Chapter 1

Understanding How miRNAs
Post-Transcriptionally Regulate
Gene Expression

Marc R. Fabian, Thomas R. Sundermeier, and Nahum Sonenberg

Contents

1.1 Introduction.........cceccevevnuenene 2
1.1.1 Eukaryotic Translation. 2

1.2 miRNA BiOZENESiS....cccecuvuiiuiriiniiniiieiiicieieeeieecee e 5

1.3 miRNA-Mediated Regulation of Eukaryotic Gene Expression... 7
1.3.1 miRNA-Mediated Translational Control....................... 8
1.3.2  Enhancing Eukaryotic Translation .............cccccceoeiiinininineniniciicieeeceeeeen 12
1.3.3 miRNA-Mediated Regulation of mRNA Stability .........cccccceviveniininininenene. 12
1.3.4 The Role of GW182 Proteins and P-Bodies in the miRNA Response.. . 14

Li4 SUINIMATY c.eiititieiteeie ettt ettt sttt sb et a e b e et e s bt e b e eb b e bt esbesbeenbeeane 15

REFEICINCES ...ttt 15

Abstract The discovery of microRNA (miRNA)-mediated gene silencing has
added a new level of complexity to our understanding of post-transcriptional con-
trol of gene expression. Considering the ubiquity of miRNA-mediated repression
throughout basic cellular processes, understanding its mechanism of action is para-
mount to obtain a clear picture of the regulation of gene expression in biological
systems. Although many miRNAs and their targets have been identified, a detailed
understanding of miRNA action remains elusive. miRNAs regulate gene expression
at the post-transcriptional level, through both translational inhibition and mRNA
destabilization. Recent reports suggest that many miRNA effects are mediated
through proteins of the GW182 family. This chapter focuses on the multiple and
potentially overlapping mechanisms that miRNAs utilize to regulate gene expres-
sion in eukaryotes.
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1.1 Introduction

MicroRNAs (miRNAs) are small RNA molecules, approximately 22 nucleotides in
length, encoded within the genomes of more eukaryotes. miRNAs direct an intricate
mechanism that regulates eukaryotic gene expression at the post-transcriptional level.
miRNA functions in mammals include modulating hematopoietic lineage differen-
tiation, insulin secretion, apoptosis, heart muscle development, neuron develop-
ment, and many other processes (Chen and Lodish 2005; Poy et al. 2004; Welch
et al. 2007). Furthermore, control of gene expression through miRNA activity has
been shown to play a significant role in numerous human pathologies, including
cancer (Calin and Croce 2006a, 2006b; Chang and Mendell 2007; Croce and Calin
2005; Cummins and Velculescu 2006; Dalmay and Edwards 2006; Garzon et al.
2006; Giannakakis et al. 2007; Hammond 2006; He et al. 2007; Mattes et al. 2008;
Stefani 2007). Recent research has shed some light on the mechanisms by which
miRNAs regulate gene expression; however, many studies have yielded contradic-
tory conclusions. Overall, miRNAs regulate gene expression by inhibiting mRNA
translation and/or facilitating mRNA degradation.

1.1.1 Eukaryotic Translation

Translation may be divided into three steps: initiation, elongation, and termination.
Initiation involves the assembly of an 80S ribosome complex positioned at the
appropriate start site on the mRNA to be translated. Elongation is the polypeptide
synthesis step, where the nucleotide sequence carried on the mRNA molecule is
translated into the amino acid sequence of the growing peptide chain. Termination
involves the release of the newly synthesized protein. In eukaryotes, the rate-limiting
step under most circumstances is initiation. Consequently, initiation is the most
common target for translational control. All nuclear transcribed eukaryotic mRNAs
contain at their 5’ end the structure m’GpppN (where N is any nucleotide) termed
the “cap,” which facilitates ribosome recruitment to the mRNA. This canonical
mechanism of translation initiation is termed as cap-dependent translation initia-
tion. In contrast, many eukaryotic and viral mRNAs are translated via alternative,
cap-independent, mechanisms.

1.1.1.1 Cap-Dependent Translation Initiation

Cap-dependent translation depends on the activities of a variety of eukaryotic
initiation factors (elFs). It is accomplished through mRNA scanning mechanism,
whereby the small (40S) ribosomal subunit, in complex with a number of elFs,
binds the mRNA near the 5’ cap structure and scans the mRNA in a 5'-3" direction
until it encounters an AUG start codon in an optimal context (Kozak 1978; Kozak
and Shatkin 1979) (Fig. 1.1a). Recruitment of ribosomes to a given mRNA is
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Fig. 1.1 Mechanisms of translation initiation. (a) cap-dependent translation. (b) EMCV
IRES-mediated cap-independent translation. (¢) HCV IRES-mediated cap-independent translation.
(d) CrPV intergenic IRES-mediated cap-independent translation. Open reading frames are denoted
as thick curved black lines. IRES secondary structures are presented as thick black lines bound by
translation factors and/or ribosomal subunits

facilitated by the 5’ cap, the 3’ poly(A) tail, the poly(A) binding protein (PABP), and
the eIF4F complex. elF4F is a three subunit complex (Edery et al. 1983; Grifo et al.
1983) composed of (1) e[F4A, an ATP-dependent RNA helicase that unwinds sec-
ondary structures, (2) elF4E, a 24 kDa polypeptide that specifically interacts with
the cap structure (Sonenberg et al. 1979), and (3) elF4G, a large scaffolding protein
that binds to both elF4E and elF4A. The poly(A) tail functions as a translational
enhancer (Sachs 2000), as the 3’ poly(A) and 5’ cap structure act synergistically to
enhance translation initiation (Gallie 1991; Sachs and Varani 2000). This synergy can
be explained by the physical interaction between PABP and elF4G that brings
about the circularization of the mRNA. mRNA circularization is thought to increase
the affinity of eIF4E for the cap, thus enhancing the rate of translation initiation. A
given mRNA is activated when the elF4F complex binds to the 5’ cap (through
elF4E) and interacts with the 3’ poly(A) tail (through eIF4AG-PABP—poly(A)
interaction). The activated mRNA is then bound by the 43S preinitiation complex
(PIC), which contains the 40S ribosomal subunit, an initiator tRNA (Met-tRNA1),
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as well as elFs 1, 1A, 2, 3, and 5. elF3 is a large multisubunit scaffolding protein
that bridges the mRNA complex to the ribosome through interaction with eIF4G
(Imataka et al. 1997).

Once the PIC associates with the mRNA, it proceeds to scan the 5’ untrans-
lated region (UTR) until an appropriate initiation codon is encountered.
The RNA helicase activity of eIF4A is thought to promote scanning. e[F4B functions,
at least in part, to enhance the RNA helicase activity of eIF4A, likely by increasing
the affinity of eIF4A for ATP (Bi et al. 2000; Rogers et al. 1999). elF1 and elF1A
are thought to promote scanning and enhance the fidelity of start codon selection
(Pestova and Kolupaeva 2002), while eIF5 is the GTPase-activating protein for
elF2 (Mitchell and Lorsch 2008). Once the start codon is recognized, the partially
hydrolyzed phosphate from the elF2-bound GTP is released; this is then followed
by release of elF1 (Algire et al. 2005; Maag et al. 2005). The 60S ribosomal subunit
then joins the 43S initiation complex, with the assistance of eIF5B, and translation
elongation commences (Pestova et al. 2000). elF6 is the only initiation factor
currently known to regulate the availability of the 60S subunit (Ceci et al. 2003).
Free 60S ribosomal subunits bound by elF6 are unable to bind to the 40S subunit
to form 80S ribosome complexes. Only when an eIF6-bound 60S is phosphorylated
by RACKI1/PKC, it can dissociate from the 60S and allow it to join the 40S subunit
upon start codon recognition.

1.1.1.2 Poly(A) Tail-Independent Translation Initiation

The poly(A) tail plays a critical role in the control of translation initiation under
many physiological conditions (Wickens et al. 2000). Histone mRNAs are the only
mammalian mRNAs that lack poly(A) tails; nevertheless, they are efficiently
translated. A terminal stem-loop on histone mRNAs binds the histone stem-loop
binding protein, which functionally substitutes for PABP by interacting with eIF4G
(Ling et al. 2002).

1.1.1.3 Cap-Independent Translation Initiation

The discovery, in picornaviruses two decades ago (Jang et al. 1988; Pelletier and
Sonenberg 1988), of internal ribosome entry sites (IRESes) has added a new degree
of complexity to our understanding of translation initiation. IRESes are generally
(but not always (Gilbert et al. 2007)) highly structured cis-acting RNA elements
that function to enhance translation initiation in a cap-independent manner.
Although originally discovered in viral genomes, IRESes have since been found in
several mRNAs (i.e., myc, XIAP, and DAP5 (Henis-Korenblit et al. 2000; Holcik
et al. 1999; Stoneley et al. 1998)). Often, but not always (as in the case of the
Cricket paralysis virus (CrPV) intergenic IRES (Wilson et al. 2000)) located in the
5'UTR, IRESes enhance translation in the absence of eIF4E by recruiting the 40S
subunit to the mRNA through unconventional means. Certain IRESes (such as
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those of poliovirus and encephalomyocarditis virus (EMCV)) (Fig. 1.1b) can
directly bind the eIF4G subunit of the elFAF complex, thus bypassing the require-
ment for eIF4E and the 5’ cap (Hellen and Wimmer 1995; Kolupaeva et al. 1998).
The Hepatitis C virus IRES bypasses the need for the entire elF4F complex and
binds directly to eIF3 and the 40S ribosomal subunit (Pisarev et al. 2005) (Fig. 1.1c).
The CrPV intergenic IRES enhances translation via a factorless mechanism, whereby
the IRES mimics an aminioacylated tRNA and positions itself within the P-site
of the ribosome (Jan and Sarnow 2002; Spahn et al. 2004). This allows the CrPV
intergenic IRES to initiate translation from a non-AUG codon (Fig. 1.1d).

1.2 miRNA Biogenesis

miRNAs are small (~22 nucleotides) noncoding RNAs that were first discovered in
C. elegans but have since been found to exist in almost all eukaryotes ranging from
plants to insects to mammals (Lee and Ambros 2001) (S. cerevisiae is an exception).
More recently, miRNAs have also been found within the genomes of several viruses
including Epstein—Barr virus and several herpesviruses (Cullen 2009). miRNAs are
processed from primary transcripts via a two-step mechanism involving two RNase
III-type enzymes known as Drosha and Dicer (Fig. 1.2). miRNAs are transcribed,
either from discreet miRNA genes or as parts of introns of protein coding genes.
These initial miRNA precursors, known as pri-miRNAs, are processed into ~70 nt
hairpin structures known as pre-miRNAs by a nuclear enzyme complex known
as the microprocessor. The microprocessor contains an endoribonuclease known as
Drosha as well as a double-stranded RNA binding protein known as DiGeorge
syndrome critical region 8 (DGCRS8) in mammals and Partner of Drosha (Pasha) in
D. melanogaster and C. elegans. DGCR8/Pasha is required for proper pri-miRNA
processing (Han et al. 2006; Zeng and Cullen 2003, 2005). Drosha contains two RNase
domains that cleave the 5" and 3’ ends, releasing the pre-miRNA (Han et al. 2004).
By binding specifically to the pri-miRNA dsRNA hairpin, DGCR8/Pasha determines
the cleavage sites on the pri-miRNA, and hence the length of the pre-miRNA (Han
et al. 2006). In some instances, the sequence of the mature pre-miRNA corresponds
precisely to the sequence of a spliced intron. These spliced-out pre-miRNAs,
known as mirtrons, no longer require microprocessor activity in order to generate
mature miRNAs (Berezikov et al. 2007; Okamura et al. 2007; Ruby et al. 2007).
In the case that pre-miRNAs are present in introns, recent results question the
temporal order of pre-mRNA splicing and miRNA processing. Drosha-dependent
pre-miRNA processing can still occur on pre-mRNAs that are splicing-deficient,
suggesting that Drosha can process intronic pre-miRNAs directly from pre-mRNAs
(Kim and Kim 2007). A more recent study, using an in vitro system displaying both
splicing and pre-miRNA processing, demonstrated that microprocessor-dependent
pre-miRNA cropping can occur kinetically faster than splicing (Kataoka et al.
2009). This study concluded that the microprocessor and spliceosome may be func-
tionally linked such that Drosha-mediated miRNA processing and pre-mRNA
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Fig. 1.2 Mechanism of microRNA biogenesis. The nuclear membrane is presented as a broken
curved black line

splicing may occur simultaneously. Pre-miRNAs are transported from the nucleus
to the cytoplasm (by a complex of Exportin5 and Ran-GTP (Yi et al. 2003)), where
they are processed into ~22 bp double stranded RNAs by the RISC loading com-
plex. The RISC loading complex consists of the RNase Dicer, the dsSRNA binding
protein TRBP (product of the loguacious gene in flies), PACT (protein activator of
PKR), and Argonaute proteins. While the number of Dicer paralogues varies evo-
lutionarily, vertebrates have only one gene coding for a Dicer-like protein. Once
processed, one of two strands of the miRNA is loaded into a ribonucleoprotein
complex, referred to as a miRNA-induced silencing complex (miRISC). The most
widely studied protein components of miRISCs are proteins of the Argonaute family.
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Pre-miRNA processing by Dicer and miRISC complex assembly (loading of the
mature miRNA onto Argonaute proteins) are thought to occur simultaneously at the
RISC loading complex.

1.3 miRNA-Mediated Regulation of Eukaryotic
Gene Expression

In most cases, miRNA-targeted sites are located in mRNA 3'UTRs. miRNAs can
also regulate gene expression of mRNAs that contain miRNA target sites in their
5'UTR (Lytle et al. 2007); however, there is currently only one known example
of a miRNA targeting the 5'UTR of naturally occurring mRNA (Orom et al.
2008). A recent report has shed some light on the nature of the evolutionary pref-
erence for miRNA target sites to reside in the mRNA 3'UTR. Gu et al. reported
that, mutating the stop codon of reporter mRNAs such that the coding sequence
extends past miRNA target sites, thus positioning the target sites within the
mRNA coding sequence, significantly impairs miRNA-dependent repression of
reporter mRNA translation (Gu et al. 2009). However, placing rare codons
upstream of target sites within the coding sequence partially restored miRNA-
mediated repression. These results suggest that actively translating ribosomes
may displace the miRISC complex from target sites positioned within the coding
sequence. Nevertheless, experimentally validated miRNA target sites have been
reported in the coding sequences of several genes (Forman et al. 2008; Rigoutsos
2009). One interesting example is the presence of three let-7 target sites within
the coding sequence of dicer, which could represent a negative feedback loop for
production of the mature form of this miRNA.

Specificity of miRNA function is controlled through the direct base pairing of a
miRNA-loaded RISC to miRNA-complementary target sites on targeted mRNAs
(Doench and Sharp 2004). miRNA-regulated mRNAs often harbor multiple miRNA
target sites within their 3'UTREs, sites that in many cases are phylogenetically conserved
between species (Stark et al. 2005). miRNAs are roughly the same size as
small-interfering RNAs (siRNAs) but are not generated and do not act for the most
part in the same manner. Although both miRNAs and siRNAs interact with Argonaute
(Ago) proteins, miRNAs are distinct from siRNAs in that, unlike siRNAs, miRNAs
imperfectly base pair to target sites and do not lead to endonucleolytic cleavage of
targeted mRNAs, but rather regulate their expression by other means (Bartel 2004).
Interestingly, siRNAs can act as miRNAs if made to base pair imperfectly to target
sites (Zeng et al. 2003), and miRNAs can act as siRNAs if made to base pair
perfectly (Doench et al. 2003).

Considering the short length of time that has past since their discovery, a wealth
of effort and resources have been expended in an attempt to elucidate exactly how
miRNAs mediate their effects. However, the mechanism by which miRNAs exert
post-transcriptional control of gene expression remains highly controversial.
Early reports generally suggested that miRNAs inhibit gene expression at the
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post-transcriptional level, at some stage post-translation initiation. These reports
also suggested that miRNA action had little or no effect on the abundance or stability
of target mRNAs. More recent results challenge these data as results from both
in vitro and in vivo studies have shown that miRNAs can inhibit translation initiation
as well as promote decay of target mRNAs. As such, the literature now contains
reports favoring three different potential modes of miRNA-mediated repression:
miRNAs may (1) destabilize target mRNAs, (2) inhibit translation initiation, or (3)
block translation at some stage after initiation (Fig. 1.3). These three possible
inhibitory mechanisms are by no means mutually exclusive. It is possible that
the primary mode of miRNA mediated gene regulation may vary by cell type or
developmental stage, possibly controlled by miRNA levels or miRISC complex
components. Perhaps the most compelling evidence for cellular regulation of the
nature of the miRNA response comes from recent reports suggesting that serum
starvation can switch the miRNA response from inhibition of target gene expression
to enhancement (Vasudevan et al. 2007, 2008). Indeed, the nature of miRNA control
of gene expression is much more complex than initially thought.

1.3.1 miRNA-Mediated Translational Control

miRNAs are studied in a variety of in vivo and in vitro systems derived from mam-
mals, flies, and worms. miRNAs first made their grand entrance in the study of
developmental timing in C. elegans. Genetic analyses carried out by Victor Ambros’

niRISC (”)
ORF - AAAAAAA el AAAAAAA
miRNA miRNA
target target

(iii)

target

Fig. 1.3 Mechanisms of miRNA-mediated repression. (1) inhibition of translation initiation.
(2) inhibition of polysome elongation. (3) miRNA-mediated deadenylation and decapping via the
CAF1/CCR4 deadenylase complex and Dcpl/2 decapping complex
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and Gary Ruvkun’s laboratories determined that the lin-4 gene functioned to
repress the production of lin-14 protein. The key discoveries were that the lin-4
gene did not encode a protein but rather a short noncoding RNA (what is now called
a miRNA), and that the /in-4 miRNA exhibited partial complementarity to con-
served sequences within the 3'UTR of lin-14 mRNA, sites that were important
for developmental regulation (Lee et al. 1993; Wightman et al. 1991, 1993). It was
later demonstrated that lin-4 repressed lin-14 protein production at the transla-
tional level with no observed effect on lin-14 mRNA transcription or stability
(Olsen and Ambros 1999). The possibility that miRNAs represented a general phe-
nomenon, rather than a species-specific one, came with the discovery of a second
miRNA in C. elegans, let-7 (Pasquinelli et al. 2000; Reinhart et al. 2000). Just like
the lin-14 miRNA, the let-7 miRNA also regulated the expression of a target mRNA
(lin-41); however, unlike the lin-14 miRNA, the let-7 miRNA was phylogeneti-
cally conserved in both flies and animals. Data for both the lin-4 and let-7 miR-
NAs suggested that they did not influence mRNA biogenesis or stability (although
mRNA degradation of let-7 and lin-4 targeted mRNAs has since been reported in
C. elegans (Bagga et al. 2005; Ding and Grosshans 2009)), but rather inhibited
translation. Polyribosome sedimentation experiments conducted by the Ambros’
laboratory determined that both lin-4 miRNA and its targeted lin-14 mRNA were
still associated with polyribosomes, suggesting that the lin-4 miRNA inhibits
translation at a post-initiation step (Olsen and Ambros 1999). An identical distribu-
tion of polyribosomes was described for the lin-4 miRNA-repressed lin-28
mRNA as well (Seggerson et al. 2002). Subsequently, several other miRNAs
(let-7b, and miR-128, -129-2, 326 and -344) were also found associated with
polyribosomal fractions in mammalian neurons (Kim et al. 2004; Nelson et al.
2004). However, a recent study concluded that both the lin-4 and let-7 miRNAs in
C. elegans facilitate inhibition of translation initiation rather than at post-initiation
step (Ding and Grosshans 2009). In addition, this report demonstrated that miRNA-
mediated mRNA decay often occurs alongside translational inhibition; however,
the level of decay varies between miRNA-targeted transcripts (Ding and Grosshans
2009). It is possible that some of the inconsistencies in observations for miRNA-
mediated effects could be partially due to the larval stage at which miRNA effects
in C. elegans were studied, or differences in assays used to measure mRNA decay
(i.e., oligo d(T) versus gene-specific oligonucleotides used for qPCR assays) (Ding
and Grosshans 2009).

Although several other groups also arrived at the same conclusion as the Ambros
lab (i.e., that miRNAs inhibit translation post-initiation (Maroney et al. 2006;
Petersen et al. 2006) and do not lead to mRNA degradation (Brennecke et al. 2003;
Doench et al. 2003; Zeng et al. 2003)), miRNAs have also demonstrated that they
can inhibit translation initiation. Using both the tethering approach and reporters
targeted by endogenous let-7 miRNAs they demonstrated that the let-7 miRNA
could inhibit translation initiation in HeLa cells (Pillai et al. 2005). In contrast to
earlier work, polyribosomal profiling of let-7-targeted mRNAs demonstrated a shift
of the targeted mRNA into the upper gradient fractions when the reporter mRNA
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contained let-7 target sites, consistent with inhibition of translation initiation.
Furthermore, cap-independent translation was refractory to miRNA action. This
was determined using cap analogs as well as bicistronic constructs containing an
IRES or tethered elF4E or elFAG initiation factors. Work from the Preiss lab was
published soon thereafter, and came to similar conclusions using an artificial
miRNA (CXCR4) that targeted a transfected reporter mRNA (Humphreys et al.
2005). In addition, their work also concluded that an mRNA requires both a 5’-cap
and 3’ poly(A) tail in order for translation to be efficiently inhibited by the miRNA
RISC.

Interestingly, miRNA-mediated translational repression could be derepressed in
human cells subject to stress conditions (Bhattacharyya et al. 2006a, 2006b). miR-
122 translational repression of endogenous CAT-1 mRNA in Huh7 cells can be
reversed upon amino acid deprivation. The translational derepression of CAT-1
mRNA involves a redistribution of the mRNA out of processing bodies and into
actively translating polysomes and requires binding of the AU-rich element binding
protein HuR to the CAT-1 mRNA 3'UTR. Soon thereafter, the RNA-binding protein
Dead end 1 (Dndl), which binds to U-rich sequences, demonstrated that it too
could derepress specific miRNA-targeted mRNAs in both zebrafish and human
germ cells (Kedde et al. 2007). Dnd1 binds to U-rich sequences adjacent to miRNA
target sites, and interferes with miRNA—RISC access thereby derepressing specific
miRNA-targeted mRNAs.

Although the majority of miRNA research has been conducted in vivo, several
groups have developed cell-free extracts that recapitulate miRNA repression
in vitro. The first in vitro system to be published came from the Novina lab, and
was established using a rabbit reticulocyte lysate (Wang et al. 2006, 2008). Using
the artificial CXCR4 miRNA and in vitro transcribed reporter mRNAs, they dem-
onstrated that miRNA silencing was cap- and poly(A)-dependent; however, increas-
ing the length of the poly(A) tail seemed to offset the cap-dependence of the
system. In addition, using a biotin pulldown approach to capture factors associated
with the miRNA-targeted mRNA, they found that targeted mRNAs associated with
the 40S ribosomal subunit and elF2 and elF3 translation factors, but not with the
60S. Toe printing assays suggested that miRNA-targeted mRNAs exhibited a char-
acteristic 40S subunit toe print, suggesting a miRNA-mediated initiation block at
the 60S subunit joining step. A compelling argument in support of a miRNA-
mediated block of 60S subunit joining came from the work conducted by the
Shiekhattar and Pasquinelli laboratories (Chendrimada et al. 2007). They demon-
strated that the 60S ribosomal subunit antiassociation factor eIF6 associates with
the human miRISC. They further demonstrated that depletion of elF6 in either
human cells or worms abrogates miRNA-mediated repression (Basu et al. 2001;
Sanvito et al. 1999). However, elF6 has been shown to play a prominent role in 60S
subunit biogenesis, complicating interpretation of data regarding a role of elF6 in
the miRNA response.

Several other groups have described additional in vitro systems that recapitu-
lated miRNA-mediated repression. Extracts were made from D. melanogaster
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embryos (Thermann and Hentze 2007), mouse Krebs-2 ascites (Mathonnet et al.
2007), and transfected HEK-293 cells (Wakiyama et al. 2007). Overall, all the three
results concluded that miRNAs inhibit translation at the initiation step and that
this inhibition is a cap-dependent event. In addition, each group reported unique
observations. Experiments with D. melanogaster embryonic extracts demonstrated
that miR-2 inhibited 40S ribosomal subunit recruitment to the miRNA-targeted
mRNA, suggesting a miRNA-mediated block of early events in translation initia-
tion (Thermann and Hentze 2007). In this study, miRNA-targeted mRNAs were
associated with “pseudopolysomes” that sedimented faster than 80S ribosomes in a
density gradient. Experiments in HEK-293-derived extracts demonstrated that
miRNAs induced deadenylation of target mRNAs in vitro (Wakiyama et al. 2007).
Work in mouse Krebs-2 extracts demonstrated that addition of recombinant eIF4F
antagonized miRNA-mediated translational repression (Mathonnet et al. 2007).
This result strongly suggested that early events in translation initiation are targeted
by miRNAs (i.e., elF4F/cap interactions). Kiriakidou et al. presented a compelling
hypothesis about how the miRISC might inhibit eIF4F—cap interactions when they
demonstrated that the central domains of AGO proteins possess sequence
homology to the cap binding region of eIFAE (Kiriakidou et al. 2007). They found
that AGO2 binds a cap column and that mutations to two aromatic residues in the
central domain of AGO2 blocked its interaction with the cap column. These
mutations also inhibited mutant AGO?2 translational repression activity when the
AGO?2 mutant was tethered to the 3'UTR of a reporter mRNA (Kiriakidou et al.
2007). This led to a model whereby AGO2—cap interaction competes with eI[F4E
for cap binding, thus decreasing the rate of translation initiation. However, a more
recent report calls these results into question. Izaurralde and colleagues showed,
using Drosophila AGO homologues, that the AGO mutant that led to a loss of cap
column interaction in the previous study abrogated association of Argonaute with
miRNA and with GW182 (a P-body component with affinity for AGO proteins)
(Eulalio et al. 2008b). Further, they observed no difference in binding of the mutant
Drosophila Ago homologue to a cap affinity column. These studies directly
contradict one another with regard to cap affinity and miRNA binding capability of
mutant Ago. Clearly, additional experiments will be required to determine whether
Ago proteins directly interact with the 5'-cap. It is possible that AGO proteins or
some other component of the miRISC complex can compete with elFAE for cap
binding. It is also possible that miRNAs exert their effect by preventing proper
circularization of the mRNA. It is thought that interaction of PABP with eIF4G, a
component of the eIF4F cap binding complex, leads to circularization of mRNAs.
This circularization is thought to increase the affinity of eIF4E (the cap binding
component of elF4F) for the cap. Hence, if miRNAs inhibit circularization, this
would lead to a loss of affinity of eIF4F for the cap, and hence a decrease in
efficiency of translation initiation. This model is consistent with the requirement of
both a 5’ cap and a 3" poly(A) tail to elicit miRNA-mediated repression observed
in many systems.
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1.3.2 Enhancing Eukaryotic Translation

miRNAs repress gene expression by inhibiting mRNA translation and/or initiat-
ing mRNA decay. However recent studies in the Steitz lab suggest that miRNAs
may in fact enhance translation, rather than inhibit, under certain cellular condi-
tions (Vasudevan et al. 2007, 2008). Specifically, when mammalian cells are
starved of serum, miR369-3 interacts with the 3’UTR of tumor necrosis factor-
alpha mRNA and enhances its translation. miRNA-mediated enhancement of
translation requires the interaction of FXR1 protein with Ago2. Translational
enhancement is not limited to miR369-3, as let-7 and CXCR4 miRNAs also
enhanced translation of target mRNAs under serum-starvation conditions.
Overall, they present a model whereby miRNAs repress translation in proliferat-
ing cells, but enhance translation when cells quiesce. These provocative results
introduce a new level of complexity with regard to the mechanism of the miRNA
response. It will be interesting to see what cellular events and signaling cascades
elicit the switch from miRNA-mediated repression of gene expression to
enhancement.

1.3.3 miRNA-Mediated Regulation of mRNA Stability

The original discovery of the lin-4 and let-7 miRNAs in C. elegans was
accompanied by the demonstration that they inhibit translation without affecting
mRNA stability (Lee et al. 1993; Reinhart et al. 2000; Wightman et al. 1993).
In contrast to the early reports in C. elegans, many groups now observe some level
of miRNA-mediated mRNA destabilization. This observation suggests that
miRNA-mediated translational repression and mRNA decay act in tandem to
facilitate repression of gene expression. This assertion is supported by a report that
miRNAs elicit a 95% reduction in reporter expression, as well as a 50% decrease
in target mRNA levels (Petersen et al. 2006). In addition, Wu et al. reported
that miR-125b expression reduced target protein production by 90%, while
mRNA levels were reduced by around 70% (Wu et al. 2006). Hence, translational
repression and mRNA destabilization appear to have an additive effect on
miRNA-mediated repression of gene expression.

In contrast to siRNA-mediated mRNA endonucleolytic cleavage, miRNA mediated
enhancement in the rate of mRNA decay appears to be enacted via more traditional
deadenylation-dependent degradation pathways. The first evidence that miRNAs
mediate deadenylation of target mRNAs came from work conducted in zebrafish in
the Schier laboratory. Studies on clearance of maternal mRNAs following activation
of zygotic transcription demonstrated that miR-430 targets a few hundred maternal
transcripts and mediates their deadenylation and decay (Giraldez et al. 2006).
Studies were also published at the same time demonstrating that miRNAs can
induce deadenylation in both Drosophila melanogaster S2 cells and as well as in
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HelLa and NIH-3T3 cells (Behm-Ansmant et al. 2006; Wu et al. 2006). miRNA
mediated deadenylation appears to be mediated by the Caf|-CCR4—-Notl deadeny-
lation complex. Work published by the Izaurralde group (Behm-Ansmant et al. 2006;
Eulalio et al. 2008a) demonstrated, in D. melanogaster cells, that miRNA-dependent
mRNA decay is inhibited by siRNA knockdown of deadenylation factors Notl
and Ccr4 as well as the decapping enzyme Dcpl/2 (Behm-Ansmant et al. 2006).
miRNA-mediated deadenylation, in this system, also required the GW 182 homolog
Gawky, as artificially tethering of Gawky to a reporter 3'UTR stimulated deadenylation
in the absence of Agol protein, the core Argonaute required for miRNA-mediated
deadenylation in Drosophila.

Interestingly, miRNA-mediated mRNA degradation and translational repression
are suggested to function as independent mechanisms of action. Several groups
have demonstrated that mRNAs that are not actively translating can still undergo
miRNA-mediated deadenylation and/or decay (Eulalio et al. 2007; Wakiyama et al.
2007). In mammalian cells, miRNA-dependent deadenylation and subsequent
complete decay of target mRNA was accelerated by miR-125b expression (Wu et al.
2006). This effect required only a single miR-125b target site and was not affected
by inhibition inserting a stable hairpin structure into the reporter mRNA’s 5'UTR
that prevents translation. miRNA-dependent mRNA deadenylation has also
been observed in vitro. Wakiyama et al. reported target mRNA deadenylation in
extracts derived from HEK293 cells (Wakiyama et al. 2007). Consistent with
in vivo results, deadenylation was not dependent on translation, as mRNAs
containing a nonfunctional ApppN cap or IRES-containing mRNAs were subject
to deadenylation, despite the fact that these constructs exhibited no translational
repression (Wakiyama et al. 2007). mRNA decapping often occurs subsequent to
mRNA deadenylation and precedes mRNA decay. Several groups have suggested
that miRNAs also function, at least for specific mRNAs, to mediate removal of the
5'-cap structure. Specifically, knocking down decapping factors Dcpl and/or Dcp2
leads to a stabilization of miRNA-targeted reporter mRNAs (Eulalio et al. 2007;
Rehwinkel et al. 2006).

Two recent reports have provided a large-scale picture of miRNA mediated
control of both target protein and mRNA levels using mass spectrometric proteomic
approaches in parallel with microarray-based analysis of mRNA levels. Selbach
et al. introduced five different miRNAs (miR-1, miR-155, miR-16, miR30a,
and let7b) into HeLa cells by transfection and also used a locked nucleic acid to
knockdown let7b and looked at changes in protein and mRNA levels on a genome-wide
scale (Selbach et al. 2008). They report that most targets are repressed at both the
mRNA and protein level, with the relative contributions of mRNA destabilization
and translation inhibition varying from miRNA to miRNA and from target to target.
Interestingly, they found that proteins translated at the endoplasmic reticulum were
overrepresented in the class of targets that were repressed mainly at the protein
level. Baek et al. used a similar, large-scale approach to look at the effect of
transfection of miR-1, miR-124, and miR-181 into HeL a cells as well as the effect
of deleting miR-223 from mouse neutrophils (Baek et al. 2008). They found a
similar correlation between effects at the mRNA and protein level, reporting that
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targets exhibiting more than 33% repression at the protein level were also repressed
at the mRNA level. Both studies demonstrated the ubiquity of the miRNA response,
showing that transfection of single miRNAs generally repressed hundreds of genes
at the post-transcriptional level, although few targets were repressed by more than
three or fourfold. These results lend credence to the notion that miRNA repression
serves to fine-tune gene expression. The Izaurralde lab depleted D. melanogaster
S2 cells of either AGO1 (the only Argonaute protein involved in the miRNA
response in flies), CAF1, or NOT1 and monitored changes in cellular mRNA levels
by microarray (Eulalio et al. 2009b). They found that 60% of genes regulated by
AGO1 were also regulated by CAF1 and/or NOT1. These results also suggest that
mRNA deadenylation plays a significant role in the miRNA response in vivo.

It is clear, then, that miRNA-mediated translational repression and mRNA
destabilization act synergistically to inhibit gene expression. mRNA deadenylation
removes the binding site for PABP at the mRNA’s 3’ end, efficiently disrupting
mRNA circularization. As such, deadenylation may be seen as a component of
miRNA-mediated translational repression, in addition to its role in initiating decay
of the entire mRNA.

1.3.4 The Role of GW182 Proteins and P-Bodies
in the miRNA Response

GW 182 proteins have recently become a popular topic for studies directed at
elucidating mechanistic details of the miRNA response. GW182 is part of a
conserved group of proteins characterized by multiple glycine—tryptophan repeat
regions that has been found localized to cellular processing bodies (P-bodies,
dynamic subcellular structures involved in mRNA storage and decay). GW 182
proteins also interact with Argonaute proteins (through GW repeat regions), repre-
senting a link between the miRISC and the P-body (Jakymiw et al. 2005; Lian et al.
2009; Liu et al. 2005a, 2005b; Meister et al. 2005; Sen and Blau 2005; Takimoto
et al. 2009). It was initially demonstrated in Drosophila S2 cells that knockdown of
the GW182 homolog gawky disrupted miRNA-mediated repression of reporter
protein production (Rehwinkel et al. 2005), a result that was reproduced in human
cells (Liu et al. 2005a) and in C. elegans (Ding and Grosshans 2009). Results
from D. melanogaster later suggested that miRNA-mediated repression is enacted
through GW 182 proteins as depletion of Agol or Gawky resulted in strikingly
similar changes in gene expression by microarray (Behm-Ansmant et al. 2000).
Also, tethering of Gawky to the 3'UTR of a reporter gene in the absence of Agol
resulted in mRINA destabilization as well as a decrease in reporter protein production
(Behm-Ansmant et al. 2006), while disruption of Gawky—Agol interactions through
overexpression of the Agol binding domain of Gawky blocked miRNA-mediated
silencing of reporters (Eulalio et al. 2008a). A similar result was later reported in
human cells (Takimoto et al. 2009). Further evidence for the idea that miRNA
effects are mediated through GW 182 proteins came from work in human cells. Lian
et al. showed that the C-terminal half of all four human Argonaute proteins bind
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GW182 and that tethering of this C-terminal half of hAgo2 to the 3'UTR of reporters
results in similar levels of repression as tethering full length Ago2 (Lian et al. 2009).
Three recent studies have implicated the C-terminus of GW 182 proteins as the region
responsible for mediating gene silencing. GW 182 tethering assays, in concert with
deletion analyses, have demonstrated that the C-terminal domain of human GW182
proteins, that cannot bind Argonaute, is sufficient to drive repression of reporter
gene expression (Lazzaretti et al. 2009; Zipprich et al. 2009). Importantly, tethering
of C-terminal fragments results in repression at both the protein and mRNA levels
(Lazzaretti et al. 2009; Zipprich et al. 2009). Genetic analysis in D. melanogaster
has demonstrated that both the N-terminal Argonaute binding domain and the
C-terminal effector domain of Gawky are necessary for miRNA-mediated repression
(Eulalio et al. 2009a). Interestingly, a Gawky mutant that fails to localize to P-bodies,
but contains the N-terminal Arogonaute binding domain and C-terminal silencing
domain, is able to support the miRNA response, while this mutant fails to rescue
association of Agol to P-bodies (Eulalio et al. 2009a).

Taken together, these results suggest that miRNA mediated translational
repression, as well as mRNA destabilization is mediated through GW182
proteins. In effect, the role of the miRNA and Argonaute appears to be to recruit
target mRNAs to GW182 proteins, which facilitate translational repression and
decay of these transcripts.

1.4 Summary

As data continue to emerge regarding the mechanism of the miRNA response, it has
become increasingly apparent that a single concise mechanism cannot account for
all examples of miRNA-mediated repression. miRNAs have been reported to
repress translation at the level of initiation as well as post-initiation, and to facilitate
decay of target mRNAs. It is likely that different cell types, different developmental
stages, or different miRNAs may exhibit repression via different mechanisms or
combination of mechanisms. One remaining challenge will be to determine what
molecular cues determine which mode of repression (or activation) is enacted.
Recent reports strongly suggest that miRNA effects are mediated through GW182
proteins and that GW182 effects are not limited to bringing miRNA targeted
transcripts to P-bodies. The next step, then, is to dissect the molecular events,
downstream of recruitment of GW 182 proteins to targeted mRNAs, involved in the
various modes of miRNA-mediated control of gene expression.
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