicer knock out cells only 80% reduction in biosynthesis were
observed [34]. In other hand knock out models of XPO5 showed
only minimal depletion suggesting the presence of an alternative
transport mechanism that is independent of XPO5 [35]. A high
throughput analysis of pri-miRNA revealed that many sequence
features of it are important for efficient pri-miRNA processing.
Some of the features include: a) UG motif at the base of hairpin loop
of pri-miRNA. b) UGU motif at the apical loop, a CNNC motif near
the Drosha processing site [36]. These structural characteristics
causes the efficient interaction between pri-miRNA and Dicer/
DGCR8 complex.

Mechanism of Gene Regulation by miRNA

Most of the discovered miRNAs bind to the 3’ UTR region
of mRNA. But some of the miRNAs are also seen to be bind to 5’
UTR region, coding regions as well as promotor regions of mRNA
[37,38].Itis observed through various studies that when a miRNA is
bound to 5’UTR regions and coding regions, it has a silencing action
whereas when bound to promoter region it induces transcription
of mRNA [39].

Silencing of gene via RISC assembly

miRNAs present within the miRISC guides it to identify
mRNA and to alter its expression. There is a downregulation of
mRNA expression either via translational repression or via mRNA
cleavage [33]. This is dependent on the degree and nature of
complementarity between the guiding miRNA and mRNA. When
there is a near perfect base pairing between the strands; AGO2
cleavage is favoured [14,40] whereas translational inhibition
requires multiple complementary sites with only limited base
pairing. mRNA cleavage and translational repression are also
referred to as slicer dependent and slicer independent silencing
respectively. Though both of these mechanisms ultimately lead
to downregulation of gene expression, the significant difference
between the effects is its reversibility. Translational inhibition
is reversible because stable mRNA can be translated following
elimination of translational repression whereas slicer/AGO2
dependent cleavage is irreversible [14].

Micro RNA mediated enhanced translation

Contrary to the traditional role of miRNA in post translational
repression, in some cases it can cause enhanced translational
activities. Joan and Sietz et al observed the property of increased
quiescence of cells in stressful conditionsi.e., cells under challenging
situations exit from their cell cycle and enter a resting phase. They
discovered that miRNA has an important role in it [41]. Steitz [42]
through their studies has observed that AGO2 protein and Fragile
X Metal Retardation Related Protein 1 (FXR1) causes increased
translation. Both these proteins binds to the 3’ Untranslated Region
(UTR) of TNF alpha mRNA. After computational research, they
found that miRNA 369-3 forms direct base pairing with the target
and this process is mandatory for the translational upregulation
seen in stressful conditions such as serum starvation [42].

Conclusion

The current proteomic era identifies miRNA as a key player in
the pathogenesis and progression of multiple diseases. decade of
strong basic research has been performed. Now, it is the time to link
this core concept of miRNA with many human diseases, to identify
miRNA role in multiple diseases, to identify and establish specific
miRNA biomarkers that aid in early detection of a disease. miRNA
diagnostics and therapeutics can be developed with confidence
and later commercialized to be of effective use with the aim of
prevention, prognosis, and early diagnosis. A Core concept of miRNA
in various human diseases with the strong basic research of this
novel biomolecule in the identification, initiation and progression

of the disease is the need of the hour.
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