Chapter 2
Biogenesis of Mammalian miRNA

Stephen L. Clarke, McKale R. Davis and Ramanjulu Sunkar

Abstract MicroRNA (miRNA) are small noncoding molecules approximately 22
nucleotides in length that mediate translational repression of target messenger RNA
(mRNA) transcripts. miRNA play important roles in cellular differentiation and
proliferation, regulation of cellular metabolism, and are associated with en-
hanced tumorigenesis observed with many cancers. These small RNA molecules
function by binding with imperfect complementarity to sequences located in
the 3’ untranslated region (UTR) of target mRNA. MiRNA are expressed from
both intergenic or intronic regions of the genome in an RNA polymerase II-
dependent manner and their expression is subject to both feed-forward and negative
feedback regulatory loops. Nascent transcripts known as primary miRNA (pri-
mRNA) undergo nuclear processing to generate ~ 60-80 nt precursor miRNA
(pre-miRNA) containing imperfect stem-loop structures. Pre-miRNA are sub-
sequently exported out of the nucleus whereupon they are further processed
by the RNase III enzyme Dicer resulting in the formation of a ~20-24 nt
miRNA duplex. Thermodynamic stability of each strand determines which strand
of the miRNA duplex will be retained within the RNA-induced silencing complex
(RISC) to function as the mature miRNA. This mature miRNA then guides the RISC
to sequences within the 3'UTR of target mRNAs to repress protein translation. Due
to the roles that miRNA have in regulating cellular proliferation and metabolism,
they could potentially interfere with recombinant protein expression in cell-based
systems.
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2.1 Introduction

MicroRNAs (miRNAs) are small non-coding regulatory RNA molecules (~ 22-nt)
that post-transcriptionally regulate gene expression by mechanisms involving trans-
lational repression and/or decreasing mRNA stability. For the purposes of this review,
the focus will be on regulation of mammalian miRNA biogenesis and mechanism
of action. Because an individual miRNA species can regulate many targets, and
because of the heterogeneity observed in mature miRNA sequences, miRNA serve
an essential role in controlling the expression of transcripts and proteins involved
in cellular development, differentiation, and metabolism. Furthermore, alterations
in either miRNA expression or the expression/activity of components required for
miRNA processing and target recognition may contribute to the pathogenesis of a
variety of cancers and other chronic diseases. Thus, characterizing the factors that
are responsible for controlling miRNA biogenesis is beneficial for enhancing our
understanding of mechanisms allowing cells to respond to constantly changing en-
vironmental conditions in addition to providing therapeutic opportunities to prevent
or treat chronic diseases.

2.2 Principles of MicroRNA Biogenesis

miRNA-dependent regulation of gene expression is thought to control the expression
of as much as 60 % of the protein-coding genes expressed in mammals (Friedman
et al. 2009). miRNA represent about ~ 1-2 % of the eukaryotic microtranscip-
tome and have diverse roles in modulating cellular processes including cellular
proliferation, differentiation, and metabolism in addition to being involved disease
pathogenesis (Liu et al. 2008; Williams 2008; Esau et al. 2006; Farazi et al. 2011).
miRNAs are transcribed primarily in an RNA polymerase II-dependent process
from intergenic regions of the genome or from introns and exons of protein-coding
genes (Fig. 2.1) (Kim and Nam 2006; Lee et al. 2004). The genomic organization
of miRNA genes is the subject of an excellent review article and will only be briefly
described here (Olena and Patton 2010). Approximately one-third of miRNA genes
are located in the introns of protein-coding genes suggesting that the expression of
miRNA and mRNA may be coordinately regulated (Westholm and Lai 2011; Ro-
driguez et al. 2004; Baskerville and Bartel 2005). In mammals ~ 36-46 % of known
miRNA are clustered as polycistronic genes (Griffiths-Jones et al. 2008). The ex-
pression of miRNA from these clusters suggests that multiple miRNAs affecting
multiple targets could be produced in response to environmental or developmental
cues. As an additional level of complexity, targets of polycistronic miRNA are often
regulated in such a way that multiple protein-protein interactions may be regulated by
the induction of miRNA expression and subsequent translational control (Yuan et al.
2009). Expression of miRNA transcripts may also play an important role in autoreg-
ulatory loops. For example, one of the targets of hsa-miR-613 is the nuclear hormone
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Fig. 2.1 Overview of mammalian miRNA biogenesis and function. The primary (pri-) miRNA
transcripts that can adopt hairpin-like structures are transcribed from miRNA loci. Pri-miRNA
transcripts from miRNA genes are processed to 60—80 nt pre-miRNA transcripts by a complex
containing Drosha and DGCRS in the nucleus. Alternatively, pre-miRNA may be derived from
intronic regions of protein-coding genes in a Drosha/DGCRS independent process requiring both
the splicesome and a debranching enzyme known as the lariat debranching enzyme. Both the canon-
ical Drosha-dependent processing and intronic processing pathways generate a pre-miRNA with a
hairpin-like structure that is then exported out of the nucleus into the cytoplasm through Exportin 5
(EXPS5). Along with Argonaute (Ago) proteins, Dicer processes the pre-miRNA transcript into a ma-
ture miRNA duplex. The strand in the duplex with the least thermodynamically stable 5’ end (guide
strand) is retained by an Ago protein in mammals. The passenger strand (miRNA*) is generally
released and degraded. Upon target recognition by the RNA-induced silencing complex (RISC)
based on the seed region complementarity with the target mRNA, the target mRNA undergoes
translational repression

receptor liver X receptor-alpha (LXRa) (Ou et al. 2011). The sterol response ele-
ment binding protein (SREBP), a target of LXRa, binds an SREBP response element
in the promoter of hsa-miR-613 and enhances its expression, thus down-regulating
the expression of LXRa (Ou et al. 2011). Similarly, the expression of the clustered
miRNA hsa-miR-2861 and hsa-miR-3960 is regulated by runt-related transcription
factor 2 (Runx2), a key transcription factor that promotes osteoblast differentia-
tion (Hu et al. 2011). Runx2 enhances the transcription of hsa-miR-2861 which
results in the repression of histone-deacetylase 5 thereby inhibiting the repression
of Runx2 to further promote osteoblast differentitation (Li et al. 2009). Runx2 also
enhances the expression of hsa-miR-3960. A target of hsa-miR-3960 is homeobox
a2 (Hoxa2), a protein that suppresses Runx2 expression (Hu et al. 2011). Thus, the
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Runx2-mediated increase in miR-2861 and miR-3960 expression plays a key role in
promoting osteoblast differentiation by suppressing inhibitors of Runx2 expression.

Similar to other protein-coding transcripts, these miRNA transcripts known as
primary (pri-) miRNA undergo processing that promotes involving the addition of
a 5'-m’G cap structure and polyadenylation (Cai et al. 2004). These pri-miRNA
transcripts are then processed to a ~ 65-nt precursor (pre-) miRNA in the nu-
cleus by the “Microprocessor” complex consisting of the RNase III-like enzyme
Drosha and its co-factor DiGeorge Syndrome Critical Region 8 (DGCRS8; Pasha in
D. melanogaster and C. elegans) (Lee et al. 2003; Denli et al. 2004). Pre-miRNA con-
taining hairpin-like structures are exported from the nucleus in a RanGTP-dependent
process involving exportin 5 (Exp5) before undergoing additional cytosolic process-
ing by Dicer to generate a mature miRNA (Bohnsack et al. 2004; Lund et al. 2004;
Yi et al. 2003).

2.3 Nuclear Processing by Drosha

Drosha is a nuclear protein of 130-160 kDa containing two RNase III domains
(RIID) and a double-stranded RNA binding domain (dsRBD). Mammalian pri-
miRNA transcripts contain dSRNA hairpins consisting of a ~ 33 base pair (bp) stem,
a terminal loop, and 5’ and 3’ flanking ssRNA. Although Drosha exhibits RNase
IIT activity in the absence of its co-factor DGCRS, it requires DGCRS8 in order to
bind target RNA (Han et al. 2004). Instead, Drosha interacts with DGCRS8 to form
the core Microprocessor complex that is competent for RNA binding and cleavage.
DGCRS recognizes the ssSRNA-dsRNA junction of target RNA through two dsRBDs
and facilitates substrate cleavage ~ 11 bp from the junction (Han et al. 2006; Zeng
and Cullen 2005). The two RIIIDs of Drosha cleave the 5’ and 3’ strands of the
stem resulting in the formation of a ~ 65-nt (60-80-nt) pre-miRNA with a 2-nt 3’
overhang (Basyuk et al. 2003). The flanking sequence containing the 3’ overhang
is an important factor for recognition by EXP5 and subsequent nuclear export for
additional cytosolic processing (Bohnsack et al. 2004; Lund et al. 2004; Yi et al.
2003). After binding the pre-miRNA, the EXP5 co-factor GTP-bound nuclear Ran
undergoes cytoplasmic hydrolysis releasing the pre-miRNA into the cytosol.

2.4 Cytosolic Processing by Dicer

Following generation of the pre-miRNA by the Microprocessor complex, the
RNase ITI-like protein Dicer generates an RNA duplex containing the mature miRNA.
Dicer, an ~ 200 kDa protein containing DEAD-box RNA helicase domain, PAZ do-
main, two RIIIDs, and a dsSRBD, cleaves the pre-miRNA near the loop to generate an
~ 22-nt duplex that contains both the mature miRNA (guide strand) and a similarly
sized RNA (passenger strand) derived from the opposite stem of the hairpin (Bern-
stein et al. 2001; Grishok et al. 2001; Hutvagner et al. 2001; Macrae et al. 2000).



2 Biogenesis of Mammalian miRNA 19

Similar to Drosha in the nucleus, Dicer interacts with other proteins forming larger
complexes involved in loading of the RNA induced silencing complex (RISC). The
dsRNA binding protein TAR RNA binding protein (TRBP) and protein activator of
PKR (PACT) are not required for pre-miRNA processing by Dicer, but contribute
instead to the stability of the complex and formation of the RISC (Haase et al. 2005;
Lee et al. 2006; Chendrimada et al. 2005; Melo et al. 2009; Paroo et al. 2009). The
mature miRNA duplex is therefore determined both by recognition of the pri-miRNA
by Drosha in the nucleus and cleavage by Dicer in the cytosol. The mature miRNA
may be located on either side of the pre-miRNA hairpin duplex.

2.5 Targeting is Influenced by The 5’ End of The MicroRNA

The selection of cleavage sites by Drosha and Dicer may produce miRNA with
multiple isoforms depending on the sequence of the 5’ and 3’ ends (Carthew and
Sontheimer 2009). As explained below, differences in nucleotide composition can
alter the “seed” sequence ultimately affecting which protein-coding mRNAs are tar-
geted by the mature miRNA (Chiang et al. 2010). The ability of miRNA to repress
translation is largely a function of the thermodynamic stability of base-pairing be-
tween the miRNA and complementary sequences generally found in the 3'UTR of
target mRNA. In particular, nucleotides at positions 2-8 at the 5" end of the miRNA
comprise the so-called “seed” sequence for miRNA target recognition (Doench and
Sharp 2004). Although both the 5" and 3’ ends of miRNA can vary depending on
the addition or deletion of 1-2 nt, alterations in the 5’ sequence can alter the seed
sequence resulting in potential changes in miRNA target specificity. Additionally,
thermodynamic stability of the 5’ and 3’ ends may affect which strand of the duplex
is incorporated into the RISC (Krol et al. 2010). Differential selection of cleavage
sites by Drosha and Dicer can therefore alter both the stability of the duplex and
determine which strand is incorporated into the RISC as a mature miRNA.

2.6 RISC Assembly

Following cleavage by Dicer, the ~22-nt RNA duplex containing both the mature
miRNA (guide strand) and the passenger strand (also referred to as the miRNA*
strand) is incorporated into the RISC. In order to function in miRNA-mediated reg-
ulation of gene expression, the duplex is separated and the guide strand is retained
in the RISC whereas the passenger strand is removed. RISC assembly occurs in two
steps: first, ~22-nt RNA duplexes are incorporated into Argonaute (Ago) proteins
and second, RNA duplexes are unwound or separated within Ago proteins (Kawa-
mata and Tomari 2010). Argonaute proteins may be divided into three groups based
on sequence similarity and the nature of their substrates: the AGO subfamily, the
Piwi subfamily, and the C. elegans-specific WAGO subfamily (Czech and Hannon
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2011). This review will focus on the role of AGO proteins on the processing and
function of miRNA in mammals. Although the precise mechanism of assembly in
mammals is not yet known, RNA duplex incorporation into AGO proteins and ATP-
dependent RISC assembly appears to be a Dicer -independent process in contrast
to the well-characterized Dicer-dependent RISC assembly involving Ago2 in flies
(Kawamata and Tomari 2010; Schwarz et al. 2003).

Strand selection by the RISC is a regulated process dependent upon the ther-
modynamic stability of the nucleotides at the 5’ termini at each end of the duplex
(Schwarz et al. 2003; Khvorova et al. 2003). This asymmetric strand selection due to
the relative stability of the 5’ end is known as the “asymmetry rule”. The strand with
the least stable 5 end (miRNA or guide strand) is retained within the Ago-associated
complex, whereas the passenger strand is unwound from the duplex and degraded
(Kawamata and Tomari 2010; Schwarz et al. 2003; Khvorova et al. 2003). Recent
deep sequencing studies in Drosophila revealed that miRNA* species for a few
miRNAs are abundantly expressed and dynamically regulated suggesting that
miRNA* might in fact play important gene regulatory roles in a cell-type or cell-stage
specific manner (Okamura et al. 2008). Indeed, miRNA* are capable of regulating the
expression of luciferase reporter constructs containing the target sites for miRNA*
suggesting that the passenger strands likely play an important role in mammalian
gene regulatory networks (Yang et al. 2011).

All four AGO proteins expressed in humans (AGO1-4) can bind miRNA duplexes
containing central mismatches (Yoda et al. 2010). In contrast to flies, there does not
appear to be strict small RNA sorting system involved in RISC assembly in mammals.
As aresult of mismatches in base-pairing in the duplex, the two strands are unwound
by a cleavage-independent (i.e., nuclease-independent) mechanism (Kawamata et al.
2009). Whereas the passenger strand appears to be susceptible to rapid nucleolytic
degradation, the guide strand is retained in the RISC. Upon the formation of a mature
or active RISC, the mature miRNA is then capable of exhibiting a regulatory function
by altering protein translation or mRNA stability.

2.7 MicroRNA Repress Protein Translation

Due to the combinatorial nature of 5’ sequence heterogeneity in the seed region of
the miRNA as a result of pri- and pre-miRNA processing, strand selection, and AGO
association, the appropriate target recognition by mature miRNA is essential to its
ability to participate in regulatory networks. Furthermore, miRNA relative expression
levels and subcellular localization contribute to the complexity of miRNA-dependent
regulation of gene expression. Although all four AGO proteins in humans evolved as
ribonucleases, only AGO?2 retains its catalytic activity (i.e., Slicer activity) required
for the cleavage of target mRNA (Meister et al. 2004). Active RISC containing ei-
ther AGO 1, 3, or 4 loaded with guide miRNA is able to recognize target sequence
in the 3'UTR of target mRNA resulting in translational repression but could also
decrease mRNA stability by promoting transcript degradation (Bartel 2009; Eulalio
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et al. 2008; Chekulaeva and Filipowicz 2009). mRNA targets subject to translational
repression and degradation may be localized to cytoplasmic processing (P-) bodies
that are associated with both mature RISC and target mRNA (Parker and Sheth 2007;
Berezhna et al. 2011; Pothof and van Gent 2011). By contrast to widely character-
ized translational inhibition, miRNA can also increase or activate translation of target
mRNA in a cell-cycle dependent manner (Vasudevan et al. 2007; Niepmann 2009;
Roberts et al. 2011). For example, AU-rich elements in the 3'UTR of Tumor Necrosis
Factor-a mRNA that are usually associated with promoting enhanced mRNA decay
can recruit miRNA to either mediate translational up-regulation under serum-starved
condition or repress translation during cellular proliferation (Vasudevan et al. 2007).
These results suggest that miRNA can control both translational repression and acti-
vation of target mRNA in a cell-cycle specific manner thereby allowing cells to adapt
to changes in metabolic or environmental conditions.

As mentioned above, miRNA interact with target mRNA by a mechanism involv-
ing imperfect base-pairing. Although there is little tolerance for mismatches in the
seed region (nt 2—8 of the mature miRNA), targets containing mismatches in the seed
region have nonetheless been described (Vella et al. 2004; Lindenblatt et al. 2009).
Mismatches in the central portion of the miRNA repress endonucleolytic cleavage
of target mRNA while simultaneously allowing the formation of a mature RISC by
increasing the rate of strand dissociation (Yoda et al. 2010; Kawamata et al. 2009).
Rather than a one miRNA: one mRNA model of repression, there are usually multiple
miRNA and/or target sequences required for maximal repression (Doench and Sharp
2004; Hon and Zhang 2007). While most miRNA target sites located in the 3'UTR
serve as the basis of a number of target prediction tools (Lhakhang and Chaudhry
2011; Huang et al. 2011; Hsu et al. 2011; Liu et al. 2010; John et al. 2004), target
sites within the 5UTR have also been described (Forman and Coller 2010; Grey
et al. 2010; Moretti et al. 2010).

mRNA whose translation are cap-independent or mRNA lacking a 5-m’G cap
structure are less robustly repressed than those mRNA that are cap-dependent (Pillai
etal. 2005; Mathonnet et al. 2007). Additionally, internal ribosome entry site (IRES)-
containing mRNA are poorly repressed by miRNA (Pillai et al. 2005; Humphreys
et al. 2005). These results suggest that optimal repression may be dependent on
disrupting the interaction between the cap binding eukaryotic initiation factor 4E
(eIF4E) and the cap structure. Although the mechanisms are still not fully under-
stood, alterations in protein-protein interactions are likely to result in an arrest of
translational initiation. For example, GW 182, a protein that is a component of the
RISC, may interact with the poly(A) binding protein (PABP) thereby preventing
PABP from binding to the scaffold protein eIF4G resulting in a block in translation
initiation (Wakiyama et al. 2007; Wang et al. 2008; Fabian et al. 2009). Interest-
ingly, both polyadenylated and deadenylated mRNA are subject to miRNA-mediated
repression suggesting the existence of both poly(A)-dependent and independent
mechanisms (Pillai et al. 2005; Beilharz et al. 2009). Some of these mRNA can
also be found in P-body subcellular compartments providing a location wherein the
repressed mRNA may be subsequently decapped and degraded (Parker and Sheth
2007; Cannell et al. 2008). Nonetheless, one of the molecular mechanisms through
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which miRNA modulate protein abundance is through the repression of translation
by impairing translation initiation.

Existing evidence also suggests that miRNA function to repress translation at
a point following translational initiation. Using sucrose gradient fractionation to
examine polysomal distribution of mRNA, results indicate that both synthetic and
endogenous miRNA target messages may be associated with polysomes (Petersen
et al. 2006; Nottrott et al. 2006; Gu et al. 2009). Furthermore, synthetic mRNA
containing a cap-independent IRES may be subject to repression by miRNA and
provides evidence that the regulatory step occurs at some point after the initiation
of translation (Petersen et al. 2006). In fact, numerous miRNA have been found
associated with polysomal fractions indicating that mature miRNA control protein
expression at a point beyond initiation and is consistent with a model wherein miRNA
may also bind to and repress target mRNA at a post-initiation step (Kim et al. 2004;
Nelson et al. 2004; Maroney et al. 2006; Kong et al. 2008). The precise mechanism
controlling the miRNA-induced repression via regulating elongation or termination
steps remains unknown.

2.8 Target Regulation by Altering Transcript Stability

Regulation of post-transcriptional gene expression by miRNA also likely occurs
through the modulation mRNA stability or turnover. Following recognition of the
target mRNA, miRNA promote the deadenylation and decapping of the message
resulting in its destabilization (Fabian et al. 2010). Deadenylation may be, at least in
part, dependent on the interaction between PABP and GW182 of the RISC thereby
impairing the interaction between PABP and eIF4G (Fabian et al. 2009). It does
not appear that deadenylation alone results in enhanced decay, but instead suggests
that deadenylation may be requirement for decapping and degradation by either a
3’-5" or 5'-3’ exoribonuclease. Intriguingly, recent work using rabbit reticulocyte
lysate suggests that the poly(A) tail, but not the 5-m’G cap, of target mRNA is
required for miRNA-mediated effects (Ricci et al. 2011). In fact, in these studies
using rabbit reticulocyte lysates, translational repression was independent of either
deadenylation or decreased mRNA stability. Despite examples of deadenylation
and decay occurring to varying degrees, the extent to which these processes play an
important role in mammalian cells remains unclear and may indicate that the primary
means of regulation, at least in mammals, is through a mechanism involved in the
regulation of translation initiation (Fabian et al. 2009).

2.9 Summary

Similar to protein-coding genes, miRNA gene expression is usually regulated through
the recruitment of RNA polymerase II to produce a primary miRNA transcript. This
nascent transcript undergoes nuclear processing to generate 60-80 nt pre-miRNA
transcripts that are then exported out of the nucleus and further processed by the
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RNase III enzyme Dicer to generate a miRNA duplex. The strand of the duplex with
the least thermodynamically stable 5' terminus is subsequently incorporated into the
RISC and directed towards recognition of the 3’UTR of target mRNA. In mammals,
miRNA regulate protein expression primarily by repressing protein translation. Thus,
alterations in miRNA expression allow cells to fine-tune protein expression to more
appropriately control cellular fate and metabolism. Although there is an enhanced
appreciation for the roles of miRNA in regulating cellular fate and metabolism,
much remains to be known about the mechanisms controlling aspects of miRNA
expression, miRNA turnover, and stoichiometry of miRNA: target ratios required
for target repression.
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