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Abstract

MicroRNAs (miRNASs) function as 21-24 nucleotide guide RNASs that use partial base-pairing to
recognize target messenger RNAs and repress their expression. As alarge fraction of protein-
coding genes are under miRNA control, production of the appropriate level of specific miRNAs at
the right time and in the right place isintegral to most gene regulatory pathways. MiRNA
biogenesisinitiates with transcription, followed by multiple processing steps to produce the
mature miRNA. Every step of miRNA production is subject to regulation and disruption of these
control mechanisms has been linked to numerous human diseases, where the balance between the
expression of mMiRNAs and their targets becomes distorted. Here we review the basic steps of
miRNA biogenesis and describe the various factors that control miRNA transcription, processing
and stability in animal cells. The tremendous effort put into producing the appropriate type and
level of specific miRNAs underscores the critical role of these small RNASsin gene regulation.
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Introduction

In the past decade, the study of non-coding RNAs (ncRNAS) has taken center stage with the
recognition that these small molecules function in virtually all cellular pathways. In
multicellular organisms, the three major classes of small ncRNASs are microRNAs
(miRNAS), small interfering (ssRNAs), and Piwi-interacting RNAs (piRNASs), which all
bind to complementary sequences within target RNAs to generally down-regulate gene
expression (Aalto and Pasquinelli, 2012). A distinguishing feature of these post-
transcriptional gene regulatorsistheir unique biogenesis pathways. This review focuses on
the biogenesis of miRNAs and the factors that regulate this pathway in animals.

Thefirst miRNAS, lin-4 and let-7, were discovered through genetic screensin
Caenorhabadiitis elegans as genes important for developmental timing (Lee et al., 1993,
Reinhart et al., 2000). Since their discovery in C. eegans, miRNAs have been found across
animal and plant species. In many cases the expression patterns and recognition of target
MRNAS by specific miRNAs are conserved aswell. Since miRNAs can target mRNAs
through imperfect binding, each miRNA has many targets, giving miRNAs the potential to
regulate over half of the human genome (Bartel, 2009, Rigoutsos, 2009). Thus, miRNAs
control many different biological pathways, and interference with miRNA function can lead
to a number of human diseases, including neurological disorders, cancer and cardiovascular
complications (Bussing et a., 2008, Sayed and Abdellatif, 2011).
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MiRNA biogenesis begins in the nucleus with transcription, usualy by RNA polymerasell,
to create the long primary miRNA (pri-miRNA) housing a hairpin that contains the mature
sequence (Figure 1) (Kim et al., 2009, Winter et a., 2009). The hairpin is excised by the
Microprocessor that includes Drosha, an RNase 111 enzyme, and its cofactor DGCR8 (also
known as Pasha), producing the 60—70 nucleotide precursor miRNA (pre-mRNA). The
precursor hairpin is exported out of the nucleus by Exportin 5 where another RNase 111
enzyme, Dicer, processes the precursor into the 21-24 nucleotide duplex miRNA. The
strand destined to be the mature sequence is then loaded onto Argonaute, forming the
miRNA induced silencing complex (miRISC) along with other proteins. Using imperfect
base pairing, miRNAs guide RISC to specific MRNAs to down-regulate their expression by
triggering mMRNA destabilization or translational repression (Huntzinger and |zaurralde,
2011, Pasquinelli, 2012). MiRNA biogenesis can be regulated at each of these steps through
accessory proteins to ensure proper miRNA homeostasis (Table 1). Since small deviationsin
mMiRNA levels can perturb the regulation of many target genes, control of miRNA
biogenesisis essential for the maintenance of normal cell biology.

In this review, each step of animal miRNA biogenesisis discussed and several key
regulators that control miRNA processing and stability are highlighted. Additionally,
miRNAs that mature independently of core biogenesis factors are described. Finally, the
new discovery that mature miRNAS can directly regulate the processing of miRNA
substratesis presented and exemplifies the surprises still unfolding in this small RNA
pathway.

Genomic arrangement of miRNAs

Most multi-cellular organisms encode dozens to hundreds of miRNA genes. Some miRNAS
are housed within protein coding genes while others are in noncoding RNA (ncRNA)
transcription units (Figure 2a,b) (Rodriguez et al., 2004). In mammalian cells more than
70% of miRNAs are located within an intron, with the majority residing in a protein-coding
gene. The remaining miRNAs are located in ncRNA transcription unitsin approximately
equal ratios of exonic and intronic miRNAs. Furthermore, aternative splicing of certain
transcripts can cause the miRNA to be either in an intron or exon. Alternatively, in C.
éegansonly about 15% of miRNASs are under the control of a host gene promoter, with the
rest being regulated by independent promoters (Martinez et al., 2008b). About 30% of these
miRNA genes overlap protein-coding genes in the antisense direction, leaving over 100
miRNAs with their own promoters (Figure 2c). In some cases, thereisadirect correlationin
expression between the host gene and miRNA (Baskerville and Bartel, 2005, Rodriguez et
al., 2004). However, expression of the host gene and mature miRNA can also be uncoupled
by the use of alternative promoters and regulated processing.

It is quite common for multiple miRNASs to be transcribed as one long transcriptional unit
called a“cluster” (Figure 2d) (Lau et al., 2001, Lee et al., 2002). MiRNASs in this genomic
arrangement are sometimes, but not always, related and considered members of afamily.
Typically, afamily of miRNAs includes all miRNASs, regardless of genomic location, that
share nucleotides 2—7, often called the seed sequence (Bartel, 2009). For example, in
humans there are thirteen members of the let-7 family, seven of which residein clusters with
other let-7 miRNAs (Mondol and Pasquinelli, 2012). Since seed pairing is often a primary
determinant for target recognition, families of miRNAs have the capacity to regulate
common genes. Thus, co-transcription of afamily of miRNAsin acluster provides an
efficient means for the regulation of shared targets.

The complexity of miRNA genome arrangements can coordinate biological functions
(Rodriguez et a., 2004). For example, the protein coding gene dynamin-3 includes
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miR-3120 within an intron on the sense strand (Scott et al., 2012). Antisense to this same
intron is miR-214, which exhibits an expression pattern similar to that of dynamin-3 and
miR-3120, despite being transcribed in the opposite orientation. Together, dynamin-3,
miR-3120 and miR-214 all seem to beinvolved in synaptic vesicle recycling and function in
neuronal cells. (Scott et al., 2012)

Transcription of miRNAs

The vast mgjority of miRNAs are transcribed by RNA polymerase |1 either as part of host
gene transcripts or as independent transcription units. The nascent RNAS, called miRNA
primary transcripts, receive 5° methylated caps and 3" polyadenylated tails similar to most
other Pol Il products (Bracht et al., 2004, Cai et a., 2004, Lee et al., 2004). In rare cases,
transcription by RNA polymerase 111 has been shown to occur for miRNAs that are near Alu
repeats (Borchert et al., 2006). At least for Pol |1 transcribed miRNAS, there is ample
evidence that processing of the miRNA primary transcript to the precursor form can occur
co-transcriptionally (Ballarino et al., 2009, Morlando et a., 2008, Pawlicki and Steitz,
2009). The processing complex, generally called the Microprocessor, has been shown to
associate with the miRNA expressing genes in an RNA-dependent manner through
chromatin immunoprecipitation (ChlP) analyses and localization studies (Morlando et al.,
2008, Pawlicki and Steitz, 2009). In cases where the miRNA isintronic, release of the
precursor has been shown to precede the completion of mMRNA splicing (Morlando et al.,
2008, Kim and Kim, 2007). Additionally, processing of amiRNA from an intron does not
seem to reduce pre-mRNA splicing efficiency and, in at least one case, the two catalytic
events mutually enhance each other (Kim and Kim, 2007, Pawlicki and Steitz, 2009, Janas
eta., 2011).

Genome wide analyses of human miRNAs have provided a map of their promoter regions
and chromatin signatures (Corcoran et a., 2009, Ozsolak et al., 2008, Monteys et al., 2010).
These studies indicate that about one-third of intronic miRNASs are transcribed
independently of their host gene. Additionally, transcriptional start sites can be located
thousands of nucleotides upstream of the miRNA sequence. Many of the promoters contain
featurestypical of Pol Il promoters, including TATA boxes and initiator elements (Corcoran
et al., 2009, Ozsolak et a., 2008, Monteys et al., 2010, Zhou et al., 2007).

Transcriptional regulation is at least partially responsible for the specific spatial and
temporal expression patterns exhibited by many miRNAs. Several genome wide approaches
have been taken to match transcription factors to miRNA genes. In mouse embryonic stem
cells (ESCs), key pluripotency factors, including Oct4, Sox2, Nanog and Tcf3, are
associated with the most abundantly expressed miRNAs in this cell type, as shown by ChiP
(Marson et al., 2008). Surprisingly, these same transcription factors a so occupy the
promoters of some miRNASs that only become de-repressed as ESCs differentiate into a
specific cellular lineage. In these cases, though, the Polycomb complex is also present,
exerting its silencing function. In another approach, yeast one-hybrid (Y 1H) assays were
used to screen for transcription factors that associate with miRNA promotersin C. éegans
(Martinez et al., 20084). This genome wide survey revealed multiple cases of feedback 1oops
where transcription factors that regulate specific miRNASs are themselves targets of those
miRNAs (Martinez et a., 2008a). Since transcription factors can positively or negatively
regulate miRNA expression, feedback |oops can either buffer or amplify their own
expression, respectively.

The Microprocessor

Most primary miRNA transcripts are processed into their precursor formsin the nucleus by
the Microprocessor complex (Lee et a., 2003, Gregory et al., 2004, Han et al., 2004,

Crit Rev Biochen Mol Biol. Author manuscript; available in PMC 2014 January 01.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Yd-HIN

Finnegan and Pasguinelli Page 4

Landthaler et al., 2004, Denli et a., 2004). Minimally, the Microprocessor consists of the
RNase Il enzyme Drosha and DGCRS8 (DiGeorge syndrome critical region gene 8), also
named Pasha (Partner of Drosha) (Gregory et a., 2004, Han et a., 2004, Landthaler et al.,
2004, Denli et al., 2004). RNase |11 enzymes are known to cleave RNA and leave 2-nt
overhangs, a characteristic seen on the 3" end of pre-miRNAs (Lee et a., 2003, Han et .,
2004). Drosha contains two RNase |11 domains that are each responsible for making a cut to
release the hairpin from the primary transcript (Han et al., 2004). Although Drosha harbors a
recognizable double-stranded RNA binding domain (dsRBD), it requires DGCR8 with its
two dsRBDs to directly bind to the RNA substrate (Yeom et a., 2006). Drosha and DGCR8
co-precipitate with each other as a complex that is sufficient for /r7 vitro processing
reactions. Additionally, depletion of either protein leads to the reduction of precursor and
mature miRNAs in human cells, Drosophilacells, and C. eegans(Lee et al., 2003, Gregory
et al., 2004, Han et al., 2004, Landthaler et a., 2004, Denli et al., 2004). Other proteins
associated with the Microprocessor, such as helicases and heterogeneous nuclear
ribonucleoproteins (hNRNPs), may help facilitate co-transcriptional processing and be
differentially important for processing of specific primary transcripts.

The Microprocessor is responsible for processing most miRNAsin a cell and, thus, the
structure of the RNA is more important than its sequence for substrate recognition. Within a
primary transcript, the approximately 65 nt precursor sequence typically includes a partially
base-paired stem region followed by aterminal loop. Systematic studies altering the
structure of model RNA substrates led to the discovery of several important structural
components that mark the precursor hairpin to be released by the Microprocessor: double
stranded nature of the stem, sSRNA basal segments flanking the stem and alarge terminal
loop of at least 10 nt (Zeng et al., 2005, Han et al., 2006, Zeng and Cullen, 2005). While
there seems to be consensus on the importance of the first two features, the role of the
terminal loop has been debated (Zeng et al., 2005, Han et al., 2006, Zeng and Cullen, 2005,
Zhang and Zeng, 2010). One study concluded that the Drosha cleavage site is mostly
determined by the distance from the single-stranded basal region to the base of the stem and
that the loop is not required for processing (Han et a., 2006). However, other reports have
indicated a strong influence of the terminal loop over the efficiency of the cleavage reaction
(Zeng et al., 2005, Han et al., 2006, Zeng and Cullen, 2005, Zhang and Zeng, 2010). Itis
likely that /n vivothe single stranded flanking sequence, hairpin stem and terminal loop all
contribute to the ability of the Microprocessor to accurately detect and efficiently process
miRNA precursors from primary substrates.

Primary processing is further regulated by the amount of Microprocessor available to the
cell. Microprocessor levels are auto-regulated, as Drosha and DGCRS8 post-transcriptionally
regulate each other. The Microprocessor binds to a hairpin, which resembles a miRNA
precursor, within the 5" UTR of DGCR8 mRNA and cleaves the mRNA (Han et a., 2009,
Kadener et a., 2009, Macias et a., 2012, Triboulet et a., 2009). Thus, depletion of Drosha
stabilizes the DGCR8 mRNA leading to increased levels of DGCR8 mRNA and protein.
Conversely, depletion of DGCR8 causes a decrease in Drosha protein levels. Mutations in
DGCRS8 that prevent it from binding to Drosha also reduce Drosha levels. These results
indicate that DGCRS stahilizes Drosha through protein-protein interactions (Han et a.,
2009). The auto-regulatory loop of the key Microprocessor proteins ensures homeostasis of
mMiRNA levels and represents another step where miRNA maturation can be controlled.

Modifiers of Microprocessor Activity

The structure of primary miRNASs can be altered through editing of nucleotides within and
flanking the hairpin. ADAR (adenosine deaminase that acts on RNA) enzymes are able to
convert adenosine to inosine (A-to-1) using dsRNA as a substrate. This conversion causes
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changesin dsRNA structure and overall stability due to the wobble base pairing of 1:U (Bass
and Weintraub, 1988, Wagner et al., 1989). Primary miR-22 was the first miRNA shown to
be edited in such away by ADAR1 and ADAR2 in human and mouse brain tissue (Luciano
et a., 2004). ADAR proteins have since been shown to act on other specific miRNA
processing substrates, resulting in reduced cleavage by Droshaor Dicer (Yang et a., 2006,
Kawahara et al., 2007). In some cases of editing, processing is unaffected but the nucleotide
change in the seed sequence of the miRNA leadsto differential targeting (Blow et al., 2006,
Kawaharaet al., 2007). The extent of ADAR-mediated editing that affects miRNA
processing and target recognition is presently unclear, as the fraction of the modified
transcript is often low and errorsin high throughput sequencing results raise concerns about
the validity of potential deaminase events (Warf et a., 2012, Alon et a., 2012, Vesdly et al.,
2012, Peng et ., 2012).

/n vivo, Drosha and DGCRS are associated with cofactors that facilitate the processing of
certain miRNAs (Figure 3). While the functional relevance of the approximately 20 different
proteins that have been found to associate with Droshais yet to be determined (Gregory et
al., 2004), afew have been characterized as modifiers of Microprocessor activity. The
DEAD-box RNA helicases p68 (DDX5) and p72 (DDX17) co-precipitate with Drosha and
are important for processing of select miRNAs (Gregory et al., 2004, Fukuda et al., 2007).
The subset of miRNAs affected by loss of p68 or p72 islargely, but not entirely,
overlapping (Fukuda et al., 2007). In mice, genetic disruption of p68 and p72 resultsin
embryonic and neonatal |ethality, respectively (Fukuda et a., 2007). Since these genes are
also involved in rRNA processing, the contribution of rRNA and miRNA deficienciesto the
lethality is unclear. The exact role of p68/p72 in mediating Drosha cleavage of specific
miRNAs s yet to be defined, but their helicase activities could enable favorable structural
rearrangements of primary miRNAs or dislodge inhibitory proteins bound to the RNA
substrates.

One function of p68/p72 seems to be to bridge other regulatory factors, including p53 and
SMAD proteins, to the Microprocessor to regulate the biogenesis of certain miRNAs. The
transcription factor p53 is atumor suppressor gene that becomes active under stress
conditions. It iswell known that in response to certain cellular stresses, p53 induces
transcription of genesinvolved in halting the cell cycle, promoting apoptosis and triggering
senescence (Lane and Levine, 2010). Recent studies have shown that transcriptional and
post-transcriptional regulation of specific miRNAs s another way p53 induces these stress
responses. Through its canonical function, p53 binds the promoters of specific miRNA
genes, in particular the miR-34 family members, to up-regulate their transcription (Chang et
al., 2007, Corney et a., 2007, He et d., 2007, Raver-Shapira et al., 2007, Tazawaet a.,
2007). More surprisingly, p53 aso binds to the Microprocessor in a p68/p72-dependent
manner to stimulate the processing of certain miRNAs (Suzuki et al., 2009). Analysis of
miRNA levels showed a correlation between miRNAS that are positively dependent on p72
for processing and miRNAs that are up-regulated after stress occurs. Unexpectedly, many of
these miRNASs showed no change in primary transcript levels but an increase in precursor
and mature. Through yet to be resolved mechanisms, p53 recruits specific primary miRNAs
to the Microprocessor through p68/p72, resulting in enhanced processing. These up-
regulated miRNAS, including miR-16-1, miR-143 and miR-145, target cell proliferation and
cell cycle proteinsincluding KRAS and CDK6 (cyclin dependent kinase 6). CDK6 is aso
repressed by miR-34 family miRNAs, which are transcriptionally induced by p53 (Suzuki et
al., 2009). Thus, the regulation of mMiRNA biogenesis at multiple levels reinforces the tumor
suppressive function of p53 (Chang et ., 2007, Corney et a., 2007, He et al., 2007, Raver-
Shapiraet a., 2007, Tazawa et al., 2007).
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The SMAD proteins also regulate miRNA biogenesis through two distinct pathways with
the help of p68 (Blahna and Hata, 2012). The SMAD proteins are a part of the TGF-B
(transforming growth factor B) signal cascade pathway, which regulates growth and
development (Conidi et a., 2011). Generally, upon induction of this pathway, SMAD
proteins transl ocate to the nucleus and bind DNA specifically at Smad-binding elements
(SBE) to activate or repress transcription with the aid of other transcription factors
(Massague et al., 2005). SMAD proteins can regul ate transcription of miRNAs by binding to
their promoters along with other proteins, including p68 (Warner et al., 2004, Blahna and
Hata, 2012, Daviset a., 2010). Several miRNA genes contain SBEs that put their
expression under the control of SMADs in atissue specific manner (Davis et al., 2010, Yao
et al., 2010). For example, TGF- directly induces the expression of miR-216 and miR-217
in glomerular meningeal cells and represses the expression of miR-24 in myoblasts (Kato et
al., 2009, Sun et al., 2008). In addition to binding to SBEsin DNA, SMAD proteins are also
capable of binding avery similar sequence within the stem region of pri-miRNA transcripts
(thus named the RNA Smad-binding element, R-SBE) regulated by TGF-p signaling at the
post-transcriptional level. About 20 human miRNASs share this motif and undergo enhanced
processing in response to TGF-p signaling (Davis et a., 2008, Davis et a ., 2010). Binding
of these pri-miRNAs by SMAD proteins seems to stabilize their interaction with Droshain a
p68-dependent manner, facilitating processing to the precursor forms.

Another DNA binding protein that also recognizes miRNA primary transcripts and regul ates
their processing is the breast cancer 1 (BRCA1) protein (Kawai and Amano, 2012). BRCA1
isatumor suppressor that is responsible for repairing DNA damage, maintaining genomic
stability, and controlling proper cell growth (Huen et al., 2010). Loss of BRCA 1 activity
leads to an increased risk of developing breast and ovarian cancer (Barnes and Antoniou,
2012). New studies suggest that some of its tumor suppressive functions may be mediated
through its regulation of miRNA biogenesis. By recruiting histone deacetylases, BRCA1 has
been shown to repress the transcription of miR-155, a so called oncomiR based on its
genera cell growth promoting activity (Chang et a., 2011). Conversely, BRCA1 promotes
the processing of some miRNAs considered to have tumor suppressive effects, such as let-7,
miR-16 and miR-145 (Kawai and Amano, 2012). Overexpression of BRCA1 causes an
increase in the mature levels of these miRNAS, with aslight decrease in their primary
transcript levels. Additionally, the DNA binding domain of BRCA 1 associates with specific
mMiRNA primary transcripts /n vivoand in vitro by recognizing the base of their hairpins.
BRCA1 interacts with Drosha, p68, Smad3 and p53 in alargely RNA-dependent manner.
Another helicase, DHX9, also associates with the pri-miRNAs regulated by BRCA1 and
depletion of this factor attenuates BRCA 1-induced processing (Kawai and Amano, 2012).
What distinguishes specific miRNAs for regulation by BRCA1 and how Drosha and its
associated helicases and classic DNA binding proteins might cooperate to enhance
processing are unresolved questions.

Theterminal loop of some pri-miRNAs is akey feature for regulation by specific RNA
binding proteins. For example, hnRNP A1 binds to the terminal 1oop of specific mMiRNAs
and can enhance or repress cleavage by the Microprocessor (Michlewski et al., 2008,
Michlewski and Caceres, 2010, Michlewski et a., 2010). hnRNP A1 has many rolesin
MRNA metabolism in the nucleus, including aternative splicing, stability, and export of
MRNAs (He and Smith, 2009). Given its broad mRNA binding profile, it was surprising that
only one miRNA, miR-18a, was found to be directly associated with hnRNP A1l in HelLa
cells, using cross-linking immunoprecipitation (CL1P) experiments (Guil and Caceres,
2007). miR-18ais one of six miRNAs in the mir-17-92 cluster, and is the only one regul ated
by hnRNP A1 (Guil and Caceres, 2007). hnRNP A1 binds to the terminal loop aswell as at
the bottom of the stem, causing a bulge that improves Microprocessor access for cleavage
(Michlewski et a., 2008, Michlewski et al., 2010). Subsequently, hnRNP A1 was shown to
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also recognize the terminal loop of let-7a-1 (Michlewski and Caceres, 2010). In contrast to
its effect on processing of miR-18a, binding of hnRNP A1 to primary let-7a-1 inhibits
cleavage by Drosha. At least part of this repressive activity is explained by competition
between hnRNP A1 and factors that stimulate Drosha processing, such as KH-type splicing
regulatory protein (KSRP), for binding to the terminal loop of let-7a-1 (Michlewski and
Caceres, 2010).

Factors that bind to the terminal loop of mMiRNAs are capable of regulating primary and
precursor processing if they are not restricted to a subcellular compartment. For example,

K SRP has amild to moderate effect on the biogenesis of more than thirty different miRNAs
by stimulating both Drosha and Dicer activity in the nucleus and cytoplasm, respectively
(Trabucchi et al., 2009). KSRP is a multi-functional protein with rolesin alternative
splicing, mMRNA decay and miRNA biogenesis (Briataet al., 2011). KSRP binds
preferentially to G-rich regions in the terminal loop of specific pri-miRNAs and enhances
processing by stabilizing their interaction with Drosha. Furthermore, KSRP is predicted to
remain associated with the precursor form of the miRNAS, enabling it to also stimulate
Dicer cleavage in the cytoplasm (Trabucchi et a., 2009). The ability of KSRP to enhance
mMiRNA processing can be regulated in response to DNA damage. Ataxia-telangiectasia
mutated (ATM) kinase responds to dsDNA breaks by phosphorylating various protein
targetsin an effort to arrest cell cycle progression while DNA repair mechanisms ensue
(Harper and Elledge, 2007). A newly identified target of ATM isKSRP (Zhang et al., 2011).
Activation of ATM by DNA damage results in phosphorylation of KSRP, which stabilizes
itsinteraction with specific miRNAs leading to enhanced processing (Zhang et al., 2011).
Consistent with its general anti-oncogenic activity, some of the miRNAs up-regulated by
ATM through KSRP, such as let-7 and miR-16, also support tumor suppressive pathways.

Another factor that enhances miRNA maturation in the nucleus and cytoplasm isthe Tar
DNA-binding protein-43 (TDP-43). It was recently shown that TDP-43 interacts with the
Microprocessor and Dicer to facilitate processing of a subset of miRNAs (Buratti et al.,
2010, Kawahara and Mieda-Sato, 2012). TDP-43 isimportant for mMRNA processing in
almost all stepsincluding transcription, splicing, transport and translation (L agier-Tourenne
et a., 2010). For that reason, it is not surprising that TDP-43 isinvolved in multiple steps of
mMiRNA processing. TDP-43 was shown to associate with terminal loop sequencesin asmall
set of miRNAs and promote their interaction with Drosha and Dicer complexes (Kawahara
and Mieda-Sato, 2012). However, a specific binding motif sequence was not defined. The C-
terminus of TDP-43 mediates its association with Drosha and Dicer complexesin a partially
RNA-independent manner (Kawahara and Mieda-Sato, 2012). One of the miRNAs regulated
by TDP-43, miR-132-3p, was previously shown to be important for dendritic growth (Magill
et a., 2010), and over-expression of thismiRNA in neuronal cell culture partially restored
neurite outgrowth in cells depleted of TDP-43 (Kawahara and Mieda-Sato, 2012). These
findings implicate miRNA biogenesis as an important function of TDP-43 in neuronal
physiology and raise the possibility that loss of this activity may contribute to some cases of
amyotrophic lateral sclerosis (ALS) and front temporal |obar degeneration (FTLD), where
TDP-43 accumulates in abnormal cytoplasmic aggregates (Lagier-Tourenne et al., 2010).

Thefirst step of MiRNA processing is also subject to negative regulation through factors
that bind primary transcripts and prevent their cleavage by the Microprocessor (Figure 3).
The well conserved RNA binding protein, LIN-28, regulates maturation of let-7 miRNA by
binding to pri-let-7 to prevent Drosha processing in mammals and C. éegans(Newman et
al., 2008, Viswanathan et al., 2008, Piskounovaet al., 2008, Van Wynsberghe et al., 2011).
LIN-28isexpressed in the earliest stages of development and isimportant for maintaining a
stem cell like state, while let-7 promotes cellular differentiation pathways (Bussing et al .,
2008, Roush and Slack, 2008, Viswanathan and Daley, 2010). While mature let-7 is
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typically undetectable in undifferentiated cells, primary let-7 transcripts are expressed at
these early stagesin development (Thomson et al., 2006, Van Wynsberghe et a ., 2011,
Viswanathan et a., 2008). As cells move towards more differentiated fates, LIN-28 protein
levelsfall, releasing the let-7 primary transcripts from processing inhibition. LIN-28
recognizes conserved sequencesin two distinct regions of the loop found in most let-7
family members (Nam et al., 2011, Piskounovaet al., 2011, Newman et a., 2008, Heo et al.,
2009, Lightfoot et al., 2011). In C. élegans, the single /in-28 gene encodes a protein that
binds to pri-let-7 co-transcriptionally to prevent processing by the Microprocessor (Van
Wynsberghe et al., 2011). The mammalian genome encodes two Lin28 paralogs, L/N28A
and L/NZ28B. The nuclear Lin28B protein binds primary let-7 transcripts and appears to
sequester them in nucleoli to prevent access by the Microprocessor (Piskounovaet al.,
2011). Lin28A, however, is primarily localized in the cytoplasm, where it blocks the Dicer
step of processing (Piskounovaet al., 2011), which will be discussed further in the section
0N Precursor processing.

Alternative pri-miRNA processing pathways

The recognition that some miRNA precursors mapped precisely to short intronsin
Drosophilaand C. eegansled to the discovery of mirtrons (Figure 2€) (Ruby et al., 2007,
Okamuraet a., 2007). These miRNAs depend on splicing, instead of Microprocessor
activity, for release of the precursor forms (Ruby et a., 2007, Okamuraet a., 2007, Martin
et a., 2009). Deep sequencing efforts and computational analyses have uncovered
representatives in vertebrates, invertebrates and plants (Westholm and Lai, 2011). Although
mirtron-derived miRNAs tend to be less abundant than those processed by the canonical
pathway, they have been shown to repress the expression of targets with perfect or seed-
matched sites (Ruby et a., 2007, Okamuraet a., 2007, Martin et a., 2009). Following
splicing, mirtrons undergo debranching to resolve the lariat and then fold into hairpin
structures resembling precursor miRNAs (Westholm and Lai, 2011). At this point, mirtrons
follow the typical miRNA processing pathway and are transported to the cytoplasm by
Exportin-5, cleaved by Dicer and the mature strands are loaded onto Argonaute proteins.
Some introns give rise to precursor miRNAS that are defined by splicing only on one end
and contain nucleotide extensions on either the 5" or 3" termini. These “tailed mirtrons’
require exonucleases to shave off the extra nuclectides to form structures compatible with
Exportin-5 binding and transport to the cytoplasm (Babiarz et al., 2008, Flynt et al., 2010,
Okamuraet a., 2007, Ruby et al., 2007). The nuclear exosome is responsible for trimming
mirtrons with 3’ tails (Flynt et al., 2010), but the activity that removes extra’5’ nucleotides
isyet to be determined.

Although introns composed entirely of amiRNA precursor would implicate them as
splicing-dependent mirtrons, arecent study showed that thisis not always the case.
Biogenesis of the human intronic miRNAs, miR-1225 and miR-1228, was found to be
independent of splicing, DGCRS8, Exportin-5, Dicer and Ago2 (Havens et al., 2012).
Surprisingly, these splicing-independent mirtron-like miRNAS, termed simtrons, do require
Droshafor generation of the precursors (Havens et al., 2012). The other factors needed to
produce the mature miRNAs are yet to be uncovered. Thisisthe first example of Drosha
activity without the aid of DGCR8 /7 vivo and raises the question of whether a different
dsRBP couples with this RNase to process certain substrates.

Export out of the nucleus

Precursor miRNAs must be exported out of the nucleus to be further processed by Dicer
(Leeet d., 2002). Most nuclear transport receptors export RNA out of the nucleus by using
the cofactor Ran-GTP; once in the cytoplasm hydrolysis of GTP to GDP allows the RNA to
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be released (Lel and Silver, 2002). Exportin 5 (XPO5) bindsto pre-miRNAs with high
affinity in aRan-GTP dependent manner /n vitroand /n vivo(Lund et a., 2004, Yi et al.,
2003, Bohnsack et al., 2004). Loss of Exportin 5 leads to a reduction in pre-miRNAs and,
therefore, a decline in miRNA function /n vivo (Zeng and Cullen, 2004, Yi et a., 2003).
Exportin 5 preferentially binds to transport substrates that have short 3" overhangs, terminal
loops of at least 5 nucleotides, and base-paired stems greater then 15 nucleotides,
characteristics of most miRNA precursors (Zeng and Cullen, 2004, Lund et al., 2004,
Gwizdek et al., 2003, Okada et al., 2009). In addition to its transport role, Exportin 5 also
stabilizes pre-miRNAs by preventing degradation by exonucleases (Zeng and Cullen, 2004).

The presence of inactivating mutations in Exportin 5 has been linked to the reduced mature
MiRNA levels observed in several types of tumors (Melo et a., 2010). Frameshift mutations
that cause truncation of Exportin 5 were identified in a considerable fraction of the cancer
cell lines and primary tumors examined. The truncated form of Exportin 5 failed to mediate
transport of miRNA precursors, thus, prohibiting their access to Dicer processing in the
cytoplasm. This defect led to reduced general levels of mature miRNAS, including those that
function as tumor suppressors. Reintroduction of functional Exportin 5 into mutant cells
supported precursor miRNA export and restoration of mature miRNA levels. Additionally,
the presence of wild-type Exportin 5 imparted growth inhibiting properties to these cell
lines. Thus, in at least some settings, Exportin 5 functions as a tumor suppressor by
facilitating the maturation of miRNAs needed to regulate the expression of cell proliferative
genes.

MicroRNA biogenesis can be regulated by titration of Exportin 5 activity. Saturation of this
transporter by the expression of artificial short hairpins can impair endogenous precursor
miRNA transport and, thus, maturation, leading to toxicity in mice (Grimm et al., 2006). A
recently discovered role for Exportin 5 in transporting Dicer mRNA to the cytoplasm points
to asurprising additional link between this transport factor and miRNA maturation. Down-
regulation of Exportin 5 resulted in decreased Dicer protein through a post-transcriptional
mechanism that was associated with nuclear accumulation of Dicer mMRNA (Bennasser et al.,
2011). Dicer mRNA was shown to interact with Exportin 5 /n vivoand in vitro, although the
binding element remains to be defined (Bennasser et a., 2011). While the dependence of
both miRNA precursors and Dicer mRNA on Exportin 5 provides a mechanism for
balancing levels of substrate and enzyme, it also presents a regulatory point for exploitation.
The potential for viral hijacking of this pathway was demonstrated by showing that
expression of the Adenoviral VA RNA |, aknown substrate of Exportin 5 (Gwizdek et al.,
2001), resulted in decreased Dicer protein levels and this provided an advantage for
Adenovira replication in HeLa cells (Bennasser et al., 2011).

The role of Dicer in miRNA maturation

Once exported out of the nucleus, miRNAs must be processed further by the RNase 111
enzyme, Dicer, in order to reach their mature forms of 21-24 nucleotides. Originally, Dicer
was linked to small RNASs by the demonstration that it is responsible for cleavage of long
dsRNA into 22 nucleotide small interfering RNAs (SRNAS) in the RNAi pathway
(Bernstein et al., 2001). Shortly thereafter, Dicer was shown to be the enzyme that converts
cellular miRNA precursors into the mature formsin Drosophilaand C. éegans(Ketting et
al., 2001, Hutvagner et al., 2001, Grishok et al., 2001, Knight and Bass, 2001). Most animal
and plant species express at least one Dicer protein, which is characterized by the presence
of helicase, PAZ, dsRNA binding, and two RNase 1l domains. The PAZ domain recognizes
the 2-nt overhang at the base of the stem of precursor miRNAs (MacRae and Doudna,
2007). In most metazoans, Dicer typically measures from the monophosphorylated 5” end of
the precursor to position the RNase |11 domains for intramolecular dimerization and
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cleavage approximately 21-24 nt away (Park et al., 2011). A recent electron microscopy
(EM) reconstitution of human Dicer reveaed that the helicase domain isin the vicinity of
the nuclease domains and may contribute to recognition of the loop region in miRNA
precursors (Lau et al., 2012). Once precursor miRNAs are properly loaded into Dicer,
cleavage can occur, where each RNase domain cleaves one of the strands, releasing the loop
(MacRae and Doudna, 2007).

Regulation of Dicer activity

Regulation of the precursor to mature step can occur in avariety of ways. Specific precursor
miRNASs can be detained in the nucleus to prevent maturation in certain cell types (Lee et

al., 2008). Precursor maturation can also be regulated globally by affecting Dicer levels and
activity. Human Dicer mRNA isitself atarget of miRNA repression viathree conserved
let-7 binding sites within its coding sequence (Forman et al., 2008). Additionally, Dicer
protein negatively regulates its own catalytic activity through its helicase domain. Mutation
or deletion of the helicase domain in human Dicer causes enhanced cleavage efficiency, but
does not affect binding affinity to miRNAs (Maet a., 2008). This auto-inhibitory effect may
be modulated by binding of Dicer cofactors to the helicase domain.

Dicer activity can be atered through many protein interactions (Figure 4). One Dicer
interactor that increases cleavage efficiency isthe HIV-1 TAR RNA-binding protein
(TRBP). While Dicer is capable of cleaving precursor miRNAs into their mature forms
without any cofactors, TRBP enhances this reaction in mammalian cells (Maet al., 2008,
Chakravarthy et a., 2010, Koscianska et al., 2011). TRBP has three RNA binding domains,
but its association with Dicer is RNA-independent and direct through Dicer’s helicase
domain (Haase et al., 2005, Lee et al., 2006, Maet al., 2008). The exact role TRBP playsin
precursor cleavage remains under debate. Some studies have found that the TRBP and Dicer
interaction stabilizes Dicer protein (Chendrimada et al., 2005, Koscianska et a., 2011),
while others found no effect on Dicer levelswhen TRBP islost (Haase et a., 2005, Lee et
al., 2006). Depletion of TRBP causes a decrease in mature miRNAS, and, in some studies, a
decrease in precursor levels (Koscianska et al., 2011, Chakravarthy et a., 2010, Haase et al.,
2005). Thisis likely due to acombined loss of Dicer stabilization by TRBP and absence of
the stimulatory effect on Dicer activity. Inactivating mutations in TRBP have been found to
be associated with several types of sporadic and hereditary cancers (Melo et al., 2009). In
these instances Dicer protein is destabilized as well, explaining the general down-regulation
of miRNA levelsin tumors deficient in TRBP.

The dsRNA binding proteins, protein activator of PKR (PACT) in mammals and Loguacious
(Logs) in Drosophila, also associate with Dicer and facilitate processing of miRNA
precursors (Lee et a., 2006, Forstemann et a., 2005, Jiang et al., 2005, Saito et al., 2005).
PACT and TRBP associate directly with each other as well as with Dicer in the cytoplasm
(Leeet a., 2006). Depletion of PACT or TRBP in mammalian cells results in reduced
mature miRNA levels, indicating that the two factors are not entirely redundant (Haase et

al., 2005, Leeet a., 2006, Koscianska et al., 2011, Chakravarthy et a., 2010). It has been
suggested that these Dicer cofactors help synchronize the dual cleavage by each of the
RNase 111 domains (Koscianska et al., 2011).

Recently, another RNA binding protein, RBM 3, was found to stimulate the processing of
preemiRNAs. RBM3 is an mRNA chaperone that enhances trandation and is up-regulated
under stress conditions including hypoxia and hypothermia (Danno et a., 1997, Williams et
al., 2005, Dresios et a., 2005, Smart et al., 2007). Microarray analysis of neuronal cell lines
subjected to RNAIi against RBM 3 showed a significant change in expression of over 150
mMiRNASs (Pilotte et a., 2011). The vast mgjority of miRNAs were reduced, and
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overexpression of RBM 3 showed the opposite effect on mature miRNA accumulation. Since
miRNA primary levels were unaffected, but precursor levels rose after knockdown of
RBM3, the Dicer processing step appears to be regulated by this factor. Consistent with this
idea, RBM 3 was shown to bind miRNA precursors /n vivoand /n vitroand gradient
fractionation studies suggest that RBM 3 promotes association of precursor miRNAs with the
Dicer complex. One output of induced RBM3 expression under stress conditions seems to
be up-regulation of mMiRNAS, as hypothermia resulted in increased mature levels of severa
miRNAsin aRBM3 dependent manner (Pilotte et al., 2011). Thus, RBM3 may be an
important regulator of miRNA biogenesis under specific conditions. Further analysis needs
to be done to explore the role of this factor, such as determining if RBM 3 helps recruit
precursor miRNAs to the Dicer complex in the cell or preventsinhibitory factors from
associating with precursor miRNAS.

Global repression of miRNA precursor conversion to mature can also be induced by certain
conditions (Figure 4). The monocyte chemoattractant protein 1-induced protein 1 (MCPIP1),
also known as Zinc-finger CCCH-type containing 12A (Zc3h12a), was recently shown to
suppress miRNA biogenesis by degrading miRNA precursors (Suzuki et al., 2011). MCPIP1
isanuclease that isinduced during the inflammatory response in macrophages to limit the
expression of several cytokines and chemokines by promoting mRNA decay (Cifuentes et
al., 2010b). In addition to specific MRNAs, miRNA precursorsin general appear to be
targets of MCPIP1’'s endonucleolytic activity (Suzuki et a., 2011). MCPIP1 catalyzes
cleavage within the loop region of miRNA precursors, which antagonizes Dicer processing
and resultsin rapid degradation of the cleaved fragments. Thus, induction of the
inflammatory response or other conditions where MCPIPL levels are elevated, such asin
certain cancers, can dampen miRNA regulatory pathways in general through the pruning of
miRNA precursor levels.

In contrast to general regulation of mMiRNA precursor processing, LIN28 is exceptionally
selectivein its miRNA targets. As mentioned earlier LIN28 represses both the Drosha and
Dicer processing steps by recognizing specific loop sequencesin let-7 miRNAS across
species (Newman et a., 2008, Viswanathan et al., 2008, Piskounovaet al., 2011, Van
Wynsberghe et al., 2011, Heo et a., 2009, Heo et ., 2008, Lehrbach et al., 2009, Rybak et
al., 2008). In mammalian cells, LIN28A regulates Dicer processing of pre-let-7 in the
cytoplasm with the help of Tut4 (Rybak et a., 2008, Heo et a., 2008, Piskounovaet al.,
2011, Hagan et a., 2009). Tut4 isaterminal RNA uridylyl transferase that adds uridines to
the 3" ends of RNAs, marking them for degradation in some cases (Martin and Keller,
2007). While LIN28A aone can block Dicer processing, it also functionsto recruit Tut4 to
let-7 precursor miRNAs (Heo et al., 2008, Heo et al., 2009, Hagan et a., 2009, L ehrbach et
al., 2009, Piskounovaet al., 2011). The addition of uridinesto pre-let-7 miRNAs makes
them susceptible to rapid degradation by ayet to be discovered nuclease.

The ability of LIN28 proteins to regulate let-7 biogenesis at multiple steps underscores the
opposing roles of these proteins and miRNAS; LIN28 promotes cellular pluripotency while
let-7 typically supports differentiated fates (Viswanathan and Daley, 2010). Fitting with
these functions, LIN28 is highly expressed in stem cells and then is down-regulated as cells
undergo differentiation. Reactivation of LIN28 has been observed in several types of tumors
and this correlates with decreased let-7 levels (Viswanathan et al., 2009, West et al., 2009).
Remarkably, reintroduction of let-7 into transformed cells can halt oncogenic cell growth
(Viswanathan et ., 2009). Thus, proper regulation of the LIN28 and let-7 nexus is essential
for normal cellular growth and devel opment.
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The role of Argonaute in miRNA maturation

Processing of miRNA precursors /n vivo can be linked to deposition of the mature miRNA
products into miRISC through a miRNA loading complex, consisting of Dicer, TRBP and
Argonaute (Gregory et al., 2005, Maniataki and Mourelatos, 2005, Liu et al., 2012). While
the catalytic activity of Argonaute is not required for processing of most miRNAS, its
presence in the complex enables uptake of the mature product, freeing Dicer for more
precursor substrates. In some cases, Argonaute exerts its endonucleolytic cleavage activity
on miRNA precursors that contain well-paired stem regions. In mammalian cells, Ago2 has
been shown to cleave the 3" arm of the hairpin, producing an Ago2-cleaved precursor
MiRNA (ac-pre-miRNA), prior to Dicer processing (Diederichs and Haber, 2007). Itis
hypothesized that this intermediate step may play arolein determining mature miRNA
strand selection.

Argonaute also allows a specific miRNA to bypass Dicer processing. In mammalian cells,
Ago2 isthe only Argonaute capable of endonuclease activity (Liu et al., 2004, Rivaset al.,
2005), making it a candidate for catalyzing the maturation of amiRNA unaffected by Dicer
loss. While depletion of Dicer in most species resultsin diminished mature miRNA levels,
miR-451 continues to be produced in human, mouse and zebrafish cells. This puzzle was
solved with the discovery that Ago2 cleavesthe 3" stem and an unknown nuclease trims the
5" half of pre-miR-451 to produce the 23 nt mature miRNA (Cifuentes et al., 2010a,
Cheloufi et a., 2010, Yang et a., 2010). Pre-miR-451 is structurally different from
canonical precursors asit has a42-nt hairpin with a 17-nt stem, while Dicer is thought to
require at least 19-nt in the stem for proper cleavage (Siolas et al., 2005). The unique
secondary structure of the hairpin islikely what determines if processing occurs through
Ago2, as artificial pre-miRNAs that imitate the same structure and length are also cleaved
efficiently by Ago2 (Yang et a., 2012, Cifuentes et a., 2010a, Yang et a., 2010). It isyet to
be determined if any other endogenous miRNAS are capable of being processed in this same
Dicer-independent manner.

After Dicer produces afinal 21-24-nt sized miRNA duplex, one strand is |oaded onto an
Argonaute protein, forming amiRNA-induced silencing complex (miRISC). The mature
mMiRNA serves as a guide to recruit Argonaute and associated cofactors to target mMRNAS,
resulting in MRNA destabilization and tranglational repression (Huntzinger and |zaurralde,
2011, Pasquinelli, 2012). There are three categories of Argonaute proteins including the
Ago, Piwi and worm specific subfamilies (Hock and Meister, 2008, Tolia and Joshua-Tor,
2007). Members of the Ago subfamily function in SSRNA and miRNA pathways, while the
Piwi subfamily interacts with piRNAs to regul ate gene expression primarily in the germ-line
of animals. Argonaute proteins are present across animal and plant species, however their
number and roles vary from species to species. The yeast Schizosaccharomyces pombehas
only one Argonaute protein, while C. eeganshas atotal of 27 with specific members
dedicated to miRNA (i.e. Argonaute Like Genes 1 and 2, ALG-1/2) or RNAI (i.e. RNAI
Defective 1, RDE-1) pathways. Drosophila melanogaster has 5 Argonautes, but miRNAS
primarily load onto Agol. The mouse and human genomes encode 8 Argonautes with Agos
1-4 forming the Ago subfamily. MiRNAs and sSiIRNAs seem to |oad indiscriminately onto
these four Argonautes, although Ago2 isthe only catalytically active one capable of
cleaving mRNAs that pair perfectly with the loaded small RNA.

Since Dicer cleavage produces a dsRNA product, the duplex must be unwound so that one
of the strands can enter Argonaute to be functionally active. The single stranded mature
miRNA loaded onto miRISC is considered the “guide,” while the other “passenger” strand is
degraded. The thermodynamic stability of the miRNA duplex largely determines which
strand will be incorporated into miRISC. Most miRNA duplexes are destabilized through
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imperfect base pairing, causing gaps, bulges, and weak interactions. The strand that is less
stably paired at its 5" terminus is more likely to be selected for Argonaute loading
(Khvorovaet al., 2003, Schwarz et al., 2003). It was originaly thought that the
unincorporated passenger strand, also known as the star (*) strand, is subject to rapid
degradation. However, there are cases where the star strands are loaded onto Argonaute and
can direct repression of target mMRNAs (Okamura et al., 2008). In fact the abundance of
guide versus star strand miRNAS has been observed to reverse under some conditions or in
different developmental stages (Shin, 2008). Thus, factors besides the thermodynamic
stability of base pairing can aso influence the accumulation of mature miRNA species.

Recent structural studies have elucidated the architecture of Argonaute proteins loaded with
small RNA guides (Elkayam et al., 2012, Nakanishi et al., 2012, Schirle and MacRae, 2012).
Argonaute proteins have three domains important for miRNA loading: the PAZ, MID and
PIWI domain. The guide RNA threads through the protein with the 3" end in contact with
the PAZ domain and the 5° monophosphate on the first nucleotide stabilized by a highly
basic pocket in the MID domain. The central region of the RNA islocated in the PIWI
domain, which in some Argonaute proteins contains catalytically active residues that
mediate cleavage of target mMRNASs that pair perfectly with the guide. In animals, miRNAs
generaly lack sufficient complementarity to induce target mMRNA cleavage and instead
Argonaute interacts with cofactors that promote deadenylation and degradation of the
MRNA or interfere with its translation (Hock and Meister, 2008, Huntzinger and | zaurralde,
2011, Pasquinelli, 2012, Toliaand Joshua-Tor, 2007).

After loading onto Argonaute, some miRNAs undergo further processing. In Drosophila, the
3’ to 5" exonuclease Nibbler trims the 3" nucleotides from alarge fraction of miRNAs (Han
eta., 2011, Liu et a., 2011). Previously, size heterogeneity in some miRNAs, which often
ranges from 21-24 nuclectides, was attributed to imprecise cleavage by Dicer or Drosha.
The discovery that Nibbler removes 1-3 nucleotides from the 3" ends of mature miRNAs
associated with Argonaute points to a new source of the differently sized isoforms.
Depletion of Nibbler activity reduced miRNA targeting efficiency, suggesting an important
role for miRNA re-sizing (Han et al., 2011). Flies lacking Nibbler exhibited developmental
defects and lethality, although it is yet to be demonstrated that these phenotypes are
attributable to reduced miRNA function (Han et al., 2011, Liu et al., 2011). Heterogeneity in
mMiRNA sizes has been noted across species and homologs of Nibbler are present in humans
(EXD3) and worms (MUT-7), raising the possibility that 3" end trimming may be a general
step in the biogenesis of many miRNAs.

MiRNA stability

In addition to its key role as an effector of miRNA targeting, Argonaute also regulates the
stability of associated miRNAs. Argonaute appears to be the limiting factor for miRNA
biogenesis as over-expression of any of the four Argonaute proteins in human cells leads to
aglobal increase in mature miRNAS (Diederichs and Haber, 2007). Likewise, knockdown of
Ago2 by RNAI causes asignificant decrease in miRNA levels. Similarly the Argonaute
protein that functions with miRNAsin C. éegans, ALG-1, isimportant for miRNA stability,
aswell as precursor processing through an unclear mechanism (Grishok et al., 2001). In C.
élegans, association of miRNAs with Argonaute proteins has been shown to protect them
from exonucleolytic degradation by XRN-1 and XRN-2 (Figure 5a) (Chatterjee and
Grosshans, 2009). These 5 to 3" exonucleases have been found to degrade miRNAsin a
seguence-independent manner /n vitroand /in vivo, and RNAI depletion of xrn-1 or xrm-2
leads to an increase in mature mMiRNA levelsin C. éegans. Interestingly, miRNAs engaged
with mRNA targets are immune to XRN-1/2 nuclease activity /n vitro. However, when
targets are unavailable these exonucleases facilitate miRNA unloading from Argonaute,
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enabling degradation to occur (Chatterjee and Grosshans, 2009). This target-mediated
miRNA protection (TMMP) has been shown to function /n vivo, as the levels of lowly
expressed mature miRNASs can be increased through introduction of reporters with
complementary binding sites (Chatterjee et al., 2011). Therefore, the stability of miRNAs
may be at least partially dependent on the number of target sitesin acell at any giventimein
C. édegans

It isyet to be determined if TMMP and homologs of XRN-1/2 control miRNA stability in
other organisms. In fact, to the contrary, there is evidence that pairing of miRNAs to target
sequences in Drosophilaand mammalian cells can lead to reduced mature miRNA levels
(Figure 5b) (Cazalaet al., 2010, Ameres et al., 2010, Baccarini et al., 2011, Libri et al.,
2012). So far, two examples of viruses expressing RNAs that induce miRNA destabilization
through pairing interactions have been documented. Partial base-pairing between the host
cell miR-27aand the U-rich RNA, HSUR 1, encoded by Herpesvirus saimiri resultsin
degradation of this miRNA during infection (Cazalla et a., 2010). This same miRNA isaso
targeted for destabilization by the m169 transcript expressed by murine cytomegal ovirus
(Libri et a., 2012). In both cases, miR-27aforms a partia duplex, typical of animal miRNA-
target interactions, with the viral RNAs and this leads to down-regulation of the miRNA
through unknown mechanisms. It is also unclear why pairing of miR-27ato these viral
RNAS, but not its numerous other targets, destabilizes the miRNA. Since this effect can be
transferred to other miRNASs designed to base pair to the viral RNAs, HSUR 1 and m169
must harbor features that recruit destabilizing factors to the captured miRNAs.

It appears that the degree of complementarity between the miRNA and target also influences
mMiRNA stability, with perfect base pairing increasing miRNA decay rates (Figure 5b)
(Ameres et a., 2010, Baccarini et al., 2011). In Drosophila, extensive base pairing has been
shown to trigger the addition of multiple 3" nucleotides and trimming of the miRNA
(Ameres et a., 2010). In human cells asingle uridine was most commonly added to
miR-223 when matched to a perfect or near perfect target site, which correlated with its
degradation (Baccarini et a., 2011). Adenosines and uridines are preferentially added to
miRNAs involved in extensive base pairing interactions, though it is presently unknown
which enzyme is responsible for these additions (Ameres et al., 2010, Wyman et a., 2011).
Since near perfect complementarity is needed for efficient miRNA degradation through this
pathway, the pervasiveness of this mechanism is questionable as most endogenous targets
include mismatches and bulges.

The addition of non-templated nucleotides to the 3" end of amiRNA does not always lead to
degradation. The cytoplasmic poly(A) polymerase GLD-2 catalyzes the addition of asingle
adenosineto the 3" end of miR-122 (Katoh et al., 2009). The Dicer product of pre-miR-122
processing isa 22 nt mature miRNA. When GLD-2 is present, miR-122 can be found in a 23
nt form through the addition of a single adenosine. In mice lacking GLD-2, levels of this 23
nt RNA were strongly reduced and this correlated with diminished overall levels of mature
miR-122. Thus, GLD-2 is thought to adenylate mature miR-122, which prevents
exonucleases from shortening the miRNA and, thus, reducing its half life. While GLD-2 has
been shown to also adenylate 7SL. RNA, thereis no evidence for GLD-2 involvement in the
stabilization of any other miRNAs (Katoh et al., 2009). It islikely there are additional
modifications that can affect miRNA stability, athough many may be miRNA specific and,
thus, are yet to be discovered.

Another example of afactor that regulates the levels of a specific miRNA isthe Signal
Transduction and Activation of RNA (STAR) RNA binding protein Quaking (QKI). QKI
was found to bind and stabilize miR-20ain human cells (Chen et a., 2012). miR-20ais
expressed from a cluster of miRNAsS, but only the level of mature miR-20a is influenced by
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QKI. QKI functions as a tumor suppressor of glioblastoma multiforme (GBM), at least
partly through its regulation of miR-20a stability. In the context of GBM, TGFBR2 can be
oncogenic when not properly regulated through miR-20a expression. In the absence of QKI,
levels of mature miR-20a drop which causes release of the direct target TGFR2 from
repression (Chen et a., 2012). The mysteries of how QKI specifically regulates miR-20a
and how this interaction stabilizes the miRNA are yet to be solved.

miRNA-guided regulation of biogenesis

Recent studies have shown that mature miRNAs can regulate miRNA biogenesis directly by
interacting with primary miRNAs and controlling the Drosha processing step. The first
exampl e of thiswas observed in mouse cells where miR-709 was shown to negatively
regulate biogenesis of miR-15a/16-1 to control the apoptosis pathway (Figure 6a) (Tang et
al., 2012). Although most mature miRNAs reside primarily in the cytoplasm, miR-709 is
enriched in the nucleus of mouse liver cells. One function of nuclear miR-709 seemsto beto
bind a complementary site in the primary transcript for the clustered miR-15a and miR-16-1
miRNAs and repress Drosha processing. | nterestingly, serum depletion resultsin
redistribution of miR-709 to the cytoplasm and consequently increased levels of miR-15a/
16-1. Elevation of miR-15a/16-1 then promotes the apoptosis program by targeting the anti-
apoptotic gene Bcl-2 (Tang et al., 2012). Thiswork demonstrates that miRNASs can directly
regulate the processing of other miRNAs and raises many new questions regarding the
mechanism and control over nuclear localization of miR-709.

Thelet-7 miRNA is capable of directly regulating its own processing through a novel auto-
regulatory loop in C. eegans(Figure 6b). Analysis of sequences bound by the Argonaute
dedicated to miRNA function in worms, ALG-1, revealed an interaction site in the let-7
primary transcript (Zisoulis et a., 2012, Zisoulis et a., 2010). Within this ALG-1 bound
region is aconserved let-7 complementary sequence that is necessary for targeting by the
Argonaute complex. Both let-7 and ALG-1 are detectable in nuclear fractions and
association with pri-let-7 was shown to occur in this compartment (Zisoulis et a., 2012).
Surprisingly, disruption of ALG-1 binding to the let-7 primary transcript resulted in reduced
processing, implying anew role for Argonaute in positively regulating miRNA biogenesis.
Since Argonaute was also found to interact with let-7 primary transcriptsin human cells,
auto-regulation of let-7 biogenesis may operate across species. This surprising new role for
let-7 and Argonaute demonstrates that miRISC has targets beyond protein-coding mRNASs
and adds processing regulation to itslist of post-transcriptional functions. The mechanistic
details and generality of direct processing regulation by miRNASs are yet to be determined.

Concluding remarks

Since the establishment of miRNAs as anew class of regulatory RNA alittle over ten years
ago, an outstanding question has been how these tiny RNAs are produced. The general
factorsinvolved in miRNA synthesis and processing have been elucidated. However,
exceptions to the canonical miRNA biogenesis pathway continue to emerge. The fact that
some miRNASs bypass core processing factors is an important consideration when
interpreting phenotypes that result from inactivation of such proteins. Biogenesis of
miRNAs is subject to complex regulation at both the transcriptional and post-transcriptional
levels. Unexpectedly, several classic DNA binding proteins, such as p53, SMAD and
BRCA 1, appear to be directly involved in controlling the processing of specific miRNAS.
Likewise, RNA binding proteins with established roles in regulating translation or stability
of MRNAs have also been found to control the biogenesis of certain miRNAS. In some
cases, such as the recognition of let-7 by LIN-28, the specificity determinants for particular
miRNAs have been uncovered. In many others, though, it is yet to be determined how
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specific miRNAs are chosen for regulated processing or stability by particular factors.
Additionally, for most instances of regulated miRNA biogenesis the detailed mechanisms
are yet to be resolved. The recent discovery that miRNAS can recruit regulatory factors to
enhance or repress the processing of other miRNA transcripts not only presents a new
mechanism for controlling the expression of specific miRNAs but also reveals anovel
function for the miRNA effector complex. The multitude of factors and pathways involved
in MiRNA production and maintenance indicates that these small RNASs are subject to just as
much regulation as they exert over other genes.
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Figure 1. General miRNA pathway

MiRNAs are typically transcribed by RNA polymerase |1 to produce the primary miRNA
(pri-miRNA) transcript. The pri-miRNA is cleaved by the Microprocessor, which includes
Drosha and DGCRS, resulting in the precursor miRNA (pre-miRNA) hairpin. The pre-
miRNA is exported out of the nucleus by Exportin 5 to be further processed by the Dicer
complex. Dicer cleaves the loop, and one strand of the miRNA duplex isloaded onto
Argonaute to form the miRNA-Induced Silencing Complex (miRISC); the other strand,
called the star or passenger, is degraded. miRISC is then capable of down-regulating gene
expression through mRNA decay or translation inhibition. A color version of the figureis
available online.
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Figure 2. MiRNA genomic locations

MiRNAs can be located within exons (A) or introns (B) of coding or non-coding transcripts.
Some miRNA genes are intergenic and not subject to splicing (C). MiRNA clusters consist
of multiple miRNAs co-transcribed as part of one primary transcript, which can beintronic
(D) or exonic (not shown) as part of acoding RNA or anon-coding RNA. MiRNAs that are
excised from introns by splicing instead of Microprocessor activity are called mirtrons (E).
In thisfigure, blue represents non-transcribed DNA, pink represents exons, and gray
representsintrons. A color version of the figureis available online.
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pre-miRNA

Figure 3. Regulation of Microprocessor activity

To the left of the vertical arrow are factors that positively regulate processing of pri-
miRNAs to pre-miRNASs and to the right are proteins that negatively regulate this step. A
color version of the figureis available online.
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Figure 4. Regulation of Dicer activity

To the left of the vertical arrow are proteins that positively regulate processing of pre-
miRNASs to mature miRNAs and to the right are proteins that negatively regulate this step. A
color version of the figureis available online.
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Figure5. Effect of target interactions on miRNA stability

(A) In C. élegans, mRNA target interactions stabilize the association of miRNAswith
Argonaute, which protects the miRNA from exonucleolytic degradation by XRN-1/2. When
targets are unavailable miRNAs dislodge from Argonaute and undergo degradation by
XRN-1/2. (B) In Drosophila and mammalian cells, nearly perfect complementarity of
miRNAS to their targets triggers degradation of the miRNAs by unknown nucleases. A color
version of the figureis available online.
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Figure 6. Regulation of pri-miRNA processing by mature miRNAs

(A) In mouse cells, mature miR-709 binds to pri-miR-15a/16-1 to negatively regulate
processing of the primary transcript to its precursor form. (B) In C. éegans, Argonaute
(ALG-1) and mature let-7 bind to pri-let-7, positively regulating its processing to pre-let-7.
A color version of the figure is available online.
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Regulators of miRNA biogenesis

Factor Type of gene product Effect on miRNA biogenesis

ADARY/2 Adenosine deaminase that acts on RNA Editing leads to reduced processing of pri- or preemiRNAs
p68/DDX5 DEAD-box RNA helicase Facilitation of pri-miRNA processing

p72/DDX17 DEAD-box RNA helicase Facilitation of pri-miRNA processing

p53 Transcription factor; tumor suppressor Stimulation of pri-miRNA processing; regulation of transcription

SMAD proteins

Transcription factors

Stimulation of pri-miRNA processing; regulation of transcription

BRCA1 DNA binding protein; tumor suppressor Stimulation of pri-miRNA processing; regulation of transcription

hnRNP A1 RNA binding protein Stimulation or repression of pri-miRNA processing

KSRP RNA binding protein Stimulation of pri- or pre-miRNA processing

TDP-43 DNA binding protein Stimulation of pri- or pre-miRNA processing

LIN-28 RNA binding protein Repression of let-7 pri- or pre-miRNA processing

TUT4/Zcchell Terminal RNA uridylyl transferase Uridylation of let-7 pre-miRNAs, reducing their stability

TRBP dsRNA binding protein Facilitation of pre-miRNA processing

PACT/Logs dsRNA binding protein Facilitation of pre-miRNA processing

RBM3 RNA binding protein Stimulation of pre-miRNA processing

MCPIPY/Zc3h12a Nuclease Cleavage of preemiRNAs

Argonaute RNA binding protein; endonucleolytic activity in Stabilization of mature miRNAS; processing of pre-miR-451
some members

Nibbler 3’ -5’ exonuclease Trimming of mature miRNA 3’ ends

XRN-1/2 5" —3’ exonuclease Degradation of mature miRNAs

GLD-2 cytoplasmic poly(A) polymerase 3’ A-addition stabilizes mature miR-122

QKI RNA binding protein Stabilization of mature miR-20a

miR-709 Nuclear miRNA Repression of pri-miR-15/16-1 processing

Argonaute with let-7

miRNA complex

Stimulation of pri-let-7 miRNA processing
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