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Preface

An odd and unexpected finding was reported by the laboratory of Richard Jorgensen
in 1990: expression of extra copies of the gene encoding chalone synthase in petunias
turned off the endogenous chalone synthase gene. An observation that appeared
totally unrelated was made by the laboratory of Victor Ambrose in 1993: a gene in
Caenorhabditis elegans, lin-4, controlled the timing of larval development but did
not encode a protein. Rather, it expressed two small RNAs that were complementary
to the 3’-untranslated region of the /in-14 gene in a region that had previously been
shown to repress expression of the LIN-14 protein. From another quarter, David
Baulcombe’s laboratory showed in 1997 that plant viruses could induce sequence-
specific gene silencing. Then in a landmark paper, Andrew Fire and Craig Mello
showed in 1998 that double-stranded RNA (dsRNA) triggers a gene-silencing
mechanism that they dubbed RNA interference (RNAi), for which discovery they
were awarded the Nobel Prize in Physiology or Medicine in 2006.

These diverse findings have triggered an explosion of research around the world
in both plants and animals to discover the mechanisms and broader ramifications of
RNAIi. We now know that there are both exogenous pathways involving formation
of siRNA when dsRNA is introduced and endogenous pathways involving miRNA,
piwiRNA, and rasiRNAs. All pathways culminate in formation of an RNA-induced
silencing complex (RISC) containing a member of the Argonaute protein family
bound to a 22-nt RNA strand that interacts with a target mRNA or gene through
Watson-Crick base pairing.

The predominant mechanism of gene silencing involves RISCs containing
miRNAs. David Bartel has estimated that as much as one-third of all human genes
are regulated by miRNAs. Initial studies focused on mechanisms involving either
formation of heterochromatin or mRNA degradation, but then articles began to
appear showing that RISCs can also interfere with the translational machinery.
Published reports indicate that translation can be inhibited through various mecha-
nisms — binding of Argonaute to the mRNA cap to prevent its interaction with
elF4E, inhibition of 80S initiation complex formation by interference with elF6,
and inhibition of translational elongation. Recent reports also show that some
miRNAs can enhance translation. Yet, there is not universal agreement in the field
of how miRNAs affect the translational machinery.
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The chapters collected in this volume represent contribution by leaders in the
search to understand how miRNAs affect translation. They include chapters rep-
resenting work in plants and C. elegans, the biological systems that originally led
to the discovery of RNAI, and also include chapters on mammalian systems, with
special emphasis on regulation of a key tumor suppressor and a protein that restricts
human immunodeficiency virus 1 (HIV-1).

Regulation of gene expression by miRNAs plays critical roles in malignant
transformation and development of cardiovascular disease. There is currently
intense activity to develop miRNAs as therapeutic agents to combat such diseases.
Yet, incomplete knowledge of how miRNAs accomplish gene silencing hinders
progress in this area. The authors of this volume are making important contribu-
tions toward understanding this phenomenon.

Robert E. Rhoads
Shreveport, Louisiana, USA
September 2009
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Chapter 1

Understanding How miRNAs
Post-Transcriptionally Regulate
Gene Expression

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

M.R. Fabian, T.R. Sundermeier, and N. Sonenberg (P<))

Department of Biochemistry, McGill University, Montréal, QC H3G 1A1, Canada;
Goodman Cancer Center, McGill University, Montréal, QC H3G 1A1, Canada
e-mail: marc.fabian@mcgill.ca, Thomas.Sundermeier@mcgill.ca and

Nahum Sonenberg @mcgill.ca

R.E. Rhoads (ed.), miRNA Regulation of the Translational Machinery, 1
Progress in Molecular and Subcellular Biology 50,
DOI 10.1007/978-3-642-03103-8_1, © Springer-Verlag Berlin Heidelberg 2010
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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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AAAAAAAAAAA AAAAAAAAAAA

cap-dependent translation EMCV IRES-mediated translation

HCV IRES-mediated translation CrPV IRES-mediated translation

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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microRNA gene
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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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Abstract [in-4 and let-7 are the founding members of the large microRNA
(miRNA) family of regulatory RNAs and were originally identified as components
of a C. elegans developmental pathway that controls temporal cell fates. Consistent
with their pioneering role, lin-4 and let-7 were studied widely as “model miR-
NAs” in efforts to reveal the mode of action of miRNAs. Early work on /in-4 thus
established a paradigm that miRNAs inhibit translation of their target mRNAs at a
step downstream from initiation, without affecting mRNA stability. Although some
studies on mammalian miRNAs in cell culture reached similar conclusions, most of
those studies indicated that miRNAs repressed translation initiation and frequently
also promoted target mRNA degradation. We will discuss here what is known about
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modes of miRNA target gene repression in C. elegans, highlighting recent work
that demonstrates that both mRNA degradation and repression of translation initia-
tion are mechanisms employed in vivo by let-7 and, unexpectedly, lin-4 to silence
their endogenous targets. We will also discuss the roles of the GW 182 homologous
AIN-1 and AIN-2 proteins in this process.

2.1 Introduction

lin-4 and let-7 are the founding members of the large microRNA (miRNA) family
of small noncoding RNAs and were originally identified as components of the het-
erochronic developmental pathway in the small roundworm Caenorhabditis elegans
(Chalfie et al. 1981; Horvitz and Sulston 1980). C. elegans genetics has also been
instrumental in the identification of the first miRNA target genes (Moss et al. 1997;
Slack et al. 2000; Wightman et al. 1993) and the cellular machinery involved in
miRNA mediated gene silencing, e.g., the RNase III enzyme DCR-1 (Dicer)
(Grishok et al. 2001; Ketting et al. 2001; Knight and Bass 2001), the Argonaute-like
proteins ALG-1, ALG-2 (Grishok et al. 2001), and the microprocessor complex
(Denli et al. 2004). Findings in C. elegans have thus had a remarkable track record of
guiding our understanding of miRNA biology. Indeed, the earliest work on the
mechanism of action used by miRNAs to silence their target mRNAs was also per-
formed in C. elegans (Olsen and Ambros 1999; Seggerson et al. 2002). It established
a paradigm that miRNAs inhibited protein translation at a step downstream of initia-
tion, without significantly affecting target mRNA stability. Surprisingly then, work
in human and Drosophila cells has challenged this model of miRNA activity, by
providing evidence for miRNA-mediated transcript degradation as well as repres-
sion of translation initiation. In this chapter, we discuss what is known about modes
of miRNA target gene repression in C. elegans and how this relates to findings from
other model systems. We particularly focus on recent work that demonstrates that
let-7 and lin-4 employ both mRNA degradation and, unexpectedly, repression of
translation initiation to silence their endogenous targets in vivo. We also discuss the
roles of the GW182 homologous AIN-1 and AIN-2 proteins in these processes.

2.2 lin-4 and let-7 miRNAs in C. elegans Development

Postembryonic development of C. elegans proceeds through four larval stages, L1
through L4, each separated by a molt, until the sexually mature adult stage is
reached. In a newly hatched larva, 51 blast cells divide and differentiate in a stereo-
typic manner during the four larval stages, giving rise to a fixed number of cells
with determined fates. Proper temporal execution of cell fates is controlled by a set
of heterochronic genes. Mutations in these genes can cause either a precocious
phenotype, in which developmental events are skipped, or a retarded phenotype, in
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which developmental events are repeated. For instance, loss-of-function in /lin-4
(lineage variant-4) causes reiteration of first larval stage cell fates during the sec-
ond larval stage in various tissues, whereas mutations in /in-14 cause a skipping of
L1 cell fates (Moss 2007). Surprisingly, lin-4 was found to code not for a protein,
but for a small RNA, capable of triggering L2 fates by diminishing the protein
levels of LIN-14 (Lee et al. 1993; Wightman et al. 1993) and LIN-28 (Moss et al.
1997) (Fig. 2.1). lin-4 achieved repression of the lin-14 and /in-28 mRNAs by bind-
ing to complementary sequences in their 3’ untranslated regions (3' UTRs) (Lee
et al. 1993; Moss et al. 1997; Wightman et al. 1993).

Seven years later it was discovered that another heterochronic gene, let-7
(lethal-7), also encoded for a small regulatory RNA that regulated temporal cell
fates, in this case by promoting transition from L4 to adult cell fates through repres-
sion of lin-41 (Reinhart et al. 2000; Slack et al. 2000). Due to their temporally regu-
lated levels and their function as temporal switches for cell fates in C. elegans, lin-4

miRNA -+ lin-4 - Jet-7
targets LIN-14 LIN-28 DAF-12 LIN-41
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E /d'
>
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Fig. 2.1 Temporal expression of heterochronic genes in C. elegans. The postembryonic
development in C. elegans proceeds through four larval stages (L1 to L4), each separated by a
molt (indicated by the vertical lines), followed by the adult stage. lin-4 starts to accumulate during
L1 and represses lin-14 starting mid-L1 and /in-28 starting late L1/early L2, thereby promoting
progression to developmental programs of L2 and L3, respectively. let-7 starts to accumulate
during L3 and represses /in-41 and daf-12 starting late L.3/early L4, thereby promoting progression
to adult cell-fates



24 B.A. Hurschler et al.

and let-7 were termed small temporal RNAs. Subsequently, homologues of let-7 were
identified in a variety of bilaterian species, including flies, zebrafish, and humans
(Pasquinelli et al. 2000). It was this discovery that provided the starting point for
the subsequent isolation of hundreds of miRNAs in various animals, including
humans (reviewed in GroPBhans and Slack 2002).

2.3 Polysome Profiling as an Assay to Assess
the Translational State of mRNAs

The discovery that lin-4 was partially complementary to sequences in the 3" UTR
of the /in-14 mRNA and that these 3’ UTR sequences were required for regulation
(Lee et al. 1993; Wightman et al. 1993) suggested that miRNAs regulate their
targets through an antisense mechanism, possibly inducing mRNA degradation or
translational repression. Although transcript degradation can be readily assessed
by diverse techniques such as northern blotting, quantitative reverse transcription
PCR (qRT-PCR), or microarrays, the appraisal of the translational state of a
transcript is less straight-forward. Based on the observation that actively trans-
lated mRNAs are bound by many ribosomes, isolation of polyribosomes (“poly-
somes”) can be used to copurify translated mRNAs. The prevalent method for the
isolation of polysomes dates back to the early days of studies on protein translation
(Wettstein et al. 1963). In its basic implementation, the transcripts in a cleared cell
lysate (i.e., the postmitochondrial supernatant) are separated by ultracentrifugation
through a sucrose density gradient. While the gradient is unloaded at a constant
flow-rate, the UV-absorbance is recorded and fractions are collected. mRNAs that
are associated with multiple ribosomes migrate to the denser fractions of the gradi-
ent, which can be observed on the UV-recording as a pattern of density peaks cor-
responding to multiples of 80S (Fig. 2.2). The 80S peak thus delimits the
polysomal and the (sub)monosomal fractions. RNA can then be extracted from
polysomal and (sub)monosomal fractions and analyzed by any quantitative
assay, e.g., qQRT-PCR and northern blotting. Different mRNAs will vary in their
distributions across these fractions, reflecting for instance the fact that the number
of ribosomes that can be loaded onto short transcripts is limited, but each tran-
script exhibits a characteristic, invariant distribution under constant experimental
conditions. By contrast, if experimental conditions change to cause, for instance,
activation of translation initiation, an increased accumulation in polysomal frac-
tions results for the affected transcripts, whereas inhibition of translation initation
will cause a shift to (sub)monosomal fractions. To “freeze” polysomes for the
duration of the experiment, cells are typically treated with cycloheximide, which
blocks elongation of the nascent polypeptide chain. A frequently used control is the
application of puromycin, which induces premature termination of translation, and thus
specifically disassembles actively translating polysomes, resulting in a shift of the
associated mRNA.
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Fig. 2.2 A typical polysome profile. UV-recording at 254 nm of total worm lysate separated on
a 15-60% (w/v) sucrose gradient. The major UV density peaks represent the 60S sub-monosomal,
80S monosomal, and a series of polysomal peaks (from left to right, the number of ribosomes is
indicated). Total RNA of each fraction was isolated and separated on an agarose gel to visualize
ribosomal RNAs. Adapted from (Ding and GroB3hans 2009)

2.4 MicroRNA-Mediated Gene Regulation in C. elegans:
The Early View

Early work performed in C. elegans on lin-4 and let-7 established an antisense
mechanism of interaction between miRNAs and target mRNAs. Gain-of-function
mutations of /in-/4 yielded retarded phenotypes resembling those seen with lin-4
loss-of-function and were caused by deletions in the 3" UTR of /in-74. In both these
mutant animals, LIN-14 protein persisted at a developmental stage, in which the
protein was no longer detectable in wild-type animals (Olsen and Ambros 1999;
Wightman et al. 1993). Reporter gene experiments then confirmed that the 3' UTR
of lin-14 was sufficient for gene repression by lin-4, with mutations in the lin-4
complementary regions compromising reporter gene regulation (Wightman et al.
1993). The mechanism of regulation however remained elusive. The massive fold
decrease in LIN-14 protein between L1 and L2 was not adequately reflected by a
decline in the transcript level, and the polyadenylation state of lin-14 was not
affected. Furthermore, lin-/4 was found to cosediment with actively transcribing
polysomes in sucrose density gradients both before and after the onset of lin-4
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expression (Olsen and Ambros 1999). Since lin-14 did not exhibit a shift to the
submonosomal fraction, a hallmark of repressed translation initiation, it was concluded
that /in-4 regulated lin-14 downstream of translation initiation or even posttransla-
tionally. Moreover, a subset of /in-4 was found to comigrate with polysomes, a
finding that was consistent with, although not necessarily diagnostic of, regulation
after the initiation step (cf. Sect. 2.5.1).

Similar results were also obtained for another lin-4 target, lin-28 (Seggerson
et al. 2002), which fostered the paradigm of miRNAs inhibiting translation at a step
downstream of initiation, without substantially affecting mRNA stability.

However, more recent work provides evidence for miRNA-dependent target mRNA
decay in C. elegans (Bagga et al. 2005), an observation that is consistent with a
large body of work from other systems (Behm-Ansmant et al. 2006; Eulalio et al.
2007b; Giraldez et al. 2006; Wu and Belasco 2005). Northern blots of endogenous
C. elegans mRNAs showed a more than fivefold decrease in the /in-4 targets lin-14
and lin-28, which was more than previously appreciated and let-7 was similarly
found to mediate degradation of its target lin-41 (Bagga et al. 2005). To explain the
discrepancy, it was speculated (Bagga et al. 2005) that previous studies with
C. elegans (Olsen and Ambros 1999; Seggerson et al. 2002; Wightman et al. 1993),
which were based on RNase protection experiments, were distorted by the detection
of stable degradation products, but no such degradation intermediates have been
demonstrated. We have recently shown transcript degradation for additional
C. elegans miRNA targets and demonstrated that C. elegans miRNAs also block
translation initiation (Ding and GroB3hans 2009) (see Sects. 2.6 and 2.7). Although
some evidence suggests that degradation and translational repression are two
distinct modes of miRNA target gene repression, it is still possible that degradation
may indeed be a consequence of translational repression.

2.5 MicroRNA Mediated Gene Regulation
in Other Model Organisms

Many in vivo and in vitro studies have been performed to elucidate the mechanism(s)
of miRNA-mediated gene repression in different experimental systems. The resulting
plethora of proposed mechanisms of action has sparked a lively debate that charac-
terizes the field. We will shortly review some of the major findings (and conflicts
among them), mostly obtained using cell-based assays and reporter genes, before
we will discuss recent results on the mechanisms C. elegans miRNAs utilize to
silence endogenous target genes in vivo, in a whole organism.

2.5.1 Evidence for Translational Repression After Initiation

Several cell-based (ex vivo) studies report translational repression after initiation,
although they differ in their conclusion as to how this regulation takes place.
In 293T cells, transfection of an artificial miRNA repressed its target reporter
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mRNA, which remained associated with actively translating polysomes. (Petersen
etal. 2006). Repression was not restricted to cap-dependent translation initiation,
as both cap-dependent and IRES (internal ribosomal entry site)-dependent open
reading frames of a bicistronic reporter gene were equally sensitive to the trans-
fected miRNA. As pulse-labeling of nascent polypeptides indicated that repression
occurred before completion of the synthesis of the full-length polypeptide chain, a
ribosome drop-off model was proposed, in which miRNAs render ribosomes
susceptible for premature translation termination.

Maroney and coworkers investigated the distribution of endogenous miRNAs
and mRNAs in HeLa cells (Maroney et al. 2006). For instance, the KRAS mRNA,
which is regulated by let-7, was found to be associated with translation competent
ribosomes in the polysomal fractions. The finding that the KRAS mRNA remained
in the polysomal fraction even under conditions known to interrupt translation
initiation, argued against a ribosome drop-off and suggested a decelerating effect
on the elongation rate.

However, a let-7 mediated slow-down of the elongation rate in HeLa cells could
not be observed for a reporter gene bearing the C. elegans lin-41 3' UTR (Nottrott
et al. 2006). Since the encoded protein remained undetectable, although reporter
mRNA cosedimented with translation competent ribosomes, it was speculated that
the nascent polypeptide was cotranslationally degraded. However, proteases
involved in this process have not been identified, and in fact neither the inhibition
of the proteasome nor the targeting of the reporter gene to the endoplasmic reticulum
was found to restore protein accumulation in HeLa cells (Pillai et al. 2005). A model
of cotranslational polypeptide degradation is thus based on negative evidence.

Cosedimentation of a considerable fraction of miRNAs or Argonaute proteins
with polysomes was reported in many studies (Kim et al. 2004; Nelson et al. 2004;
Nottrott et al. 2006; Olsen and Ambros 1999; Petersen et al. 20006). At first sight,
this observation would argue against a mechanism that represses target gene
translation initiation, as such a mechanism would deplete the miRNA target genes,
and thus the miRNA and Argonaute, from the polysomal pool. However, a caveat
to this interpretation is that efficient target gene repression might frequently require
binding by several miRNAs (e.g., Doench et al. 2003; Vella et al. 2004). Thus, a
substantial amount of miRNAs and Argonaute might be bound to polysomal
mRNAs without greatly affecting translation.

2.5.2 Evidence for mRNA Deadenylation and Decay

Following a first report that showed that transfection of a miRNA into cultured cells
resulted in reduced transcript levels for a number of apparently direct targets (Lim
et al. 2005), nonendonucleolytic mRNA decay in response to miRNAs has been
observed in C. elegans (Bagga et al. 2005) and many other systems. In zebrafish,
miR-430 was found to clear maternal mRNAs containing miR-430 target sites at the
onset of zygotic transcription (Giraldez et al. 2006). Depletion or ectopic expression
of miRNAs alters the expression of validated miRNA targets or mRNAs containing
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binding sites for these miRNAs (Krutzfeldt et al. 2005; Lim et al. 2005; Linsley
et al. 2007). Similarly, transcript levels of miRNA targets were found to increase in
cells depleted of Dicer or Argonaute proteins (Rehwinkel et al. 2006; Schmitter
et al. 2006).

MicroRNAs deploy the general mRNA degradation machinery to clear target
mRNAs. Decapping and accelerated mRNA deadenylation have been observed in
zebrafish, and fruitfly and human cell lines (Behm-Ansmant et al. 2006; Eulalio
et al. 2007b; Giraldez et al. 2006; Wu et al. 2006). Target destabilization was found to
depend on Argonaute proteins, the CAFI-CCR4-NOT deadenylase complex, the
decapping enzyme DCP2, and the P-body component GW182 (Behm-Ansmant
et al. 2006; Eulalio et al. 2007b). Depletion of these components leads to the stabiliza-
tion of many miRNA target mRNAs that are otherwise degraded. Furthermore,
Argonaute proteins, miRNAs, and repressed mRNAs are often found to colocalize
to P-bodies, discrete cytoplasmic foci that harbor mRNA-catabolizing enzymes
(Eulalio et al. 2007a).

Intriguingly, targets of let-7 are destabilized to different degrees in different
mammalian cell lines (Schmitter et al. 2006), and reporter mRNAs in D. melanogaster
S2 cells can be silenced exclusively by either degradation or nondegradation,
presumably translational repression or by a combination of both mechanisms
(Behm-Ansmant et al. 2006; Eulalio et al. 2007b), suggesting that differences in
cellular factors as well as the architecture or environment of miRNA target sites can
influence the extent of target degradation.

How miRNAs initiate degradation of their target transcripts is not known.
Moreover, it is unclear whether degradation is an independent mechanism or
consequence of translational repression, as current evidence cannot distinguish
between these two possibilities (Eulalio et al. 2008a; Filipowicz et al. 2008).

2.5.3 Evidence for Translational Repression
at the Initiation Steps

Recent studies that recapitulated miRNA mediated gene repression in cell-free
systems concluded that miRNAs interfere with target gene expression at translation
initiation (Mathonnet et al. 2007; Thermann and Hentze 2007; Wakiyama et al.
2007; Wang et al. 2006). These studies unanimously reported a shift of repressed
reporter genes to the monosomal pool of mRNA, consistent with reduced ribosome
loading. This repression of translation initiation was found to depend on an m’Gp-
ppN-cap, whereas cap independent association of ribosomes via different IRES or
ApppN-capped mRNAs was refractory to translational regulation. Inhibition of
translation initiation has also been reported in cell-based approaches (Bhattacharyya
et al. 2006; Pillai et al. 2005), which includes the only study explicitly showing this
mechanism for an endogenous mRNA (Bhattacharyya et al. 2006).

Nevertheless, there is little agreement on the mechanisms that repress translation
initiation. Human AGO2 (Argonaute 2) binds to a methylated cap analog in vitro
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via two tryptophan residues placed at an equivalent position in the initiation factor
elFAE (Kiriakidou et al. 2007). Thus, AGO2 miRNPs might compete with eIFAE
for m’G-cap binding and thereby abrogate the bridging between m’G-cap and
poly(A)-tail via elF4G, which normally stimulates translation initiation. In line
with disruption of mRNA circularization by elF4F, whose subunits include eIF4E
and elF4G, elF4F was found to be limiting for translational repression in mouse
Krebs-2 cell extracts, and conversely, excess of eIF4F relieved translational repres-
sion (Mathonnet et al. 2007). Similarly, tethering of eIFAE and eIF4G to reporter
constructs relieved translational repression in HeLa cells (Pillai et al. 2005).
Nonetheless, recent work in fly cells suggests that cap-binding by AGO might not
be sufficient to prevent translation initiation (Eulalio et al. 2008b).

If miRNAs repress translation initiation by interfering with mRNA circularization
mediated by elF4F, this would also imply a need for polyadenylation of the target
transcript as a prerequisite for efficient circularization. However, the notion that a
functional poly(A)-tail is necessary for translational regulation is controversial. Full
miRNA mediated regulation of mRNA transfected into HeLa cells required a
poly(A)-tail in one study (Humphreys et al. 2005), but not in another (Pillai et al.
2005). Moreover, in HEK293 cells, the poly(A) tail could be substituted by a histone
stem-loop without eliminating repression (Eulalio et al. 2008b; Wu et al. 2006).

It has been suggested that translation initiation might be repressed by preventing
60S subunit joining, consistent with the finding that eIF6 was isolated in association
with AGO2 and 60S ribosomes in HeLa cells (Chendrimada et al. 2007). elF6
prevents premature assembly of the 60S and 40S ribosomal subunits by binding to
60S subunits. Recruitment of eIF6 by AGO2 could therefore interfere with translation
initiation by preventing the recycling of ribosomal subunits. In C. elegans, RNAi
against elF6 led to an approximately twofold increase in LIN-14 and LIN-28 and
their persistence at later time-points, when these proteins usually are not detected
(Chendrimada et al. 2007). However, in our hands, depletion of elF6 by RNAi
induces slow growth, leaving it unclear whether the measured time-points indeed
reflected two different developmental stages. Studies in mice, D. melanogaster, and
C. elegans have indicated that eIF6 may not be generally required for miRNA
function (Ding et al. 2008; Eulalio et al. 2007b, 2008b; Gandin et al. 2008) and it
has been speculated that the involvement of eIF6 may be indirect, possibly reflecting
a role in 60S subunit biogenesis (Filipowicz et al. 2008).

Although the precise mechanism and contributing factors remain unclear,
various studies thus provide strong support for miRNA-mediated repression of
translation initiation in vitro and ex vivo. Confusingly, however, this is precisely the
mechanism that earlier studies in C. elegans appeared to rule out (Olsen and
Ambros 1999; Seggerson et al. 2002). One possible conclusion is that miRNA
functioned differently in C. elegans than in other organisms, or that indeed miRNAs
studied in an intact organism, in vivo, behave differently from miRNAs studied in
cultured cells or cell-free assays. The latter possibility is of particular concern given
that almost all cell-based and cell-free studies have investigated transfected miRNA
reporter genes, not endogenous target mRNAs, and both the modes of transfection
(Lytle et al. 2007), and the promoter driving the reporter gene (Kong et al. 2008)
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have been reported to affect the apparent mode of miRNA-mediated gene repression.
However, as we will discuss later, we have now demonstrated that miRNAs do
indeed also repress translation initiation of their endogenous target mRNAs in C. elegans
(Ding and GrofBhans 2009).

2.6 The let-7 miRNA Extensively Interacts
with Translation Factors

With the aim to study the interaction between let-7 and the translation machinery
under physiological conditions, we recently performed a reverse genetic screen
(Ding et al. 2008). A major strength of C. elegans as a model organism is the
simplicity of RNAi mediated knock-down of individual genes by feeding libraries
of bacteria producing double-stranded RNA (Fraser et al. 2000; Kamath et al.
2003). The temperature sensitive let-7(n2853) allele harbors a point mutation in the
mature [e-7 miRNA that impairs target mRNA silencing (Reinhart et al. 2000;
Vella et al. 2004). As a consequence, mutant animals die by bursting through the
vulva at the larval to adult transition when grown at 20°C or above. The lethality
phenotype can be partially rescued by RNAi mediated knock-down of individual
let-7 target genes (Abrahante et al. 2003; GroBhans et al. 2005; Lall et al. 2006; Lin
et al. 2003; Slack et al. 2000). With the initial aim of identifying interaction part-
ners of let-7 in an unbiased approach, a library of 2,400 genes on chromosome I
was screened for suppression of the let-7 loss-of-function lethality phenotype. This
initial screen identified 41 suppressors, including known and novel let-7 target
genes, as well as potential regulators of let-7 expression, mediators of let-7 activity
and heterochronic genes (Ding et al. 2008). Twenty of these genes functioned in
RNA or protein metabolism, among them several are putative subunits of eukar-
yotic translation initiation factors. When the screen was extended to include all
translation factors with identifiable homologues in C. elegans, most of these,
including initiation, elongation, and termination factors, partially suppressed the
let-7(n2853) mutation.

Most C. elegans translation factors are thought to be essential, but RNAi typically
achieves only partial depletion of targeted genes and animals were exposed to
RNAI for only limited times. Larval development thus proceeded normally in most
cases, although frequently slower than normal. To eliminate the possibility that this
slow-growth contributed, indirectly, to suppression of let-7(n2853)-associated lethality,
a subset of factors were depleted in wild-type animals, and shown to induce preco-
cious differentiation of epidermal seam cells. This phenotype is consistent with a
gain of let-7 function, and suggests that suppression of let-7 lethality is direct.

Unexpectedly, elF6 was among the factors whose knock-down rescued let-7(n2853)
animals and caused precocious seam cell differentiation in wild-type animals.
In the light of the reported function of eIF6 as a mediator of /in-4 function in
C. elegans (Chendrimada et al. 2007), the opposite, let-7 loss-of-function-like,
retarded seam cell differentiation phenotype, would have been expected as a result
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of its depletion. However, recent studies on D. melanogaster S2 cells question a
general role of eIF6 in promoting miRNA function (Eulalio et al. 2008b), and this
might be reflected by our results.

C. elegans has readily recognizable orthologues of most of the translation factors
commonly found in higher eukaryotes (Rhoads et al. 2006). Except for the termina-
tion factor eRF1, subunits of all translation factors were found to significantly
suppress let-7(n2853) lethality. In addition to eIF6, we also examined the conse-
quences of depleting eIF3 on seam cell differentiation, and again observed
precocious differentiation in animals expressing functional let-7. elF3 is required
for the Met-tRNA, binding to the 40S ribosomal subunit and later for the recruitment
of mRNA to the 43S pre-initiation complex (PIC) to form the 48S complex (Rhoads
et al. 2006). The opposing roles of the tumor suppressor gene let-7 and the elF3
protooncogenes (Dong and Zhang 2006) are intriguing and may well be conserved
beyond C. elegans: In humans, increased amounts of elF3 stimulate translation of
genes involved in cell proliferation (Zhang et al. 2007), for instance MYC and
cyclin D1, which are also target genes of let-7 (Bussing et al. 2008).

The elF4 complex recruits the 43S PIC to mRNA. Depletion of its eI[F4A
subunit resulted in potent suppression, whereas depletion of eIF4G led to develop-
mental arrest. No suppression was observed with e[FAE depletion, which at first
sight is surprising, as many studies highlight the importance of m’G-cap-binding
for miRNA mediated translational regulation (Mathonnet et al. 2007; Thermann
and Hentze 2007; Wakiyama et al. 2007; Wang et al. 2006), and it could be assumed
that depletion of the cap-binding factor would favor the recently postulated
cap-binding by AGO2 (Kiriakidou et al. 2007). However, the lack of an observable
interaction is likely due to redundancy, as five different loci in the C. elegans
genome encode elF4E isoforms.

Taken together, these results pointed to a high sensitivity of let-7 function to
altered translation levels. Considering the studies supporting miRNA mediated
translational control to occur after initiation in C. elegans, the identification of
many translation initiation factors was somewhat surprising and prompted us to
examine translational control on the mRNA level.

2.7 Polysome Profiling Confirms Translational Repression at
the Initiation Step in C. elegans

We have recently reported that let-7 represses translation initiation in C. elegans,
demonstrating this mode of action for the first time in an organism (Ding and
GroBhans 2009). To assess whether let-7 regulates translation initiation in vivo, we
examined the polysome association of the two endogenous lez-7 target genes daf-12
and lin-41 in wild-type and let-7(n2853) animals, by applying whole animal lysates
to sucrose density gradient centrifugation. In agreement with a decrease in transla-
tion initiation, daf-12 and lin-41 were moderately, but consistently, depleted from
the highly translated polysomal fractions in wild-type animals (Fig. 2.3). However,
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Fig. 2.3 let-7 inhibits translation initiation of daf-12 mRNA. (a) Polysome profiles of synchro-
nized wild-type and let-7(n2853) animals at early L3, late L4. (b) Distribution of daf-12 and act-1
mRNA of across the fractions of the gradient. Before the onset of let-7 expression in early L3,
distribution of daf-12 and act-1 mRNA is essentially the same for wild-type and let-7(n2853)
animals. In late L4, the distribution of the let-7 target daf-12 shifts to the (sub)-monosomal
fractions in wild-type animals, whereas the distribution of act-1, which is not targeted by let-7, is
not altered. Adapted from (Ding and GroB3hans 2009)

the limited degree of spatial and temporal coexpression of /er-7 miRNA and its
targets limits the sensitivity of this assay. /et-7 is not universally expressed in C.
elegans and as yet, regulation of target genes has been confirmed only in four
different tissues, i.e., seam cells, ventral nerve cord, intestine, and head muscle
(Abrahante et al. 2003; GroPhans et al. 2005; Lall et al. 2006; Lin et al. 2003; Slack
et al. 2000).

Although the heterogeneity of a whole animal system complicates the analysis,
such a model has the benefit of providing a true physiological context. Improved
sensitivity can then be obtained through tissue specific expression of miRNA
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target reporter genes. For instance, the apparent translational inhibition exerted by
let-7 considerably increased when a lacZ reporter gene carrying the lin-41 3' UTR
was directly expressed in epidermal seam cells, where let-7 is also expressed
(Fig. 2.4). Translational repression was specific, as translational repression of a
col-10::lacZ::lin-41 reporter gene relied on both wild-type let-7 and the presence
of previously described let-7 binding sites (Vella et al. 2004).

Whereas previous reports on lin-4 argued for translational repression
downstream of initiation, the polysomal shifts observed in our experiments clearly
demonstrated that /et-7 regulates two endogenous target genes by inhibiting trans-
lation at the initiation step. It thus appeared that two prominent miRNAs deployed
two different modes of translational inhibition. To address this possibility, we
examined the polysome association of transcripts in whole animal lysates of wild-
type and lin-4(e912) mutant animals. In contrast to earlier studies (Olsen and
Ambros 1999; Seggerson et al. 2002), we surprisingly discovered that lin-4 also
significantly inhibited translation initiation of its cognate target genes lin-14 and
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Fig. 2.4 Translational repression of lin-41 is mediated by let-7 and let-7 binding sites. (a)
Schematic representation of the reporter strains. The lacZ reporter genes were expressed in wild-
type and let-7(n2853) animals under the control of the col-10 promoter, which ensures constitutive
expression in the seam cells, where let-7 is also expressed. The vertical lines in the lin-41 3' UTR
represent let-7 binding sites. In all experiments, synchronized late L4 animals were used. (b)
Distribution of lacZ and act-1 mRNA across the gradients. Only in the presence of both wild-type
let-7 and let-7 binding sites, is the lacZ reporter gene translationally repressed. (c¢) Polysomal
fraction of lacZ, endogenous lin-41 and act-1 as percentage of total RNA. (d) Average number of
ribosomes on lacZ and act-1 mRNA. (¥, p<0.05; **, p<0.01; one-sided Student’s r-test). Adapted
from (Ding and Grofhans 2009)
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lin-28, indicating that /in-4 and let-7 function through the same mechanism. A cause
for the discrepancy with the earlier data may be the fact that in earlier studies lin-
4 loss-of-function was approximated by comparing wild-type L1 animals to wild-
type L2 animals as mature [in-4 starts to accumulate at late L1 (Fig. 2.1). Thus,
regulatory events occurring during C. elegans development, independently of lin-4, may
have affected translational profiles of lin-14 or lin-28.

In addition to translational repression, we also observed increased transcript levels
of endogenous daf-12 and lin-41 mRNA in [et-7 mutant relative to wild-type animals
(Ding and GroB3hans 2009), as previously observed with lin-41 (Bagga et al. 2005).
Transcript degradation might thus either provide an alternate mechanism for repression
of miRNA target genes, or be a consequence of translational repression.

2.8 Inhibition of Translation Initiation and Transcript
Degradation Both Depend on the GW182 Proteins AIN-1
and AIN-2

The C. elegans GW182 homolog AIN-1 (Argonaute interacting protein 1) has
been identified through its function in developmental timing (Ding et al. 2005).
The retarded heterochronic seam cell phenotype caused by ain-1 loss-of-function
mutations closely resembled the combined loss-of-function in the three ler-7
“sister” miRNAs mir-48, mir-84, and mir-241, which are related in sequence to
let-7 and function partially redundantly with it (Abbott et al. 2005; Lau et al.
2001; Lim et al. 2003). Genetic analysis of a reduction-of-function allele sug-
gested that ain-1 and its homolog ain-2 function partially redundantly in post-
transcriptional gene repression in C. elegans (Zhang et al. 2007). AIN-1 and
AIN-2 were found to coimmunoprecipitate with DCR-1 (Dicer), mature miRNAs,
and the Argonaute proteins ALG-1 and ALG-2, establishing GW 182 proteins as
bona fide components of the miRNA-induced silencing complex in C. elegans
(Zhang et al. 2007). Complexes of GW182 proteins with Argonautes have also
been identified in a variety of other organisms, including the human homologues
TRNC6A-C (Behm-Ansmant et al. 2006; Eulalio et al. 2008b; Landthaler et al.
2008; Liu et al. 2005; Meister et al. 2005). Depletion of fly AGO1 or GW182
prevents the regulation of the same set of miRNA target genes, indicating that
GW182 acts in the same pathway (Behm-Ansmant et al. 2006; Eulalio et al.
2007b). However, reporter genes mainly regulated at the translational level
appeared less susceptible to GW182 depletion (Behm-Ansmant et al. 2006;
Eulalio et al. 2007b), consistent with the proposed role of GW182 in directing
miRNA targets to P-bodies for subsequent degradation (Ding et al. 2005).
Nonetheless, the fact that miRNA target mRNAs could be coimmunoprecipitated
with AIN-1/2 (Zhang et al. 2007) suggests that these mRNAs are at least partially
stable under these conditions.

We attempted to uncouple translational repression and degradation by depleting
the GW182 family members AIN-1 and AIN-2. To this end, we analyzed total
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transcript levels and polysome profiles of wild-type and ain-2(RNAi); ain-1(ku322)
double mutant animals. As anticipated, the combined depletion of AIN-1/2 resulted
in a substantial increase in total daf-12 and lin-41 transcripts. To our surprise, how-
ever, the mutations also abrogated translational repression. In fact, the relief of
translational repression caused by AIN-1/2 depletion exceeded that seen with the
let-7(n2853) mutation, possibly reflecting residual let-7 activity in let-7(n2853)
animals and/or a redundant activity of the ler-7 family members mir-48, mir-84,
and mir-241. We tested four additional miRNA target mRNAs (Fig. 2.5): cog-1,
which is targeted by Isy-6 in the ASEL head neuron (Johnston and Hobert 2003);
hbl-1, which is targeted by mir-48, mir-84, mir-241, let-7, and lin-4 (Abbott et al.
2005; Abrahante et al. 2003; Lin et al. 2003); and the lin-4 targets lin-14 and lin-28
(Moss et al. 1997; Wightman et al. 1993). All of these showed the characteristic
polysomal shifts in the ain-2(RNAi); ain-1(ku322) mutant relative to wild-type ani-
mals, confirming their translational repression by an AIN-1/-2-dependent mechanism.
Of note, the total cog-I mRNA level remained unchanged, indicating that repression
could also occur independently of target mRNA degradation. Consistent with our find-
ings, a degradation independent, repressive function of GW182 has recently also
been shown with miRNA target reporter genes in Drosophila cells (Eulalio et al.
2008b). Taken together, our results demonstrate that repression of translation initiation
by miRNAs is wide-spread in C. elegans and requires AIN-1/2.

2.9 Conclusions and Future Perspectives

Experiments on miRNA modes of action in vitro, ex vivo, and in vivo have previously
yielded disparate results. The first two approaches predominantly, although not
exclusively, supported repression of translation initiation and transcript degrada-
tion. By contrast, in vivo studies yielded conflicting results on the relevance of
degradation and appeared to rule out repression of translation initiation. It was pos-
sible that these disparities reflected true mechanistic differences in different organ-
isms, consistent with the fact that the in vivo work largely relied on C. elegans,
whereas the other two approaches utilized human and Drosophila cells. More discon-
certingly, ex vivo and in vitro studies had almost exclusively relied on transfected
miRNA target reporter genes and two studies raised concerns that the transfection
procedures and the promoters used to express these reporter genes influenced the
apparent mode of miRNA activity. Our recent work now demonstrates that repres-
sion of translation initiation by miRNAs also occurs in vivo, in C. elegans, and on
endogenous mRNAs targeted by three different miRNAs. Thus, miRNAs have now
been shown to mediate repression of translation initiation in vivo, ex vivo, and
in vitro, on both endogenous targets and reporter mRNAs, making a particularly
compelling case for this mode of repression.

Loss-of-function of the GW182 homologues AIN-1 and AIN-2 relieves miRNA-
mediated gene repression, supporting the notion that these proteins are essential
miRNA effectors in C. elegans, consistent with the developmental defects observed
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in earlier studies. Although AIN-1/-2 are required for both translational repression
and transcript degradation, it is unclear whether these two constitute independent
mechanisms or whether target degradation is a consequence of translational repres-
sion. However, at least for the Isy-6 target cog-I, translational repression is not
accompanied by target degradation, and we do not observe a correlation between
the extent of translational repression and target gene degradation for various other
miRNA:target pairs that we tested, which may hint at two distinct mechanisms. AIN-1
and AIN-2 may then coordinate translational repression and target degradation,
possibly by interacting with distinct mediators or effectors. Future work directed
towards the identification of these mediators and effectors may solve the question
whether translational control and target degradation are a result of functionally
distinct silencing complexes, and therefore, may be uncoupled. Now that both
mechanisms have been demonstrated in C. elegans, its powerful genetic tools can
be brought to bear on the issue. Detailed dissection of the genetic interaction part-
ners of let-7 that we recently uncovered might provide an avenue into identifying
the factors involved.
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Abstract MicroRNAs (miRNAs) are 21-24 nucleotide riboregulators, which selectively
repress gene expression through transcript cleavage and/or translational inhibition.
It was thought that most plant miRNAs act through target transcript cleavage due to
the high degree of complementarity between miRNAs and their targets. However,
recent studies have suggested widespread translational inhibition by miRNAS in plants.
The mechanisms underlining translational inhibition by plant miRNAs are largely
unknown, but existing evidence has indicated that plants and animals share some
mechanistic similarity of translational inhibition. Translational inhibition by miRNAs
has been shown to regulate floral patterning, floral timing, and stress responses. This
chapter covers recent progress on plant miRNA-mediated translational control.
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3.1 Introduction

MicroRNAs (miRNAs) are 21-24 nucleotide noncoding RNAs that inhibit the
expression of genes containing partially complementary sequences at post-transcriptional
levels through translational inhibition or target cleavage (Bartel 2004), or
sometimes at the transcriptional level through chromatin modification (Bao et al.
2004). Plant miRNAs were first identified in 2002 (Llave et al. 2002a; Mette et al. 2002;
Park et al. 2002; Reinhart et al. 2002), approximately a decade after the shorter lin-4
RNA, the founding member of miRNAs, was identified in Caenortabditis elegans
(Lee et al. 1993). Since then, the functions of plant miRNAs in regulating biological
processes including development, metabolism, hormone responses, responses to biotic
and abiotic stress, and others have been established (Mallory and Vaucheret 2006).
Owing to the development of computational prediction algorithms and large-scale
sequence techniques, hundreds of miRNAs have been identified in plants (Meyers
et al. 2006). The great potential of these miRNAs to regulate thousands of genes
has emphasized the importance of a riboregulatory network of gene expression in
addition to transcriptional factors.

Although translational inhibition by miRNAs has been reported in plants
(Aukerman and Sakai 2003; Chen 2004; Dugas and Bartel 2008; Gandikota et al.
2007), target-cleavage by miRNAs is thought to be the predominant way for miRNAs
to act (Bartel 2004). However, recent studies have shown that translational inhibition
is widely present in plants (Brodersen et al. 2008). In addition to miRNAs, plants are
also enriched with small interfering RNAs (siRNAs). Translational inhibition by
siRNAs in plants has been demonstrated recently (Brodersen et al. 2008). This
chapter summarizes the recent knowledge about the biogenesis of plant miRNAs
and siRNAs, miRNA-mediated translational control in plants, and translational
inhibition by siRNAs.

3.2 miRNA and siRNA Biogenesis

3.2.1 Plant miRNA Biogenesis

miRNAs are generated from long transcripts by DNA-dependent RNA polymerase
II (pol II) (Bartel 2004). The primary transcripts of miRNA genes, containing a
hairpin structure, carry a seven-methyl guanosine (m7G) cap at the 5’ end and a
polyadenosine tail (polyA) at the 3’ end (Bartel 2004). Plant miRNA genes are
independent transcription units subjected to transcriptional regulation with a few
exceptions (Rajagopalan et al. 2006). For instance, miR838 are derived from intron
14 of DICER-LIKE] gene (Rajagopalan et al. 2006).

In Arabidopsis and Rice, an RNAase III like domain-containing protein, called
Dicer-like 1 (DCL1), releases a single miRNA/miRNA* duplex from the hairpin
structure of pri-miRNAs through two-step cleavages in the nucleus excluding
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miR822 and miR839, which are generated by DCL4 (Rajagopalan et al. 2006;
Ramachandran and Chen 2008b). The miRNA/miRNA* has a 2-nt overhang at the
3" end of each strand and a phosphate group at the 5" end of each strand, which are
typical features of RNAase III cleavage products (Bartel 2004). The efficient and
accurate processing of pri-miRNAs requires a double-strand RNA binding protein
HYPONASTIC LEAVESI (HYL1) and a zinc finger protein SERRATE (SE) (Dong
et al. 2008; Han et al. 2004; Lobbes et al. 2006; Reinhart et al. 2002; Yang et al.
2006a). DCL1, HYL1 and SE form a small nuclear body containing pri-miRNAs,
called D-body or SmD3/SmB nuclear bodies (Fang and Spector 2007; Kurihara and
Watanabe 2004; Song et al. 2007).

It was reported recently that the loss-of-function of ABH1/CBP80 and CBP20,
two subunits of nuclear cap-binding complex, reduces the levels of miRNAs, sug-
gesting the involvement of the multifunctional cap-binding complex in pri-miRNA
processing (Chen, 2008; Gregory et al. 2008; Laubinger et al. 2008). In addition, it
was proposed that DAWDLE (DDL), a forkhead domain containing protein, might
participate in the miRNA biogenesis by stabilizing pri-miRNAs and facilitating
their access or recognition by DCL1 (Yu et al. 2008). It has been shown that
DDL interacts with DCL1, and lack of DDL reduces the levels of pri-miRNAs, pre-
miRNAs, and mature miRNAs (Yu et al. 2008). Interestingly, Smad interacting pro-
teinl (SNIP1), a human ortholog of DDL, interacts with Drosha and participates
in the miRNA biogenesis, suggesting that DDL is an evolutionarily conserved
factor in the miRNA biogenesis (Yu et al. 2008).

After generation, the miRNA/miRNA* duplexes are methylated on the 2'OH of the
3’ terminal ribose on each strand by a protein named HUA EHANCER1 (HEN1)
(Yang et al. 2006b; Yu et al. 2005). Currently, it is not clear whether the methylation
occurs in the nucleus or cytoplasm. In plants carrying a henl mutation, lack of
miRNA methylation reduces miRNA abundance and causes the addition of 1-6
uridines at miRNA 3’ terminal, suggesting that miRNA methylation protects miR-
NAs from degradation and/or uridylation (Li et al. 2005). The genes encoding these
enzymes are unknown. A recent study showed that a family of exoribonucleases
encoded by the SMALL RNA DEGRADING NUCLEASE (SDN) genes degrades
single-stranded mature miRNAs in Arabidopsis (Ramachandran and Chen 2008a).
In Arabidopsis, an ortholog of exportin-5 called HASTY exports mature miRNAs
to the cytoplasm, although it is not clear whether miRNAs are exported as duplex
or single strand (Park et al. 2005). However, mutations in HASTY do not reduce
the levels of several miRNAs, suggesting the presence of an alternative exporting
mechanisms (Park et al. 2005).

3.2.2 SiRNA Biogenesis

Beyond miRNAs, plants are also enriched with siRNAs, which represent 85% of
cellular small RNAs (Kasschau et al. 2007; Lu et al. 2006; Rajagopalan et al.
2006; Zhang et al. 2007). The difference between miRNAs and siRNAs is their
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origin (Chen 2005). While miRNA is excised from a partially complementary hairpin
structure in the pri-miRNA, siRNA is produced from a hairpin transgene or a perfect
complementary long dsSRNA converted by RNA dependent polymerases (RDRs)
from a single-stranded RNA, or resulted from sense and antisense transcription
(Chen 2005).

A class of 24 nt RNAs produced from transposons and repetitive DNA consists
the largest portion (84%) of small RNAs. The function of this class siRNAs
includes directing DNA methylation and histon modification (Mallory and
Vaucheret 2006). These siRNAs are excised by DCL3, a homolog of DCL1, from
dsRNAs, which are presumably converted by RNA dependent RNA polymerase 2
from transcripts of repeat DNAs (Xie et al. 2004). The biogenesis of these siRNAs
requires the plant specific DNA-dependent polymerase IV, Pol IVa (Herr et al.
2005; Kanno et al. 2005; Onodera et al. 2005). Pol IVb, another form of Pol IV is
required for the function of these siRNAs and is involved in the biogenesis of some
of them (Kanno et al. 2005; Pontier et al. 2005).

Trans-acting siRNAs (ta-siRNAs), consisting ~1% of small RNA, represent
another class of siRNAs (Allen et al. 2005; Vazquez et al. 2004; Yoshikawa et al.
2005). ta-siRNAs are generated from noncoding transcripts. The transcripts are first
subjected to miRNA-mediated cleavage. The cleavage fragments are then stabilized
by SGS3 and converted to dsSRNAs by RDR6, which are processed by DCL4 into
21 nt siRNAs (Allen et al. 2005; Vazquez et al. 2004; Yoshikawa et al. 2005).
The process of ta-siRNA biogenesis also requires SDES, whose function is
unknown, and DOUBLE STRAND RNA BINDING PROTEIN4 (DRB4), which is
a homology of HYLI1. ta-siRNAs act on genes other than their originating genes
(Adenot et al. 2006; Hernandez-Pinzon et al. 2007).

The third class of siRNAs is natural sense—antisense siRNAs (Nat-siRNAs) identi-
fied under biotic or abiotic stresses (Borsani et al. 2005; Katiyar-Agarwal et al. 2006).
They are generated from bidirectional transcripts. RDR6, SGS3, Pol IVa, HYLI,
HENT, and two DCL proteins are involved in the biogenesis of nar-siRNAs. Recently,
a class of 30—-40nt long siRNAs (I1siRNAs) was isolated under biotic stress or specific
growth conditions (Katiyar-Agarwal et al. 2007). The biogenesis of this class siRNAs
is dependent on HYL1, HST, RDR6, and Pol IV (Katiyar-Agarwal et al. 2007).

3.3 ARGONAUTE Proteins

Through base-pairing with the complementary sequence embedded in the targets,
small RNAs guide transcriptional and post-transcriptional silencing performed by
a ribonucleoprotein complex called RNA induced silencing complex (RISC)
(Bartel 2004). Members of Argonaute (AGO) protein family are the effectors in the
RISC complex (Vaucheret 2008). AGO! is the founding member of this gene family
identified from a genetic screen for mutants deficient in plant growth (Bohmert
et al. 1998; Vaucheret 2008). It was named because of the resemblance of appearance
between agol and a small squid of Agrounauta genus (Bohmert et al. 1998). AGO
proteins are conserved among eukaryotes. They contain conserved PAZ, MID, and
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PIWI domains in the C-termini. It has been shown that the MID domain associates
with the 5’ phosphate of small RNAs, the PAZ domain binds to the 3’ terminal
nucleotide, and the PIWI domain, which contains an RNaseH signature, exhibits
endonuclease activity and performs target cleavage.

The numbers of AGO proteins are diversified among different plant species.
While unicellular green algae Chlamydomonas reinhardtii encodes only two AGOs
(Zhao et al. 2007b), Arabidopsis and rice contain 10 and 18 AGOs, respectively
(Morel et al. 2002; Nonomura et al. 2007). Among ten AGOs of Arabidopsis, AGO1,
AGQO7, and AGO4 have the slicing activity. It was found that AGO1 is responsible
for most miRNA-mediated mRNA cleavage (Baumberger and Baulcombe 2005),
and AGO7 is the slicer of miR390-mediated target cleavage (Montgomery et al.
2008). AGO4 acts redundantly with AGO6 in siRNA-mediated DNA methylation
of histon modification (Zheng et al. 2007).

The AGO proteins selectively recruit the miRNA strand with a less stable 5’ end
from the miRNA/miRNA* duplex into RISC complex. The other strand named
miRNA* is then degraded. Intriguingly, deep sequence analysis of small RNAs
coimmunoprecipitated with AGO proteins revealed that small RNAs are selectively
channeled into RISC complexes according to their 5’ terminal nucleotide (Mi et al.
2008; Montgomery et al. 2008; Takeda et al. 2008). AGO1 preferentially binds to
miRNAs with a 5" uridine (Mi et al. 2008). AGO2 and AGO4 complexes harbor small
RNAs with a 5" adenine, and AGOS5 associate with small RNAs with a 5’ cytosine
(Mi et al. 2008). Substituting the 5’ terminal uridine of miR391 or miR171, which
are associated with AGOI1, with an adenine forces them into an AGO2 complex,
indicating an essential role of 5’ terminal nucleotides in sorting small RNAs into
RISC complex (Mi et al. 2008). However, there are a few exceptions. For instance,
miR172 and miR390 with a 5’ terminal A are preferentially associated with AGO1
and AGO7, respectively (Mi et al. 2008; Montgomery et al. 2008).

In addition, sequence analysis showed that AGO4 associates with miR172
in vivo, and the AGO4 complex harboring miR172 cleaves miRNA target in vitro
(Qi et al. 2006). However, plants lacking of AGO4 do not show miR172-resistant
phenotypes, indicating that AGO4 is not required for miR172 function in vivo (Qi
et al. 2006). This result raises question about the functional role of AGO4-miR172
association in Arabidopsis (Qi et al. 2006; Vaucheret 2008).

3.4 Translational Inhibition by Small RNAs is Common
in Plants

3.4.1 Translational Inhibition by miRNAs

miRNAs regulate gene expression through translational inhibition and/or target
cleavage. A key factor determining the functional mechanism of miRNAs is the
complementarity between miRNAs and their targets (Bartel 2004). It was observed
that a perfect match between miRNAs and their targets promotes target cleavage,
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while central mismatch inhibits cleavage and enables translational inhibition
(Bartel 2004). Most animal miRNAs have imperfect matches with their targets and
repress the translation, while plant miRNAs are highly complementary to their targets
and were thought to function predominantly by target-cleavage (Bartel 2004).

However, it was observed recently that translational inhibition by miRNA is a
widespread phenomenon (Brodersen et al. 2008). In a genetic screen for Arabidopsis
mutants deficient in repressing the expression of a green fluorescent protein (GFP)
containing a miR171 target site immediately downstream of the stop codon, two
microRNA action deficient (mad) mutants, mad5 and mad6, in which the levels of
GFP protein but not mRNA are increased were isolated (Brodersen et al. 2008).
Further analysis of several targets of endogenous miRNAs showed that the protein
levels of all these targets are increased in mad5 and mad6 compared with those in
WT (Brodersen et al. 2008). In contrast, the mRNA levels of most targets remain
unchanged (Brodersen et al. 2008). These miRNA targets represent the distribution
of target site in the 5’ UTR, coding sequence, or 3" UTR of mRNAs and have
different degree of complementarity with miRNAs (Brodersen et al. 2008). These
results suggested that translational inhibition is a common action mechanism
of plant miRNAs regardless of the localization of target site in the target and the
degree of complementarity.

3.4.2 Translational Inhibition by siRNAs

Translational inhibition by siRNAs has been established in animals but not in
plants. The SUC-SUL (SS) silencing system represses the expression of the
endogenous SULFUR mRNA (SUL) in Arabidopsis through the action of DCL4
dependent siRNAs, which are generated from phloem-specific expression of an
inverted-repeat (IR). Silencing of SUL results in a vein-centered chlorotic pheno-
type. Silencing of SUL requires AGO1 protein. Introducing an agol-27 mutation
into the SUL silencing line represses the silencing without changing the levels of
SUL mRNA and siRNAs. In addition, the protein levels of SUL in agol-27 are
similar to those of WT. These results reveal that like animal siRNAs, plant siRNAs
mediate translational inhibition.

In addition, siRNA-mediated translational inhibition is also present in Chlamydomonas
reinhardtii. When an IR transgene was used to silence MAA7, a trptophan (3-synthase
subunit, ~20% transformants, in which MA A7 protein levels are reduced, displayed
no significant change of MAA7 mRNA levels (Cerutti, personal communication).
Furthermore, disruption of an exportin 5-like protein in these transformants reduces
the accumulation of IR siRNAs, resulting in an increased MAA7 protein levels and
unchanged MAA7 mRNA levels (Cerutti, personal communication). These data
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suggested that IR siRNAs can inhibit translation and raises a question why some
siRNAs mediate translation inhibition, while others guide target cleavage (Cerutti,
personal communication).

3.4.3 Mechanistic Similarity of Translational Inhibition
by miRNAs Between Plants and Animals

Unlike in animals, our understanding on the mechanisms governing translational
inhibition by plant miRNAs only begins to emerge. Among ten AGO proteins from
Arabidopsis, AGO1 and AGO10 were proposed to be involved in translational
inhibition (Brodersen et al. 2008). In a hypomorphic ago/-27 mutant, the protein
levels of several target increase dramatically while the mRNA levels increase only
moderately, suggesting that AGO1l may contribute to translational inhibition
(Brodersen et al. 2008). AGO10 protein is the closed paralog of AGO1 and might
function redundantly with AGO1 in some aspects, because the ago/0 mutant has
some similar developmental defects with agol, and agol agol0 double mutations
cause lethality. In fact, in a frameshift ago/0 mutant, the protein levels of CSD2, a
miR398 target, increased disproportionately higher than the mRNA levels, indicating
that AGO10 might be a player of translational inhibition (Brodersen et al. 2008).

The deficiency of miRNA-mediated translational inhibition in mad5 is caused by
amutation in the KATANINI (KTNI) gene (Brodersen et al. 2008), which encodes the
catalytic subunit of 60 kDa (P60) of the microtubule-severing protein (Burk et al.
2001). KTNI1 is an ATPase associated with various cellular activities. KTNI severs
microtubules in the presence of ATP in vitro (Stoppin-Mellet et al. 2002). Over-
expressing KTNI in the plant interphase cells releases cortical microtubules and
generates motile microtubules that incorporate into bundles, indicating the role of
KTNI in microtubule dynamics (Stoppin-Mellet et al. 2006). The reduction of protein
but not mRNA levels of miRNA targets in the mad5 and other mutant alleles of KTN1
suggested a role of microtubule dynamics in the miRNA-mediated translational inhi-
bition but not miRNA-mediated cleavage (Brodersen et al. 2008). The involvement of
microtubules in miRNA-mediated gene regulation has been documented in animals.
For instance, in C. elegans, the reduction tubulins by RNAi disrupted miRNA-guided
translational inhibition (Parry et al. 2007); in Drosophila, Armitage, a microtubule-
associated protein, functions in RISC assembly (Cook et al. 2004). The finding that
microtubules are required for miRNA-mediated translational inhibition suggested
that plant miRNAs might employ similar mechanisms to direct translational inhibi-
tion (Brodersen et al. 2008). In fact, VSC, a component of the decapping complex, is
required for plant miRNA-mediated translational inhibition, which resembles the
function of the components of animal decapping complex in animals such as DCP1,
DCP2, and Ge-1 (Brodersen et al. 2008; Eulalio et al. 2007).
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3.5 Roles of miRNA-Mediated Translational Inhibition
in Plants

3.5.1 miR172-Mediated Translational Inhibition

The first plant miRNA that was observed to act through translational inhibition is
miR172, which presents in both eudicotyledons and monocotyledons including
Arabidopsis, Rice, and others (Aukerman and Sakai 2003; Chen 2004). miR172
represses the expression of a class of APETALA2 (AP2)-like transcription factors
(Table 3.1), including AP2, TOE1-3, SMZ, and SNZ, which are involved in controlling
multiple biological processes in plants such as development, hormone responses,
and disease resistance (Park et al. 2002; Schmid et al. 2005; Schwab et al. 2005).
In plants, miR172-mediated translational inhibition has been shown to regulate
floral patterning, floral determinacy, and flowering time.

3.5.1.1 Roles of miR172-Mediated Translational Inhibition in Floral
Patterning

Most angiosperm flowers possess four types of organs, from outside to inside,
sepals, petals, stamens, and carpels. They are arranged in a series of whorls.
Among them, stamen and carpel are reproductive organs, and sepals and petals
are perianth organs. It was proposed that the floral organ identity is specified
through the combinatorial activities of three classes of genes, called A, B, and C genes
(Jack 2004). Most of these A, B, and C genes are transcription factors. The A genes
alone specify sepal, the A and B genes specify petals, the B and genes specify
stamen, and the C genes alone specify carpel. A and C genes reciprocally
repress each other to restrict their domains of activities (Jack 2004). Recent
studies have revealed the important role of translational inhibition by miR172
in specifying organ identity, adding a new layer of regulating network of floral
organ identity.

APETALA?2 (AP2) functions as an A gene because loss of function of ap2 mutation
results in the expression of AGAMOUS (AG), a C gene, in the outer two whorls,
which causes the replacement of perianth organs by reproductive organs (Jack 2004).
AP2 protein contains a miR 172-binding site and appears to be regulated by miR172
through translational inhibition. Overexpression of miR172 under the control of a
cauliflower mosaic virus (CaMV) 35S promoter reduced the AP2 protein levels
without significantly changing the accumulation of AP2 mRNAs, suggesting
translational regulation of AP2 by miR172 (Aukerman and Sakai 2003; Chen 2004).
Consistent with this, the expression of an AP2 cDNA (AP2m3), in which the
binding site of miR172 was abolished, but not wild-type AP2 cDNA increased AP2
protein levels without affecting AP2 mRNA levels (Chen 2004). Overexpression of
miR 172 converted the perianth organs to reproductive organs, which resembles the



3 Translational Inhibition by MicroRNAs in Plants 49

phenotypes of ap2 mutant, indicating loss-of-control of AG by AP2 in the outer two
whorls (Aukerman and Sakai 2003; Chen 2004). In AP2m3, the expression of AG
is reduced in the inner two whorls, and the reproductive organs are replaced with
perianth organs (Chen 2004). These results demonstrated the important role of
miR172 in controlling floral patterning through translational inhibition of AP2.
Unlike in Arabidopsis, overexpression of miR172 from Arabidopsis in Nicotiana
benthaninmana converts sepal to petal and/or more sepals and petals (Mlotshwa
et al. 2006). Although it is not clear how miR172 regulates floral homeotic
transformation in N. benthanimana, this result indicated that miR172-mediated
gene regulation might have different roles in floral patterning in different plant
species (Mlotshwa et al. 2006).

In Arabidopsis, the stamen identity determination requires the function of
class B genes, AP1 and PI, which are present in whirl 2 and 3 (Zhao et al. 2007a).
The presence of stamens flanking floral meristem in AP2m3 suggested that the
expression domain of AP3 and PI was expanded (Zhao et al. 2007a). In fact, AP3
and PI RNAs are present in all internal stamen primordia in AP2m3 (Zhao et al.
2007a). In addition, PI RNAs also exist in the center of the meristem throughout
flower development since its initiation in AP2m3 (Zhao et al. 2007a). These data
suggested a role of miR172 in defining the boundary of B gene expression domain
in whorl 2 and whorl 3 (Zhao et al. 2007a).

The floral meristem terminates after the production of carpel. However, the flowers
of AP2m3 plants contain numerous stamens flanking an indeterminate floral meristem,
suggesting that miR172 mediated-repression of AP2 is crucial in specifying floral
stem cell fate (Zhao et al. 2007a). In Arabidopsis, WUSCHEL (WUS), a homeodomain
transcription factor, functions in regulating floral stem cells (Clark 2001). The WUS
gene is expressed in a small number of cells underneath the stem cell and identifies
the overlying cells as stem cells (Clark 2001). Unlike in the wild-type plants, the
expression domain of WUS in AP2m3 is expanded into the entire meristem and young
organ primordia in the very late stage flowers (Zhao et al. 2007a). Introducing a wus
mutation into AP2m3 completely abolishes the indeterminate phenotypes (Zhao
et al. 2007a). These results confirmed the role of miR172 in regulating floral stem
cells through WUS pathway (Zhao et al. 2007a).

3.5.1.2 Roles of miR172-Mediated Translational Inhibition
in Floral Timing

miR172-mediated translational inhibition also regulates flowering time. TOEI and
TOE2 are another two AP2-like transcription factors regulated by miR172 (Aukerman
and Sakai 2003). Lack of TOEI but not TOE2 causes slightly early flowering in
Arabidopsis (Aukerman and Sakai 2003). However, loss-of-function of both TOE]
and TOE2 results in a much earlier flowering phenotype, suggesting that TOE! and
TOE? function redundantly as floral timing repressors (Aukerman and Sakai 2003).
Overexpression of miR172 reduces the TOE! protein levels without significantly
affecting its mRNA level, although the cleavage products of TOEI can be detected



50 B. Yu and H. Wang

(Aukerman and Sakai 2003). Unlike TOEI, the TOE2 mRNA levels are reduced by
overexpression of miR172, indicating a role of miR172-mediated target cleavage
(Aukerman and Sakai 2003). The miR172-overexpressing plants display an extremely
early flowering phenotype (Aukerman and Sakai 2003). In addition, overexpression
of miR172 suppresses the later flowering phenotype caused by overexpression of
TOEI (Aukerman and Sakai 2003). These data suggested a role of mil72 in control-
ling flowering time through repressing TOE1 and TOE2 (Aukerman and Sakai
2003). In addition, the foeltoe2 does not flower as early as miR172-overexpressing
plants, indicating that other floral repressors are also targets of miR172 (Aukerman
and Sakai 2003).

3.5.2 miR156-Mediated Translational Inhibition

miR156 is another conserved plant miRNA family, which has been shown to function
as translational inhibitor. miR156 targets a class of plant specific SQUAMOSA
PROMOTER BINDING PROTEIN-LIKE (SPL) transcription factors (Table 3.1),
which contain a highly conserved DNA-binding domain (Cardon et al. 1999;
Rhoades et al. 2002). Out of 17 SPL genes, 11 are predicted to be targets of miR156
(Rhoades et al. 2002). SPL3, containing a miR156 target site at 3" UTR, is a
member of SPL gene family and functions in floral induction as overexpression of
SPL3 c¢cDNA lead to an early flowering phenotype (Cardon et al. 1997).
Some studies have suggested that miR156/157 regulates the expression of SPL3
through target-cleavage, because overexpression of miR156 reduces the levels of
SPL3 mRNA and the transcripts of SPL3 are increased in dcll-12 and hasty,
which are known mutants deficient in miRNA biogenesis (Park et al. 2005;
Schwab et al. 2005). In addition, the cleavage products of SPL3 by miR156
have been detected in Arabidopsis (Schwab et al. 2005). However, recent evidence

Table 3.1 Validated microRNAs inhibiting translation of targets

Targets regulated
through translational

MicroRNA Targets inhibition Function
miR172 AP2-like transcription AP2, TOE1 Floral patterning, floral
factors meristem, and floral

timing

miR156/157 SPL transcription factors SPL3 Floral timing

miR398 COX5b.1,CSD1, CSD2 CSD1, CSD2 Oxidative stress

miR171 SCL transcription factors SCL6-1V Unknown

miR834 CIP4 CIP4 Positive regulator of
photomorphogenesis

AP2 APETALA2; SPL SQUAMOSA PROMOTER BINDING PROTEIN-LIKE; COXS5b.1
Cytochrome Oxidase Subunit 5b.1; CSD COPPER SUPEROXIDE DIMUTASE; SCL
SCARECROW-like; CIP4 COPI-interactive partner 4
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suggested that miR156 also represses the expression of SPL3 at translational
level (Gandikota et al. 2007). Overexpression of a SPL3 transgene resistant to
miR156 or a wild-type SPL3 transgene under the control of 35S promoter in
Arabidopsis produced considerable levels of SPL3 transcripts, but only the
transcripts resistant to miR156 generated detectable protein levels of SPL3
(Gandikota et al. 2007). In addition, in mad5, a miRNA-mediated translational
inhibition deficient mutant, the SPL3 protein levels are increased dramatically,
while the SPL3 mRNA levels are slightly decreased, suggesting that miR156
negatively regulate SPL3 translation (Brodersen et al. 2008). These results
suggested that miR156 is able to regulate the expression of SPL3 through both
target-cleavage and translational inhibition.

Overexpression of miR156 caused a later flowering time indicating that miR156
acts as a floral time repressor (Gandikota et al. 2007). Overexpression of a SPL3
transgene resistant to miR156, but not a wild-type SPL3 transgene, induces early
flowering time, suggesting that miR156 regulates flowering time through repressing
the expression of SPL3 (Gandikota et al. 2007).

3.5.3 miR398-Mediated Translational Inhibition

miR398 represents a class of conserved angiosperm miRNAs and has been shown
to function through translational inhibition (Table 3.1). In Arabidopsis, miR398
recognizes two COPPER SUPEROXIDE DISMUTASE (CSD) genes, CSDI and
CSD2, and a CYTOCHROME C OXIDASE 5b.1 (COX5b.1) gene (Bonnet et al.
2004; Jones-Rhoades and Bartel 2004; Sunkar and Zhu 2004). Due to the lack of an
antibody recognizing COX5b.1, it is currently unknown whether miR398 regulate
COXS5b.1 through translational inhibition. Similar to miR156, miR398 regulates CSD1
and CSD2 through both translational inhibition and target cleavage (Dugas and
Bartel 2008; Sunkar et al. 2006; Yamasaki et al. 2007). Overexpression of miR398
results in a dramatic reduction of proteins levels of CSD/and CSD2 and a moderate
reduction of mRNA levels of CSDI and CSD?2, indicating miR398 regulates CSD1
and CSD?2 through translational inhibition (Dugas and Bartel 2008). Consistent
with this result, the mad mutants that are deficient in miRNA-mediated transla-
tional inhibition display increased protein levels of CDS1 and CDS2 without
significantly changing mRNA levels of CDSI and CDS2 (Brodersen et al. 2008).
Overexpression of miR398 reduces the mRNA levels of CSDI and CSD2 indicat-
ing that miR398 also functions through target-cleavage (Dugas and Bartel 2008;
Sunkar et al. 2006; Yamasaki et al. 2007). Agreeing with this, the mRNA levels of
CSD1 and CSD?2 increased dramatically in dcll-12, in which the levels of mR398
are reduced (Brodersen et al. 2008). Intriguingly, introducing CDS1 and CSD2
transgenes with altered miR398-binding site increased the accumulation of
mRNAs, but not proteins of CDS1 and CDS2, indicating that altering target site
complementarity can change miRNA-mediate cleavage to translational inhibition
(Dugas and Bartel 2008).
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The function of CSD1 and CSD2 is to protect plants from oxidative stress
through neutralizing superoxide radicals by releasing molecular oxygen and hydro-
gen peroxide. It was suggested that CSD2 might protect plants from oxidative stress
generated by photosynthetic activities (Kliebenstein et al. 1998). Their function
requires copper as an essential cofactor (Kliebenstein et al. 1998). Several studies
have suggested that miR398 regulates CSD1 and CSD2 in response to oxidative
stress or copper availability (Sunkar et al. 2006; Dugas and Bartel 2008; Yamasaki
et al. 2007). It has been observed that the levels of miR398 are positively regulated
by sucrose (Dugas and Bartel 2008). Sugar is able to inhibit photosynthesis,
which produces reactive-oxygen species (ROS) (Dugas and Bartel 2008).
Therefore, the induction of miR398 by sucrose might reflect that plants reduce the
levels of CSDland CSD2 through enforcing miR398-mediated regulation in
response to reduced oxidative stress (Dugas and Bartel 2008). In addition, the
miR398 levels are reduced by copper supplement and are increased by copper
limitation suggesting copper regulates the levels of CSD1 and CSD2 through
releasing or enforcing miR398-mediated regulation (Dugas and Bartel 2008;
Sunkar et al. 2006; Yamasaki et al. 2007).

3.5.4 Other miRNA-Mediated Translational Inhibition

Beyond miR172, miR156, and miR398, some other miRNAs, including miR171
and miR834 are also involved in translational inhibition. miR171 targets several
members of the SCARECROWe-like (SCL) family of putative transcription factors,
which are involved in numerous development processes (Brodersen et al. 2008). It
has been shown that miR171 regulates SCL6-IV through target cleavage (Llave
et al. 2002b). However, disruption of translational control in mad mutants lead to
increased protein levels without significant effect on the mRNA levels (Brodersen
et al. 2008). miR834 is identified only in Arabidopsis and targets COPI-interactive
partner 4 (CIP4), which is a putative transcription factor (Fahlgren et al. 2007).
Both mad mutants and dcll-12 mutant displayed increased CIP4 protein levels and
WT mRNA levels, suggesting miR834 regulates CIP4 through translational inhibition
(Brodersen et al. 2008).

3.6 Conclusion

Although it has been established that translational inhibition is a common acting
mechanism of plant miRNAs, many aspects of translational inhibition remain
unclear. Unlike in animals, the mechanism governing miRNA-mediated translational
inhibition is little known. Given the fact that both plant and animal miRNA-
mediated translational inhibition requires microtubule network and P-body
components, plants and animals might have some mechanic similarities of miRNA
mediated translational inhibition (Brodersen et al. 2008). It was proposed that
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the complementarity between miRNAs and targets determines the miRNA
activity. However, the same plant miRNA can act through both target cleavage and
translational inhibition, raising the question how cells make choices between
these two activities (Brodersen et al. 2008). It remains unclear whether these
two activities coexist or are temporarily and/or spatially separated (Brodersen
et al. 2008). AGOI1 performs both cleavage activity and translational inhibition
raising a question how another activity is repressed when one activity is ongoing
(Brodersen et al. 2008).

Detailed studies on three miRNAs have shown that miRNA mediated transla-
tional inhibition are involved in controlling floral patterning, floral timing, and
stress responses. Given hundreds of miRNAs have been identified in plants, testing
the functional roles of translational inhibition by these miRNAs represents another
challenge.
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Abstract p27'%! (p27) is a cell cycle inhibitor and tumor suppressor whose
expression is highly regulated in the cell. Low levels of p27 have been associated
with poor prognosis in cancer. Recently, several microRNAs have been described
to control p27 expression in various tumor types. In this chapter, we will provide
an overview on the role of microRNAs in cancer, and will discuss how microRNAs
regulate p27 expression and the implications for tumor progression.

4.1 Introduction

MicroRNAs (miRNAs) are conserved noncoding RNA molecules of about 22
nucleotides that regulate gene expression post-transcriptionally. Generally, miRNAs
recognize complementary sequences present in multiple copies in the 3" untranslated
region (UTR) of target mRNAs and repress their translation (reviewed in Filipowicz
et al. 2008). Translational repression is frequently accompanied by destabilization
of the mRNA target, and, in some cases, mRNA degradation plays an important role
in regulation (see Chap. 2 in this volume). Despite considerable efforts, the molecular
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mechanisms of translational repression by miRNAs are unclear at present. This aspect
of miRNA regulation is discussed in detail elsewhere in this volume (see Chaps. 1
and 7 in this volume, chapter by Nilsen) as well as in a number of recent reviews
(Standart and Jackson 2007; Jackson and Standart 2007; Eulalio et al. 2008;
Filipowicz et al. 2008; Richter 2008), and will not be discussed further here.

Since their discovery, miRNAs have been shown to play a role in a wide variety
of biological processes, including embryonic development, morphogenesis, prolif-
eration, differentiation, inflammation, and apoptosis (reviewed in Bushati and Cohen
2007; Bueno et al. 2008). During these processes, miRNAs can act as rheostats that
fine-tune the expression of many mRNAs in the cell or as robust regulators of
specific target genes. One of these genes is the tumor suppressor p275r! (p27), a cell
cycle inhibitor whose deregulation contributes to tumor progression. In this
chapter, we will focus on the role of miRNAs in cancer, and particularly on the
expression of p27.

4.2 miRNAs in Cancer

Cancer is a complex genetic disease caused by accumulation of mutations leading to
uncontrolled cell growth and proliferation. Classically, the causes of tumorigenesis
have been attributed to alteration of protein-coding genes, but recent evidences indi-
cate that changes in miRNA expression also contribute to tumor formation. For
example, global depletion of miRNAs by impairing miRNA processing increases
cellular transformation, and ectopic expression of miRNAs such as miR-155 or the
miR-17-92 cluster accelerates tumor development (Kumar et al. 2007; He et al.
2005; Costinean et al. 2006). miRNAs can be used to distinguish normal from tumor
tissue, cancer type, stage, and other clinical variables. In fact, profiling experiments
have shown that miRNA changes are better predictors of tumor type than mRNA
changes and have led to the identification of miRNA signatures for specific types of
cancer (reviewed in Lee and Dutta 2009). miRNA expression profiles are not only a
useful diagnosis but also a prognosis tool, as correlations have been established
between the expression of certain miRNAs and the survival of patients (e.g.,
Yanaihara et al. 2006; Takamizawa et al. 2004). Multiple mechanisms underlie the
widespread disruption of miRNA expression in tumors, including: (1) the alteration
of the genomic region where miRNA genes are located (Calin et al. 2004); (2) the
epigenetic modification — DNA methylation or histone deacetylation — of miRNA loci
(Lehmann et al. 2008); (3) the aberrant transcription of miRNA precursors (He et al.
2007); and (4) the abnormal expression of factors involved in miRNA processing
(Karube et al. 2005). In addition, the expression of modulators of miRNA function
could also play a role (Kedde et al. 2007).

In order to understand the multiple functions of miRNAs in biological processes,
it becomes essential to identify their targets. In silico predictions of miRNA targets
are often inaccurate because the miRNA/mRNA interaction basically relies on a
limited sequence length: the eight nucleotides of the miRNA seed region. In addition,
mRNA recognition is influenced by the sequence context around the target site and
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by factors that may block miRNA binding. Furthermore, although definitely useful,
screenings based on over-expression of miRNAs usually yield a large number of
false positives due to off-target effects. Alternative approaches consisting of immu-
noprecipitation of miRNP-associated transcripts or mRNA profiling after miRNA
depletion are likely to improve the number of bona fide targets. To date, much
information has accumulated about putative miRNA/mRNA pairs, but only a few
have been experimentally validated. Validation is considered here in a rigorous
sense, and includes reporter assays showing that the miRNA directly represses
mRNA expression and that mutation of the miRNA binding sites abrogates regulation.
Table 4.1 summarizes those validated pairs with a function in tumor development.

Table 4.1 Validated miRNA/ mRNA pairs in tumor progression

miRNA mRNA target® Mechanism® Tumor References
let-7 HMGA2 R Ovary, lung Shell et al. (2007)
Lee and Dutta (2009)
Mayr et al. (2007)
NF2 nd Cholangio Meng et al. (2007)
carcinoma
let-7g k-Ras, nd Various Kumar et al. (2007)
c-Myc
miR-9,-125a, trkC nd Neuroblastoma Laneve et al. (2007)
-125b
miR-10b HOXD 10 T Breast Ma et al. (2007)
miR-16-1, -15a  Bcl-2 T Leukemia Cimmino et al. (2005)
miR-17-5p AIB1 T Breast Hossain et al. (2006)
p21 R Neuroblastoma Fontana et al. (2008)
miR-17-5p, -20  TPRII R Tagawa et al. (2007)
miR-20a E2F1,2,3 T Sylvestre et al. (2007)
miR-21 Pdcd4 T Colon, breast Asangani et al. (2007)
Lu et al. (2008)
TMP1 T Zhu et al. (2007)
miR-29b Mcl-1 T Cholangio Mott et al. (2007)
carcinoma
miR-34a Bcl-2 nd Lung Bommer et al. (2007)
miR-124a CDK6 T Lung, colon Lujambio et al. (2007)
Medulloblastoma Pierson et al. (2008)
miR-206 ERa R Breast Adams et al. (2007)
miR-221,-222 p27 T Glioblastoma, Le Sage et al. (2007)
prostate Galardi et al. (2007)
miR-372,-373 LATS2 T,R Testis Voorhoeve et al. (2006)
miR-378 Fus-1, Sufu T Glioblastoma Lee et al. (2007)
BART clusterr  LMP1© T Nasopharynge Lo et al. (2007)

*HMGA?2 High mobility group A2; NF2 Neurofibromatosis 2; trKC tropomyosin-related kinase C;
AIBI Amplified in breast cancer 1; TBRII Transforming growth factor beta-receptor type 2; Pdcd4
Programmed cell death 4; TMPI Tropomyosin 1; ERo Estrogen receptor alpha; LATS2 Large
tumor suppressor homolog 2; LMP1 Latent membrane protein 1

"R RNA degradation; T translational control; nd not determined

‘Encoded by the EBV (Epstein—Barr) virus genome
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miRNAs can either be up- or downregulated in tumors. let-7, one of the founding
miRNA members, inhibits the expression of the oncogenes k-Ras, c-Myc, and
HMGAZ2. Consistently, the levels of let-7 are reduced in several tumors, while they
increase in differentiated tissues (e.g., Shell et al. 2007). Similarly, miR-15a and
miR-16-1 regulate the expression of the mRNA encoding the antiapoptotic protein
Bcl-2, and their levels are reduced in chronic lymphocytic leukemia (Cimmino
et al. 2005). Conversely, the levels of the miR-17-92 cluster are high in primary
neuroblastoma tumors, especially in those with poor prognosis. miR-17-92 inhibits
the expression of the cell cycle inhibitor p21, leading to increased cell proliferation
(Fontana et al. 2008). miR-10b and miR-21 are also over-expressed in cancer and
promote invasion and metastasis via the translational repression of HOXD10, and
TPM1 and PDCD4 mRNAs, respectively (Zhu et al. 2007; Lu et al. 2008; Ma et al.
2007). Interestingly, the related miRNA, miR-10a, also over-expressed in tumors,
has been proposed to bind to the 5" UTR of ribosomal protein mRNAs and to
increase their translation, a function that may contribute to activate global protein
synthesis and growth of transformed cells (@rom et al. 2008). Thus, miRNAs can
behave as either oncogenes or tumor suppressors depending on the cell type.

A recent screening has identified miR-221 and miR-222 as regulators of the
expression of the tumor suppressor p27. The broad range of functions in which this
protein is involved marks p27 as a prominent mediator of miRNA effects in cancer.
In the following sections, we will discuss the roles of p27 and the implications of
its regulation by miRNAs in tumorigenesis.

4.3 Role of p27 in Tumor Progression

The cell division cycle is driven by the alternate activity of cyclin-dependent
kinases (CDKs). The activity of CDKs, in turn, is regulated by their association
with regulatory cyclin subunits, the phosphorylation of their catalytic kinase sub-
units, their subcellular localization, and their binding to regulatory proteins called
cyclin-dependent kinase inhibitors (CKIs) (reviewed in Malumbres and Barbacid
2007; Sherr and Roberts 2004). p27 is a member of the Cip/Kip family of CKIs; it
binds into the catalytic cleft of the cyclin/CDK complex preventing ATP recognition
(Russo et al. 1996). Typically, p27 inhibits the G1/S transition by binding to the
S-phase promoting kinases, cyclin E/CDK2 and cyclin A/CDK2, although it has
also been reported to inhibit the G2/M transition by regulating the activity of CDK1
(Aleem et al. 2005). The antiproliferative role of p27 depends on its localization in
the nucleus, coincident with its target kinases. Cytoplasmic p27 performs alternative
functions, including the regulation of cytoskeletal structure and cell migration. p27
inhibits the activity of the GTPase RhoA, which is necessary for the adhesion of cells
to the substrate, thereby promoting cell motility (Besson et al. 2004). In addition,
p27 is necessary for the complete differentiation of several cell types and has been
shown to modulate apoptosis (e.g., Baldassarre et al. 1999; Nguyen et al. 2006;
Bryja et al. 2004; Philipp-Staheli et al. 2001). The function of p27 in apoptosis appears
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to be highly dependent on the experimental model, as some studies show a proapop-
totic effect of the protein while others report an antiapoptotic role (reviewed in
Borriello et al. 2007; Besson et al. 2008). It is interesting to note that the processes
controlled by p27 (cell proliferation, differentiation, migration, and apoptosis) are
often deregulated in cancer.

According to the important roles of p27 in the cell, expression of p27 is tightly
regulated in a cell-type and condition-specific manner. The importance of maintaining
adequate levels of p27 is illustrated by the phenotypes of the p27 knock-out
and heterozygous mice. Null mice develop increased body size with multiple organ
hyperplasia, show greater predisposition to induced tumorigenesis and develop
pituitary tumors spontaneously (Fero et al. 1996; Kiyokawa et al. 1996; Nakayama
et al. 1996). p27 heterozygous mice, containing half the amount of protein of wild
type animals, show an intermediate phenotype (Fero et al. 1998). Molecular analysis
of tumors from these mice showed that the remaining wild type allele was neither
mutated nor silenced, indicating that p27 is haplo-insufficient for tumor suppression.
p27 is also associated with spontaneous tumorigenesis in humans, since many human
cancers express decreased amounts of p27 compared to normal tissues. Moreover,
low levels of p27 frequently correlate with increased tumor aggressiveness and
poor clinical outcome (Chu et al. 2008). Usually, the p27 gene is not mutated or
deleted in cancer, but tumors associate with altered post-transcriptional regulation.
Although in most cell types p27 plays an antitumorigenic role, elevated p27 levels
are not always beneficial. Indeed, according to the function of p27 in cell migration,
there is a positive correlation between elevated cytoplasmic p27 levels and invasive-
ness of a number of tumors, such as melanoma, leukemia, and breast, cervix, and
uterus carcinomas (Denicourt et al. 2007; Dellas et al. 1998; Vrhovac et al. 1998;
Kouvaraki et al. 2002; Watanabe et al. 2002). In addition, p27 might contribute to
the resistance of some tumor cells to chemotherapy-induced apoptosis (Blain et al.
2003). Thus, given the complexity of p27 functions, an accurate knowledge of the
mechanisms controlling p27 expression in each cell type is necessary to develop
successful therapies against cancer.

4.4 Regulation of p27 Expression: Role of miRNAs

Expression of p27 is regulated at multiple levels, including transcription, mRNA
stability, translation, proteolysis, and subcellular localization. Several mechanisms
of regulation may coexist in a single cell depending on the cell type, the extracellular
stimuli, and the biological circumstances (reviewed in le Sage et al. 2007b; Chu
et al. 2008; Borriello et al. 2007; Vervoorts and Liischer 2008; Koff 2006).
Translational regulation of p27 mRNA has emerged as a prominent mechanism to
regulate p27 expression during differentiation, quiescence, and cancer progression.
Early reports indicated that the translation of p27 mRNA increased in Hela cells
arrested in G1 by treatment with lovastatin, in quiescent, contact-inhibited fibroblasts
and in differentiated human promyelocytic leukemia (HL60) cells (Hengst and Reed
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1996; Millard et al. 1997). Subsequent studies showed that the 5" UTR of p27 mRNA
contains a number of regulatory features that could allow p27 expression independently
on the fate of most cellular mRNAs. For example, an upstream open reading frame
was proposed to contribute to translational regulation of p27 during the cell cycle
(Gopfert et al. 2003). In addition, several groups have reported the presence of an inter-
nal ribosome entry site (IRES) that promotes p27 translation in conditions where cap-
dependent translation of most cellular messages is compromised (Miskimins et al. 2001;
Kullmann et al. 2002; Cho et al. 2005; Jiang et al. 2007). The IRES is recognized by the
proteins PTB, HuR, and hnRNPC1/C2 (Millard et al. 2000; Kullmann et al. 2002; Cho
et al. 2005). However, the role of these proteins in p27 mRNA translation is unclear
and the existence of the IRES has been recently disputed, as the detected activity was
attributed to cryptic promoters in p27 5" UTR (Liu et al. 2005; Cuesta et al. 2009).

More recently, miRNAs have appeared as chief regulators of p27 mRNA
expression. The first indications that miRNAs could play a role in the expression
of p27 were obtained in Drosophila (Hatfield et al. 2005). Inhibition of miRNA
processing by mutation of dicer-1 resulted in delayed G1/S transition of germ-line
stem cells, a process controlled by the p27 homolog Dacapo. Reduction of Dacapo
levels partially rescued dicer-1 mutants and over-expression of Dacapo resembled
dicer-1 mutations, suggesting that an adequate processing of miRNAs was necessary
to repress Dacapo. Importantly, expression of a Dacapo transgene lacking a region
of the 3' UTR predicted to contain miRNA binding sites was not affected by dicer-1
mutations (Hatfield et al. 2005). These results suggested that the expression of
Dacapo was regulated by miRNAs binding to the 3' UTR. Indeed, mammalian p27
mRNA translation is regulated via its 3’ UTR in Hela, MDA468, and 3T3 cells
(Millard et al. 2000; Vidal et al. 2002; Gonzalez et al. 2003). Significantly, similar
to Drosophila, depletion of dicer in human glioblastoma cells increases p27 levels
and decreases proliferation (Gillies and Lorimer 2007).

An elegant functional screening identified miRNAs that regulate p27 expression
(le Sage et al. 2007a). In this screening, Hela cells expressing the GFP coding sequence
fused to the 3' UTR of p27 were transduced with a miRNA library, and cells express-
ing low levels of GFP were selected. The particular miRNA expressed in these cells
was identified as miR-221. This miRNA also repressed the expression of endogenous
p27, while p27 mRNA levels and the steady state of p27 protein remained unchanged.
These results established that miR-221 represses the translation of p27 mRNA.
Bioinformatics analysis predicted two target sites for miR-221 and the related
miRNA miR-222 in the 3" UTR of p27. miR-222 is encoded in the same genomic
cluster as miR-221 and contains the same seed sequence. Validations using luciferase
reporters showed that over-expressed miR-221/222 repressed the expression of
transcripts containing wild type, but not mutated target sites. Conversely, mutation of
the miRNA seed sequence in the miRNA- expressing vector abolished repression. In
addition, antagomirs (antisense RNA oligos containing a molecule of cholesterol at
the 5" end and 2'-O-methylated at every nucleotide) against miR-221/222 inhibited
proliferation of glioblastoma cells, whereas they had no effect on cell growth when
p27 was depleted (le Sage et al. 2007a). These studies established a causal relationship
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between miR-221/222, p27, and cell proliferation. miR-221/222 also regulate the
expression of p27 in prostate carcinoma and melanoma cells, and their over-expression
correlates with increased colony-forming potential and proliferation, respectively
(Galardi et al. 2007; Felicetti et al. 2008). Collectively, the data suggest that miR-
221/222 are oncogenes whose function is to repress the expression of the tumor sup-
pressor p27 (Fig. 4.1).

The translation of p27 is also regulated by other miRNAs in different biological
contexts. miR-181a was shown to repress the translation of p27 mRNA in undif-
ferentiated HL60 cells (Cuesta et al. 2009). Repression by miR-181a is relieved
during differentiation, allowing the accumulation of p27 necessary to fully block
the cell cycle and reach the differentiated state. Intriguingly, one of the two target
sites for miR-181a coincides with one of those binding to miR-221/222, suggesting
that p27 3" UTR contains hot-spots for miRNA-mediated regulation.

The modulation of miRNA/target interactions provides an additional level of
plasticity to the regulation by miRNAs. Binding of miR-221/222 to their target sites
in p27 3" UTR can be blocked by the RNA-binding protein Dnd1 (Dead end 1),
which recognizes U-rich sequences in the vicinity of the miRNA binding sites
(Kedde et al. 2007). Dnd1 also counteracts the function of other miRNAs. Thus,
cell proliferation and tumor progression should also be influenced by the relative
amounts of Dndl and miRNAs, at least in primordial germ cells where Dndl is
expressed.

miR-221/222
miR-181a

I
©

Differentiation / \ Migration
Fig. 4.1 Impact of the translational
regulation of p27 mRNA. Translational
control of p27 mRNA by miR-221/222
and miR-181a influences cell proliferation,
differentiation, and apoptosis. Deregulated

expression of miR-221/222 promotes
tumor progression (see text for details) Tumor progression

Proliferation Apoptosis
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4.5 Conclusions

p27 is a multifunctional protein that performs a dual role: in the nucleus, it acts as
a tumor suppressor that inhibits cell proliferation by interfering with the activity of
cyclin/CDK complexes; in the cytoplasm, it is an oncogene with prometastatic
potential, in part due to its ability to regulate cell migration. Over the years, signifi-
cant knowledge has accumulated about the mechanisms that regulate p27 protein
degradation. Recently, translational regulation of p27 mRNA by miRNAs has
emerged as a novel mode of control. Often, miRNAs repress translation only about
2-fold. Since p27 is haploinsufficient for tumor suppression, a reduction of the kind
would be enough to promote tumor growth. miR-221 achieves this reduction in a
number of tumors and, perhaps for this reason, upregulated miR-221 is part of a
miRNA cancer signature. The regulation of p27 mRNA translation and stability are
still largely unexplored. Learning about these mechanisms should greatly improve
our capacity to develop successful therapies against cancer.
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Abstract The apolipoprotein B mRNA-editing enzyme catalytic polypeptide-like
3G (APOBEC3G or APOBEC3G) and its fellow cytidine deaminase family members
are potent restrictive factors for human immunodeficiency virus type 1 (HIV-1) and
many other retroviruses. However, the cellular function of APOBEC3G remains
to be further clarified. It has been reported that APOBEC3s can restrict the mobil-
ity of endogenous retroviruses and LTR-retrotransposons, suggesting that they can
maintain stability in host genomes. However, APOBEC3G is normally cytoplasmic.
Further studies have demonstrated that it is associated with an RNase-sensitive high
molecular mass (HMM) and located in processing bodies (P-bodies) of replicating
T-cells, indicating that the major cellular function of APOBEC3G seems to be related
to P-body-related RNA processing and metabolism. As the function of P-body is
closely related to miRNA activity, APOBEC3G could affect the miRNA function.
Recent studies have demonstrated that APOBEC3G and its family members coun-
teract miRNA-mediated repression of protein translation. Further, APOBEC3G
enhances the association of miRNA-targeted mRNA with polysomes, and facilitates
the dissociation of miRNA-targeted mRNA from P-bodies. As such, APOBEC3G
regulate the activity of cellular miRNAs. Whether this function is related to its potent
antiviral activity remains to be further determined.
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5.1 The Antiviral Activity of APOBEC3G

The apolipoprotein A3G mRNA-editing enzyme catalytic polypeptide-like 3G
(APOBEC3G or A3G) belongs to an APOBEC3 family that has cytidine deami-
nase (CD) activity (Jarmuz et al. 2002; Sheehy et al. 2002; Zhang et al. 2003). The
APOBEC3 genes are arranged in tandem on chromosome 22 (Jarmuz et al. 2002).
The proteins of APOBEC3s contain one or two CD domains with the consensus
sequence H-X —~C-X, —C which binds to zinc (Turelli and Trono 2005). Although
both CD domains contribute to the CD activity in an in vitro free molecular system
(Zhang et al. 2003), the data from an E. coli system indicate that the cytidine deami-
nase activity of intracellular APOBEC3G is mainly performed by the C-terminal-
most CD domain (Bishop et al. 2006; Bogerd et al. 2007; Holmes et al. 2007;
Newman et al. 2005). APOBEC3 is closely related to APOBEC1, a CD that causes
a specific cytosine to uracil change in apolipoprotein B mRNA, and AID enzyme
that causes hypermutation of immunoglobulin genes (Navaratnam and Sarwar
2006). APOBEC3 edits the nucleic acids of various retrotransposons and restricts
the mobility of endogenous retroviruses and LTR-retrotransposons (Bogerd et al.
2006; Esnault et al. 2005).

APOBEC3G can be found in various cells, such as H9 T-cells, primary CD4
T-cells, macrophages, and many other normal tissues/organs, such as spleen, thy-
mus, testis, ovary, small intestine, and mucosal lining of the colon (Jarmuz et al.
2002; Sheehy et al. 2002). APOBEC3G and many family fellow members potently
inhibit the replication of various retroviruses including human immunodeficiency
virus (HIV), simian immunodeficiency virus (SIV), type C retroviruses, and hepati-
tis B virus (Bishop et al. 2004; Doehle et al. 2005; Esnault et al. 2005; Noguchi
et al. 2005; Sheehy et al. 2002; Yu et al. 2004a; Zheng et al. 2004). They can either
edit the newly synthesized viral DNA or have inhibitory effects at other site(s) of
the viral life cycle (Mangeat et al. 2003; Mariani et al. 2003; Turelli et al. 2004;
Zhang et al. 2003). APOBEC3G can be efficiently incorporated into HIV-1 parti-
cles and causes extensive cytosine to uracil conversion in the viral minus-stranded
DNA during reverse transcription (Mangeat et al. 2003; Yu et al. 2004b; Zhang
et al. 2003). C-U conversion in minus-stranded DNA could lead to G—-A hypermu-
tation in the plus-stranded DNA. The double-stranded DNA harboring G-A hyper-
mutation would encode viral proteins containing aberrant premature stop codons or
mutated proteins and would lead to accumulated damage during viral replication
(Yu et al. 2004b). Further, APOBEC3G can directly inhibit reverse transcription at
multiple steps including primer tRNA annealing, minus and plus strand transfer,
primer tRNA processing and removal, and DNA elongation (Bishop et al. 2008;
Guo et al. 2006, 2007; Iwatani et al. 2007; Li et al. 2007).

For survival, retroviruses encode various gene products to counteract the inhibition
by CDs. In the case of HIV-1 and many other lentiviruses, virion infectivity factor
(Vif) is encoded to effectively counter the antiviral effect of APOBEC3G and
APOBECS3F by facilitating the degradation of these CDs (Sheehy et al. 2002; Yu
et al. 2003; Zheng et al. 2004). Vif can bind to a ubiquitin E3 ligase complex
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consisting of Cullin 5, elongin B, elongin C, and Rbx1 subunits. The Vif—elongin
BC—Cullin 5 complex catalyzes the polyubiquitination of APOBEC3G or
APOBEC3F which leads to their degradation in the proteasome (Ehrlich and Yu
2006; Marin et al. 2003; Mehle et al. 2004b; Sheehy et al. 2003; Wichroski et al.
2005; Yu et al. 2003). It has been proposed that the C-terminus of Vif harbors a
conserved SLQ sequence and a proline-enriched sequence that are similar to the
SOCS box (Kobayashi et al. 2005; Mehle et al. 2004a; Yu et al. 2004¢). This SOCS
box could serve as an adaptor to mediate the binding between APOBEC3G and the
E3 ligase complex. As wild-type HIV-1 harbors the functional vif, APOBEC3G/F
in the virus-producing cells can be effectively eliminated.

5.2 The Translational Suppression Function of MicroRNA

MicroRNAs (miRNAs) are 20-22-nt-long RNAs that participate in the regulation
of various biological processes in numerous eukaryotic lineages, including plants,
insects, vertebrate, and mammals (Ambros and Chen 2007; Bartel 2004). The first
miRNAs identified in eukaryotes were lin-4 and let-7, discovered by mapping
mutant C. elegans loci (Lee et al. 1993; Reinhart et al. 2000). Since then, additional
miRNAs have been identified by various assays such as genetic screening or
computational prediction supported by experimentation (Ambros et al. 2003; Grad
et al. 2003). In humans, more than 851 miRNAs have so far been identified, and
approximately 30% of genes have been predicted to be subject to miRNA regu-
lation (Lewis et al. 2005). However, a recent assay (rna22) predicted that 92.3% of
3'-untranslated region (3'-UTRs) of human genes harbor at least one target island
(each of which corresponds to at least one putative binding site) (Miranda et al. 2006).
The expression of many miRNAs is usually tissue or developmental stage-specific,
and changes in miRNA expression patterns can be found in the development of
many diseases (Ambros and Chen 2007; Calin and Croce 2006; Farh et al. 2005;
Lim et al. 2005).

Double-stranded miRNA is generated from primary miRNA by sequential digestion
with a Drosha-DGCRS8 complex (DiGeorge syndrome critical region gene-8) and
Dicer RNase-III endonucleases (Gregory et al. 2004; Grishok et al. 2001; Han et al.
2004; Hutvagner et al. 2001; Lee et al. 2003). Primary miRNA is transcribed from
genomic DNA by RNA polymerase II. Drosha-DGCRS cleaves at sites near the
base of the stem in the primary miRNA structure to generate a 60—70-nt fragment
comprising the majority of the hairpin (Han et al. 2006; Lee et al. 2003). Dicer
subsequently cleaves at sites near the loop to generate the short, double-stranded
miRNAs (Bernstein et al. 2001; Han et al. 2004; Tijsterman and Plasterk 2004).
These mature miRNAs are then incorporated into the miRNA-induced silencing
complex (miRISC), whose composition is similar to that of the RNA-induced
silencing complex (RISC) responsible for messenger RNA (mRNA) cleavage,
which is guided by small interfering RNAs (siRNAs) (Rana 2007).



74 H. Zhang

The RISC complex contains many proteins. Dicer and Argonaute2 (Ago2) are the
essential components. However, several other proteins, such as Tar-binding protein
(TRBP), FMRP, and PACT, for example, have been identified in RISC (Caudy
et al. 2002; Chendrimada et al. 2005; Gregory et al. 2005; Lee et al. 2006; Meister
et al. 2005). The function of these proteins remains to be further clarified. It is notable
that MOV 10 has been found in a multiprotein complex containing the antiassociation
factor elF6 (Chendrimada et al. 2007). This complex is associated with RISC.
Mov10 homologs Armitage in Drosophila and SDE3 in Arabidopsis, which are
putative RNA helicases, play an important role in RISC function (Cook et al. 2004;
Lim and Kai 2007; Tomari et al. 2004). Further, Armitage is involved in degradative
control of the RISC pathway in neurons, and underlies the pattern of synaptic
protein synthesis associated with stable memory (Ashraf et al. 2006). In human
cells, siRNA- or miRNA-mediated RNA cleavage requires Mov10, which has also
been found in processing bodies (P-bodies) (Gallois-Montbrun et al. 2007). RISC
has been shown to load miRNA or siRNA duplexes, not single strands, onto Ago2.
The 5’ end of the duplex is lodged in the phosphate-binding pocket of the Ago2 Piwi
domain (Ma et al. 2005; Parker et al. 2005). Once bound to the miRNA or siRNA
duplex, Ago2 cleaves the passenger strand, triggering its dissociation from the
complex and the concomitant maturation of the active RISC (Matranga et al. 2005).
Passenger-strand cleavage is not obligatory but is the normal mechanism for RISC
activation. In the mature RISC, the guiding-strand of siRNA is associated with
Ago2. In humans, Ago?2 is the sole siRNA-guided Argonaute protein able to act
as an RNA-guided, Mg**-dependent RNA endonuclease that cleaves a single
phosphodiester bond in the target mRNA, triggering its destruction (Liu et al. 2004;
Meister et al. 2004).

However, the component of miRISC remains to be further clarified. All four
Ago proteins, Agol—4, can be found in miRISC (Meister et al. 2005). Although the
miRNA bound to Ago2 can serve as the guiding RNA for cleavage of the target
mRNA (Meister et al. 2004), it mainly serves as a guide to direct the repression of
protein synthesis. Agol, but not Ago2, mediates this process in Drosophila (Behm-
Ansmant et al. 2006; Forstemann et al. 2007; Okamura et al. 2004; Tomari et al.
2007). Whether mammalian cells also use Agol to mediate this process remains to
be clarified. The mature miRNAs typically interact with target mRNAs by partial
sequence matching. A 7-nt “seed” sequence in the miRNA at position 2—8 from the
5" end seems to be essential for miRNA action in human cells, and the function of
the remaining nucleotides appears less critical (Lewis et al. 2005). The miRNA
binds to a complementary sequence in the 3’-UTR of its target mRNA, resulting in
degradation of the mRNA transcript and/or translational inhibition (Bartel 2004).

The translation inhibition mediated by miRNA is not well understood (Pillai
et al. 2007); however, in most cases, it is not the result of miRNA-mediated mRNA
degradation (Bartel 2004; Pillai et al. 2007). Some reports indicate that miRNAs
interfere with the initiation of protein synthesis (Chendrimada et al. 2007; Eulalio
et al. 2007a; Humphreys et al. 2005; Pillai et al. 2005, 2007). Because miRNAs
only inhibit cap-dependent translation and not translation resulting from an internal
ribosome entry site (IRES), it is possible that miRNAs interfere with m’G cap



5 The Inhibitory Effect of APOBEC3G and Its Family Members 75

recognition (Pillai et al. 2005). As the sequences of central domain of Ago protein
is similar to elF4e, an essential factor for cap-dependent translation, Ago proteins
could competitively bind to cap structure, thereby inhibiting the initiation of
translation (Kiriakidou et al. 2007). Conversely, because miRNAs are associated
with the translating mRNA and prevent the generation of the nascent polypeptide
in the polysome, it seems that they also directly inhibit protein synthesis at the
polysome at the post-initiation stage (Maroney et al. 2006; Nottrott et al. 2006;
Olsen and Ambros 1999). It is notable that poly-A binding protein 1 (PABP1),
which binds to the poly-A tail at the 3'-end of mRNAs, interacts with the elongation
initiation factor 4G (eIF4G), which is a part of the initiation complex eIF4F, to start
the assembly of the ribosome at the 5'-end of the mRNA. As a result, the two ends of
the mRNA are bound together. The region of the 3'-UTR to which the miRNA binds
is quite close to the initiation site of translation (Gingras et al. 1999). miRNA-bound
Ago/GW 182 could prevent this circularization.

5.3 The Role of P-bodies in Regulating the Function
of MicroRNAs

Recent developments have indicated the involvement of P-bodies in miRNA-
mediated translation inhibition (Bruno and Wilkinson 2006; Chu and Rana 2006;
Eulalio et al. 2007a; Pillai et al. 2007). P-bodies are also named GW or Dcp bodies
and are localized to the cytoplasm. P-bodies harbor many proteins involved in RNA
processing and degradation, such as GW182, Dcp1/2, Xrnl, Lsm1, RCK/p54, and
elF4E (Eulalio et al. 2007a). For instance, Dcpl and Dcp2 catalyze the decapping
of mRNA, which is followed by the 5'—3' exonucleolytic degradation of mRNA via
Xrnl (Eulalio et al. 2007a; Pillai et al. 2007). The formation of a P-body is a dynamic
process and requires a consistent accumulation of miRNA-repressed mRNAs
(Eulalio et al. 2007a). Several lines of evidence have indicated that P-bodies are
actively involved in miRNA-mediated mRNA repression (Eulalio et al. 2007a).
The P-body-associated protein GW 182 associates directly with Ago-1, even before
the formation of a P-body (Behm-Ansmant et al. 2006; Liu et al. 2005). Depletion
of P-body components such as GW 182 and Rck/p54 prevents translational repression
of target mRNAs (Behm-Ansmant et al. 2006; Bruno and Wilkinson 2006; Chu and
Rana 2006; Eulalio et al. 2007a; Jakymiw et al. 2005; Liu et al. 2005; Pillai et al.
2007). Furthermore, several miRISC-related components, such as miRNNAs, mRNAs
repressed by miRNAs, Ago-1, Ago-2, and Mov10, are found in P-bodies (Bruno
and Wilkinson 2006; Eulalio et al. 2007a; Pillai et al. 2007). The formation of
P-body is a dynamic process that requires continuous accumulation of repressed
mRNAs (Eulalio et al. 2007b).

However, P-bodies also function as storage sites for excess mRNAs (Bruno
and Wilkinson 2006; Eulalio et al. 2007a). Stored mRNAs can be sent back to
polysomes when further protein synthesis is required. In fact, some cellular proteins
can facilitate the exit of miRNA-bound mRNAs from P-bodies. Stress may induce
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the relocation of HuR, an AU-enriched-element binding protein, from the nucleus
to the cytoplasm, where it can bind to the 3'-UTR of target mRNAs (e.g., CAT-1)
stored in P-bodies. This binding increases the stability of the miR-122-bound
mRNA by assisting it to egress from the P-body and return to polysomes
(Bhattacharyya et al. 2006).

5.4 APOBEC3G Counteracts miRNA-Mediated Repression
of Protein Translation

Interestingly, APOBEC3G is found in P-bodies and stress granules (Gallois-Montbrun
et al. 2007; Wichroski et al. 2006). It is associated with a high molecular mass
(HMM) structure (>700 kDa) in replicating cells, and this interaction is RNase-
sensitive (Chiu et al. 2005, 2006). We have also found that APOBEC3G can bind
with some of these RNA-binding proteins by a tandem affinity purification (TAP)
assay (Fig. 5.1) developed by Dr. Bertrand Séraphin’s group (Puig et al. 2001;
Rigaut et al. 1999). This result clearly indicated that Mov 10 is an APOBEC3G
associated protein. Two other studies indicate that APOBEC3G interacts with many
RNA-binding proteins, among which are several miRNA-related proteins, such as
Agol, Ago2, Mov10, GW182, and PABP1. These interactions are either partially
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Fig. 5.1 APOBEC3G associated proteins identified with tandem affinity purification (TAP) assay
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or completely resistant to RNase A digestion (Chiu et al. 2006; Gallois-Montbrun
et al. 2007; Kozak et al. 2006). Therefore, aside from its inhibitory function in relation
to endogenous retroviruses and other retrotransposons (Bogerd et al. 2006; Dutko
et al. 2005; Esnault et al. 2005, 2006; Hulme et al. 2007), the major cellular function
of APOBEC3G seems to be related to miRNA activity and P-body related RNA
processing and metabolism.

To study whether APOBEC3G affects the efficiency of miRNA-mediated
translational repression, various 293T-cell-enriched miRNA-binding sites with
perfect or partial complementarity to their corresponding miRNAs were inserted
into the 3’-UTR of luciferase (luc) or gfp (Huang et al. 2007). These plasmids were
transfected into 293T-cells, which naturally do not express APOBEC3G (Sheehy
et al. 2002; Yang et al. 2007), with or without an APOBEC3G-HA-expressing
plasmid. Our studies have indicated that APOBEC3G significantly counteracted
the inhibitory effect of 3'-UTR miRNA binding site on the expression of reporter
gene. Similar phenomenon can be observed in HeLa cells. Conversely, inhibition
of APOBEC3G expression in some APOBEC3G- and APOBEC3F-enriched cells,
such as H9 T-cells, PHA-activated primary CD4+ T-lymphocytes, and macrophages,
with APOBEC3G- and APOBEC3F-specific siRNAs will enhance the expression
of reporter genes which harbor 3’-UTR miRNA binding sites. In addition, many
other APOBEC3 family members such as A3B, A3C, and A3F are able to inhibit
the miRNA-mediated translational repression. Moreover, the mutations that inactivate
the N-terminal domain, C97A and C100A, had a modest effect on miRNA-mediated
translational repression, whereas the C-terminal domain C288A and C291A mutations
had no significant influence on the inhibitory effect of APOBEC3G, suggesting that
the CD activity is unlikely involved in this inhibitory effect (Huang et al. 2007).

Further studies on mechanism have demonstrated that APOBEC3G signifi-
cantly enhance the association of the target mRNA with polysomes. Conversely,
APOBEC3G decreases the association of the target mRNA with P-bodies.
Immunoprecipitation and confocal studies further indicate that APOBEC3G interacts
with GW182 (Huang et al. 2007). Moreover, the depletion of GW182 with
GW182-specific siRNA had a synergistic effect with APOBEC3G in counteracting
miRNA-mediated translational repression, which is consistent with previous
reports regarding the role of GW182 in miRNA function (Behm-Ansmant et al.
2006; Liu et al. 2005).

Given that APOBEC3G is associated with mRNA, localizes to P-bodies
and stress granules (Gallois-Montbrun et al. 2007; Kozak et al. 2006; Wichroski
et al. 2006), and can substantially enhance the expression of miRNA-targeted
mRNA, it is unlikely that APOBEC3G directly improves the interaction between
mRNA and polysomes or inhibits the interaction between miRNA and its target
mRNA in miRISC. Instead, APOBEC3G may directly counteracts translational
repression mediated by Ago and GW182, may block miRNA-targeted mRNA
from entering P-bodies or stress granules, may prevent the miRNA-targeted
mRNA from engaging the RNA degradation machinery in P-bodies, or may directly
facilitate the egress of miRNA-targeted mRNA from P-bodies and stress granules
(Fig. 5.2). By one or more of these approaches, APOBEC3G may inhibit the
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Fig. 5.2 The possible target sites for APOBEC3G to inhibit the activity of miRNAs

degradation or storage of miRNA-targeted miRNA in P-bodies and stress granules.
Subsequently, more mRNA could associate with polysomes, and the translation
efficiency would therefore be enhanced. However, as the mechanism of the
regulation of mRNA degradation and storage in P-bodies or stress granules
remains to be clarified and the relationship between miRNA-mediated translational
repression and P-bodies is still under intensive investigation, further experiments
are required to demonstrate the exact mechanism underlying this cellular function
of APOBEC3G.

5.5 Conclusion Remarks

Recently, we and others have found that interferon (IFN)-a/p can significantly
enhance the expression of APOBEC3G/F in various primary cells, such as resting
CD4 T-lymphocytes, macrophages, endothelial cells, hepatocytes, myeloid dendritic
cells, and plasmacytoid dendritic cells (our unpublished data) (Argyris et al. 2007;
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Bonvin et al. 2006; Chen et al. 2006; Peng et al. 2006; Sarkis et al. 2006; Tanaka
et al. 2006). Therefore, the correlation of IFN regulatory system and the miRNA
activity in these primary cells merits to being further investigated. Interestingly, the
mutations C228A and C291A inactivated the CD activity of APOBEC3G, but
APOBEC3G was still able to enhance the expression of luciferase when luc was
controlled by miRNA (Fig.3b). Therefore, the derepression of miRNA-mediated
inhibition of protein translation by APOBEC3G is separable from its CD activity.
As described in many reports, the CD activity of APOBEC3G is only partially
responsible for viral infectivity (Bishop et al. 2006; Bogerd et al. 2007; Holmes
et al. 2007; Newman et al. 2005; Zhang et al. 2003). It remains to be determined
whether this cellular function of APOBEC3G in protein translation regulation is
related to its CD-independent antiviral activity.
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Abstract Cell-free systems are valuable tools for analyses of a post-transcriptional
gene expression. The biochemical aspects of RNA interference have been extensively
studied by using extracts prepared from Drosophila embryos. However, the mechanism
by which microRNAs regulate protein synthesis is still elusive. We established a
mammalian cell-free system that recapitulates let-7 microRNA-mediated repression
of protein synthesis. Using this system, we found that a target mRNA was deadenylated
when it was translationally repressed. The experimental data strongly suggested
that the deadenylation was a cause, but not a result, of translational repression.
In this chapter, we describe our cell-free system and discuss the significance of
microRNA-mediated mRNA deadenylation in the repression of protein synthesis.
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6.1 Introduction

Cell-free systems have been used for decades for studying protein synthesis. They
have made a significant contribution to the decoding of genetic codes. Experiments
with cell-free systems have provided valuable information about the mechanisms
of post-transcriptional regulation, including mRINA stability and translation. Cell-free
systems have many advantages over in vivo systems. By using cytoplasmic extracts
in combination with in vitro transcripts, we can focus on the post-transcriptional
events of gene expression. In the cell-free systems, it is very easy to modify various
reaction conditions, to compare the translation efficiency and stability of different
mRNA constructs, and to monitor the time courses of reactions.

Various cell-free systems using different biological sources and protocols have
been developed. The most widely used eukaryotic system is rabbit reticulocyte
lysate (RRL) (Jackson and Hunt 1983). The RRL is prepared by lysing red blood
cells obtained from rabbits recovering from experimentally induced anemia. This
system has great advantages in its simplicity of preparation and relatively high
protein synthesis activity. Thus, it became the most popular system used for studying
translation mechanisms. Many of the canonical translation factors were purified
and characterized using the RRL system.

An appropriate cell-free system will make a significant contribution to the
biochemical dissection of miRNA mechanisms. Thus, we sought to establish a
cell-free system that recapitulates many of the phenomena of miRNA-mediated
repression of protein synthesis. There are two possible strategies to reconstitute
miRNA function. One is to develop a cell-free system based on endogenous
miRNA/miRISC activity. This strategy requires materials containing validated
miRNA, which is relatively abundant. Thermann and Hentze chose the regula-
tion of Drosophila melanogaster reaper mRNA by miR2 in Drosophila embryos
(Thermann and Hentze 2007). Sonenberg and coworkers utilized extracts from
Krebs-2 ascites cells, which express let-7 miRNA, the best characterized miRNA
so far (Mathonnet et al. 2007). Another option for establishing a cell-free system
is to use chemically synthesized short RNA fragments that mimic miRNA or
preform miRNA. It is advantageous to use exogenous miRNA, since we can
analyze the formation of miRISCs and translation of the reporter mRNA both in
the presence and absence of the miRNA. We have adopted this strategy in our
experiments. In addition, Novina and coworkers performed experiments using
the RRL system with the CXCR4 siRNA duplex as an miRNA mimic (Wang
et al. 2000).

In this chapter, we describe the recapitulation of lez-7 miRNA-mediated repression
of protein synthesis in a cell-free system, which was established with extracts
prepared from HEK293F cells overexpressing miRNA pathway components
(Wakiyama et al. 2007).
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6.2 Cell-Free Systems that Recapitulate RNA Silencing

A cell-free system for studying the mechanism of RNA silencing was first described
by Tuschl and coworkers (Tuschl et al. 1999). This represented the pioneering work
of the biochemical dissection of RNAI. In our attempts to develop cell-free assays to
analyze miRNA functions in translation, we performed many preliminary experiments
using Drosophila Schneider 2 (S2) cells as the extract source. We succeeded in
recapitulating RNAi with the S2 extracts (Wakiyama et al. 2006). In this system, the
GL3 firefly luciferase (FLuc) mRNA was specifically targeted with the GL3 siRNA,
but not with the GL2 siRNA, which differs by only three nucleotides from the GL3
siRNA. Although the RNAi assays were successful, we were not able to see the
effects of the miRNAs in this cell-free system. We used an siRNA-like 21 nucleotide
duplex, in which one strand contained the Drosophila let-7 miRNA sequence.
Although it worked as an siRNA targeting mRNA containing the perfect complemen-
tary sequence to let-7, it did not repress the translation of mRNA containing multiple
let-7 target sites, which was half complementary to lez-7 (unpublished data).

Gregory and coworkers showed that pre-miRNA processing and assembly of RISC,
an RNA-induced silencing complex, are functionally coupled (Gregory et al. 2005).
Thus, we used the preform of Drosophila let-7 miRNA, Dlet-7 pre-miRNA, which is
60 nucleotides long. First, we looked at whether the lez-7 pre-miRNAs were processed
into the mature let-7 miRNAs in our S2 cell extracts, and found that the processing
efficiency was very poor. Indeed, no repression was observed for the mRNA containing
let-7 target sites. At this point, we assumed that something required for the efficient
processing of pre-miRNA was missing in our S2 extracts.

We decided to try material from mammalian cells, instead of the Drosophila S2
cells. We analyzed HEK293F cells, which are available from Invitrogen. HEK293F
cells, a subtype of HEK293, derived from human embryonic kidney, can grow in
suspension in serum-free medium, FreeStyle293 Expression medium (Invitrogen).
A great advantage of HEK293F cells is that external DNA can be introduced and
expressed with high efficiency by transient transfection. We detected expression
from more than 50% of the cells, by monitoring with EGFP. Therefore, we assumed
that we could easily prepare lysates from cells overexpressing a specific component
of the miRNA pathway.

6.3 Cell Extract Preparation Methodology

To establish a cell-free system, the cell extract preparation method should be exten-
sively investigated. We employed the nitrogen cavitation method (Wakiyama et al.
2006, 2007). Nitrogen cavitation has been used with various cells and tissues to
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prepare biomacromolecules, such as polyribosomes and microsomes (Dowben
et al. 1968; Short et al. 1972). This technique involves the equilibration of nitrogen
gas with a cell suspension under high pressure, followed by sudden decompression.
The use of nitrogen gas prevents thermal deactivation and oxidization of biochemi-
cal macromolecules. Disruption of nuclei is avoided by choosing appropriate condi-
tions for the lysis solution and the pressure of the nitrogen gas.

6.4 Processing of Pre-miRNA

We first examined the processing of Drosophila let-7 (Dlet-7) pre-miRNA in
HEK293F extracts. Similar to our observations with the S2 cell extracts, only a
fraction of the let-7 pre-miRNA was converted to its mature form. We then tested
different factors to add to the extracts for efficient processing. We combined
extracts expressing Dicer, TRBP2, Argonaute2, and GW 182 in several combinations,
and performed processing assays of the let-7 pre-miRNA (Fig. 6.1). Interestingly,
an extra amount of Dicer, a processing enzyme for the miRNA, did not affect process-
ing. However, Argonaute2 (or Argonautel) remarkably improved the processing
efficiency. GW182, which interacts with the Argonaute protein, did not affect the

293F 100(100| 75| 65| 90| 85| 75| 50
Dicer 15|15 15
TRBP2 10|10 10
Ago2 10|10 10|10
GW182 1515|115
let-7 — |+ |+ |+ |+ |+ |+ ]+
60nt — . - b e - G S e
21nt — - - e
[
marker

Fig. 6.1 Processing assay of let-7 pre-miRNA. Chemically synthesized let-7 pre-miRNA was
incubated with extracts prepared from HEK293F cells, or the mixed extracts composed of
the extracts prepared from HEK293F cells overexpressing Dicer, TRBP2, Ago2 or GW182, at the ratios
indicated above the figure. The RNA was then extracted, and the /et-7 was detected by northern
blotting. Markers are a 60 nucleotide (60nt) let-7 pre-miRNA and a 21nt let-7 siRNA. Reprinted
from Wakiyama et al. 2007 with permission from Cold Spring Harbor Laboratory Press
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processing efficiency. We assumed that an extra amount of the Argonaute proteins
might be required for the efficient incorporation of externally added miRNAs
into miRISCs.

6.5 In Vitro Translation Assay

To assay the effects of let-7, we constructed FLuc reporter mRNASs containing
multiple /et-7 target sequences, derived from the Drosophila lin-41 ortholog, in the
3'-UTR (Fig. 6.2) (Pasquinelli et al. 2000). As a control, we also made a mutant
construct, in which the seeding region of the let-7 target sequence, UACCUC, was
converted to AUGGAG (Fig. 6.2). In both the in vivo and in vitro experimental sys-
tems used thus far, multiple target sites in the 3’-UTR of the reporter mRNA
enhanced miRNA-mediated gene silencing. Indeed, higher numbers of let-7 target
sites in the 3'-UTR of our FLuc reporter mRNA enhanced the inhibition of FLuc
synthesis (unpublished data). This fact implies that the molar ratio between the
miRISC and the target sites may be critical for the miRNA-mediated repres-
sion of protein synthesis.

Figure 6.3 shows the translation of capped and polyadenylated FLuc-6xT
mRNA, which contains six let-7 target sequences in the 3'-UTR, in the absence (-)
and presence (+) of let-7. The Renilla luciferase mRNA was simultaneously trans-
lated, to normalize the FLuc activities in different experiments. In the presence of
let-7, the synthesis of FLuc was reduced to ~70% in the HEK293F cell extracts,
while it was about ~50% in the cell extracts composed of HEK293F and
HEK293F overexpressing Argonaute2 (Ago2). This can be explained by the find-
ing that overexpressed Ago2 stimulates pre-miRNA processing and probably the
formation of miRISCs containing let-7 miRNA. Interestingly, the addition of an
extract, prepared from HEK293 cells overexpressing GW182, significantly
increased let-7-mediated repression to ~70%. GW182 is a key component of P/
GW-body, a discrete cytoplasmic compartment where translational repression and
mRNA turnover may occur. We also showed that FLAG-tagged Ago2 and FLAG-
tagged GW 182 were specifically recruited to the reporter mRNA in the presence of
let-7 miRNA, by using a biotinylated capped and polyadenylated FLuc-6xT mRNA
(Fig. 6.4). These data indicated that GW182 is involved in the miRNA-mediated

6xT: 5'AGUGCUACAACGAUUACCUCG?'
6xTmut6: 5'AGUGCUACAACGAUauggagG?'

Fig. 6.2 Schematic representations of the FLuc mRNAs FLuc-6xT and FLuc-6xTmut6. Reprinted
from Wakiyama et al. 2007 with permission from Cold Spring Harbor Laboratory Press
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Fig. 6.3 In vitro translation of capped and polyadenylated FLuc-6xT mRNA in the absence (-)
and presence (+) of let-7. Cell extracts prepared from control HEK293F cells, and HEK293F cells
overexpressing FLAG-Ago2 and FLAG-GW 182 were used in the combinations indicated above
the figure. The FLuc and RLuc activities were measured, and the FLuc to RLuc activity ratio in
the reaction without let-7 was set at 100. The data shown constitute an average of at least three
independent experiments with standard deviations. Reprinted from Wakiyama et al. 2007 with
permission from Cold Spring Harbor Laboratory Press
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Fig. 6.4 Ago2 and GW182 are recruited to the reporter mRNA in a let-7-dependent manner.
Biotinylated FLuc-6xT mRNAs (capped and polyadenylated) were incubated with the mixed
extract (Ago2 + GW182, see lane 1) in the absence (—) and presence (+) of let-7. The mRNAs
were captured with Streptavidin Paramagnetic Particles (SA-PMPs, Promega). Left panel: The
proteins bound to the mRNAs were detected using an anti-FLAG M2 antibody (lane 1: Ago2 +
GW182 extract; lanes 2—4: pull-down). The sizes (kDa) of the molecular markers (M) are
indicated on the left. Right panel: The mRNAs captured with SA-PMPs were detected by dot
hybridization. Reprinted from Wakiyama et al. 2007 with permission from Cold Spring Harbor
Laboratory Press
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repression of protein synthesis. Recently, we found that GW182 contains multiple
binding sites for Argonaute. Furthermore, we demonstrated that the interaction
between GW182 and Argonaute is critical for the le-7 miRNA-mediated repres-
sion in the cell-free system. While let-7 repressed the translation of capped and
polyadenylated FLuc-6xT mRNA, it did not affect the translation of capped and
polyadenylated FLuc-6xTmut6, in which the seeding region was mutated. In addi-
tion, let-7-mediated repression was relieved by the addition of anti-ler-7 RNA (data
not shown). These results indicated that the lez-7-mediated repression of protein
synthesis in our cell-free system is sequence-specific.

One of the most controversial topics of the miRNA mechanism is whether
miRNA inhibits the initiation of translation. Therefore, we examined the effects of let-7
on several mRNA constructs. We prepared FLuc-6xT mRNAs with a nonphysiological
A(5)ppp(5)G cap (ApppG) and FLuc-6xT mRNAs with ApppG-capped EMCV
IRES. The ApppG cap is not recognized by the translation initiation factor e[F4E,
and thus, it does not function in canonical translation initiation. The ApppG-capped
mRNA was appreciably translated in our cell-free system, although its translation
efficiency was lower than that of the physiological m’GpppG-capped mRNA
(Fig. 6.5). The mRNA with the IRES, internal ribosome entry site, derived from
EMCV is translated by an e[F4E-independent mechanism. In our system, the translation
efficiency of the mRNA with EMCV IRES was comparable to that of the
m’GpppG-capped and polyadenylated mRNA (Fig. 6.5). As shown in Fig. 6.6, it is
obvious that the let-7-mediated repression of protein synthesis in our cell-free
system requires both the 5'-cap structure and 3'-poly(A) tail. The FLuc synthesis
from the ApppG-EMCYV IRES-FLuc-6xT mRNAs was slightly repressed by lez-7,
especially when they were polyadenylated.
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Fig. 6.6 The m’GpppG cap and poly(A) tail are important for the ler-7-mediated translational
repression. Reprinted and modified from Wakiyama et al. 2007 with permission from Cold Spring
Harbor Laboratory Press

6.6 Let-7-Mediated mRNA Deadenylation

In order to examine whether /er-7 miRNA changes the abundance of target
mRNAs, we performed northern blotting (Fig. 6.7). The capped and polyadeny-
lated FLuc-6xT mRNAs, but not the capped and polyadenylated FLuc-6xTmut6
mRNAs, were obviously shorter, and nearly the same length as the nonadenylated
mRNAs, after a 60-min incubation in the presence of lez-7. This result raises the
possibility that the target mRNA was deadenylated in a let-7-dependent manner.
Therefore, we analyzed the poly(A) status of these mRNAs by an RNaseH cleav-
age assay (Fig. 6.7). In this assay, RNAs were extracted from cell extracts at the
end of the translation reaction, hybridized with oligo(dT), and then treated with
RNaseH. After the RNaseH treatment, the bands of the FLuc-6xT mRNAs shifted to
almost the same position as the nonadenylated mRNAs under all conditions tested.
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Fig. 6.7 Let-7 miRNAs direct deadenylation of the target mRNAs. Analyses of capped and
polyadenylated FLuc-6xT (6xT) and FLuc-6xTmut6 (mut6) mRNAs by northern blotting. As
molecular markers, nonadenylated and polyadenylated transcripts (capped) were loaded in lanes
1 and 2, respectively. After 60 min of translation in the absence (—) and presence (+) of /et-7 and
anti-let-7, the RNAs were extracted from the reaction mixture, and similar amounts were loaded
in lanes 3-6. In the middle panel, the extracted RNAs, as in the upper panel (6xT), were annealed
with oligo(dT) and subjected to RNaseH digestion. Reprinted from Wakiyama et al. 2007 with
permission from Cold Spring Harbor Laboratory Press

These results support the idea that the FLuc-6xT mRNAs are deadenylated in a
let-7-dependent manner. Further experiments revealed that the deadenylation
occurred regardless of the presence or absence of the 5'-cap structure. Moreover,
the let-7-dependent deadenylation still occurred in the presence of cycloheximide,
an inhibitor of translation, and thus it is independent of translation.

To further analyze the deadenylation and translation, we performed parallel
time-course analyses of the luciferase expression and mRNA deadenylation, with
the m’GpppG-capped and polyadenylated FLuc-6xTmRNA (Fig. 6.8). The data
indicated a strong correlation between mRNA deadenylation and repression of
FLuc synthesis.
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Fig. 6.8 Deadenylation of the reporter mRNA and translational repression. (a) Time-course analy-
sis of luciferase synthesis. (b) RNAs were extracted from the aliquots taken at each time point,
and were subjected to a northern hybridization analysis using the FLuc probe. Reprinted from
Wakiyama et al. 2007 with permission from Cold Spring Harbor Laboratory Press

6.7 Poly(A) tail and miRNA-Mediated Repression

The involvement of the poly(A) tail in miRNA-mediated repression has been
reported by several groups. Humphreys and coworkers demonstrated that an m’G-cap
was critical for repression, but a poly(A) tail was also important for efficient repression
(Humphreys et al. 2005). Wang and coworkers reported the first successful in vitro
recapitulation of miRNA-mediated repression (Wang et al. 2006). They used a RRL
with an artificial miRNA mimic and a luciferase mRNA with multiple target sites.
The miRNA was preannealed to the target mRNA before it was added to the RRL.
A m’GpppG-cap and a poly(A) tail were important for the repression in this system.
Moreover, uncapped mRNAs were also repressed if they had a long poly(A) tail,
extended to about 2,000 residues. MiRNA-mediated deadenylation of target mRNA
has been reported in several in vivo systems, including Drosophila S2 cells,
HEK?293T cells and zebrafish (Behm-Ansmant et al. 2006; Giraldez et al. 2006;
Wu et al. 2006). Collectively, deadenylation is one of the major effects of
miRNA regulation.
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6.8 Poly(A) tail and Post-Transcriptional Regulation

The concept that the 5’ and 3’ ends of eukaryotic mRNA communicate in the process
of post-transcriptional regulation is supported by various biochemical experiments.
Circular shaped polysomes have been observed by electron microscopy and atomic
force microscopy (Yoshida et al. 1997). The 5’ cap structure and the poly(A) tail, the
key features of most of eukaryotic cellular mRNAs, are involved in the communica-
tion of the two ends of eukaryotic mRNAs. The cap structure is recognized by the
eukaryotic translation initiation factor eIF4E, a component of the eIF4F complex
(Gingras et al. 1999). Another e[F4F component, elF4G, binds a poly(A)-binding
protein, PABP (Sachs 2000). The interaction between elF4G and PABP is critical for
efficient translation. PABP functions as a translational initiation factor and enhances
the formation of the initiation complex (Kahvejian et al. 2005). In Xenopus, interfer-
ence with the interaction of PABP and eIF4G results in the inhibition of poly(A)-
dependent translation and oocyte maturation (Wakiyama et al. 2000). Many maternal
mRNAs are regulated by the length of the poly(A) tail. Typically, the translation of
these mRNAs is inhibited when their poly(A) tails are shortened, and is activated
when their poly(A) tails are elongated. These processes are controlled by proteins
that bind to the 3'-UTR of the target mRNAs (Wickens et al. 2002). CPE, a cytoplas-
mic polyadenylation element, and the CPE-binding protein, CPEB, are involved in
this regulation (Mendez and Richter 2001). CPEB also binds Maskin, a protein that
interacts with e[F4E (Richter and Sonenberg 2005). This interaction disrupts eIF4AE—
elF4G formation and results in the inhibition of translation. An analogous inhibitory
regulation mechanism has been discovered in Drosophila. The eIF4E-binding pro-
tein, Cup, is a Maskin-like protein that controls germ-cell formation and axis speci-
fication (Richter and Sonenberg 2005). Cup interacts with Bruno, which binds to the
Bruno response element in the 3'-untranslated region (3'-UTR) of the oskar mRNA.
The Cup—eIF4E interaction prevents the assembly of eIFAE and eIlF4G, which in
turn inhibits the translation of the oskar mRNA. The cross talk between the 5" and
3" ends of the mRNA is critical not only for translation but also for mRNA deadeny-
lation. A poly(A)-specific ribonuclease, PARN, catalyzes the deadenylation of
maternal mRNAs during Xenopus oocyte maturation. PARN contains the cap-binding
pocket, and its activity is stimulated by the cap structure (Dehlin et al. 2000).

6.9 Concluding Remarks

In our cell-free system, repression occurred only for a m’GpppG-capped and
polyadenylated mRNA, while deadenylation occurred regardless of the 5 structure
of the mRNA or active translation. The mRNA was not degraded when the transla-
tion stopped, which means that deadenylation did not lead to rapid degradation of
FLuc mRNAs. Therefore, we propose that miRNA-mediated mRNA deadenylation
abolishes the cap-poly(A) synergy and represses translation (Fig. 6.9).
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Fig. 6.9 Model of miRNA-mediated mRNA deadenylation and repression of protein synthesis

However, this model has been challenged by results, obtained in other systems,
which showed that nonadenylated mRNAs are silenced. Wu and coworkers reported
that a let-7 target mRNA with a histone 3’ stem-loop in place of the poly(A) tail
was repressed (Wu et al. 2006). Recently, Eulalio and coworkers demonstrated that
miRNAs also silence mRNAs with a 3’ end generated by ribozyme cleavage (Eulalio
et al. 2009). How can these discrepancies be explained? Tomari and coworkers
recently proposed that Drosophila Agol and Ago2 may inhibit protein synthesis
by a different mechanism (by personal communication). It is possible that miRNAs
repress protein synthesis by multiple mechanisms, including deadenylation-directed
translational inhibition.
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Abstract A flurry of recent studies, carried out primarily in transfected cells or
in vitro translation systems, have attempted to reveal the molecular means by
which animal microRNAs (miRNAs) attenuate mRNA translation. Despite these
intense efforts it has not yet been possible to derive a consensus model for such a
mechanism. Here we summarise our own experimental contributions to this topic,
which led us to propose that miRNAs control early translation initiation by affecting
eukaryotic initiation factor 4E/cap structure and poly(A) tail function, and place
them in a current context of this rapidly moving and challenging field.

7.1 Introduction

Any contemporary view of eukaryotic gene expression has to allow for regulatory
roles of the range of non-coding RNAs known to originate from most regions of
complex genomes (Amaral et al. 2008). MicroRNAs (miRNAs) comprise a tiny but
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well-recognised portion of this potentially vast regulatory repertoire of cells. It is now
firmly established that the ~22-nucleotide-long miRNAs have important physio-
logical and pathophysiological roles (Carthew 2006; Kloosterman and Plasterk 2006;
Chang and Mendell 2007), and much progress has been made to understand their
biogenesis (Faller and Guo 2008). Our interest in miRNAs began when they emerged
as a new and populous class of translational regulators with pervasive effects on the
expression of cellular transcriptomes (Bartel and Chen 2004; Friedman et al. 2008).
miRNAs interact with argonaute proteins (Peters and Meister 2007) and guide
RNA-induced silencing complexes (RISC or miRNP) to target mRNAs (Kloosterman
and Plasterk 2006; Chang and Mendell 2007). Binding of animal miRNAs to
imperfectly matching sequences, usually in the 3’ untranslated region (UTR) of
their target mRNAs, inhibits accumulation of the encoded proteins by reducing
mRNA stability and/or translation (Valencia-Sanchez et al. 2006; Eulalio et al.
2008a; Filipowicz et al. 2008; Wu and Belasco 2008). Investigations with strongly
destabilised targets revealed that miRNA can trigger mRNA deadenylation and
exonucleolytic decay (Valencia-Sanchez et al. 2006; Eulalio et al. 2008a), in part
explaining the emerging links of miRNA function with the constituents and
function of cytoplasmic processing bodies, known sites of mRNA storage and
decay (Eulalio et al. 2007).

We, and others, have further studied the effects of miRNASs on translation under
conditions of little mRNA destabilisation (Humphreys et al. 2005; Pillai et al. 2005;
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Fig. 7.1 Schematic view of the phases of translation on a typical cellular mRNA that may be
targeted by an miRNA. During initiation, the 40S ribosomal subunit is recruited to the 5" end of
the mRNA and scans the 5" UTR to locate the initiator codon, where it is joined by the 60S subunit
to form the 80S ribosome. All steps of initiation require a multitude of accessory factors termed
elFs (eukaryotic initiation factor). During elongation, 80S ribosomes traverse the coding region
and synthesise the encoded polypeptide. This requires a separate set of factors termed eEFs
(eukaryotic elongation factor). The stop codon signals termination, the dissociation of ribosomal
subunits and the finished polypeptide from the mRNA. Eukaryotic release factors (eRFs) participate
in this process. A dotted line and question marks are shown to illustrate the incompletely understood
mechanisms of translational repression by a miRNP bound to the mRNA 3" UTR
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Maroney et al. 2006; Nottrott et al. 2006; Petersen et al. 2006; Wang et al. 2006;
Lytle et al. 2007; Mathonnet et al. 2007; Thermann and Hentze 2007; Wakiyama
et al. 2007; Kong et al. 2008). The central question in each of these studies has been
to understand what phase of the translation process is primarily affected and what
processes within that phase are molecular targets of the repressive mechanism(s)
emanating from the miRNP bound to the mRNA (illustrated in Fig. 7.1). Despite
the use of very similar tools and experimental approaches, these studies have led to
dramatically different conclusions as summarised in Table 7.1. The findings and
models derived from several of these endeavours in other laboratories are detailed
in other chapters of this volume. The issue thus continues to be actively debated and
the salient controversies and arguments are also well covered in a number of excellent
recent review articles (Standart and Jackson 2007; Eulalio et al. 2008a; Filipowicz
et al. 2008; Wu and Belasco 2008).

7.2 Analysing Translational Repression by an miRNA

The mRNA translation process comprises of initiation, elongation and termination
phases, each requiring a unique set of auxiliary factors in addition to ribosomes
(Fig. 7.1). Eukaryotic translation initiation depends on multiple eukaryotic initia-
tion factors (elF) for an elaborate, step-wise recruitment of ribosomes to the start
of the mRNA coding region (Preiss and Hentze 2003; Sonenberg and Dever 2003;
Kapp and Lorsch 2004). Most known mechanisms for the control of eukaryotic
translation affect the initiation phase, although regulation of elongation, termination
or nascent polypeptide stability have also been reported (Preiss and Hentze 2003;
Sonenberg and Dever 2003; Gebauer and Hentze 2004). Over many years, a range
of experimental tools have been developed to investigate translational control, and
these tools are increasingly applied to study the role of miRNAs. For instance, the
pioneers of miRNA research in Caenorhabditis elegans studied the regulation of
lin-14 and lin-28 mRNAs using sucrose density gradient ultracentrifugation. These
studies found that both mRNAs co-sedimented with polyribosomes, even when
isolated from worm larval stages where their expression is repressed by miRNAs,
leading to the first suggestion of a model for miRNA action, namely that miRNAs
affect the post-initiation phase of translation (Olsen and Ambros 1999; Seggerson
et al. 2002; Ambros 2004).

7.2.1 Use of Viral Internal Ribosome Entry Sites
to Study the miRNA Mechanism

In our own work, we decided to employ viral internal ribosome entry sites (IRES)
as principal tools to investigate which sub-step of translation is targeted by an
miRNA. This followed the previously established premise that if a control mechanism
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under study targets a component of the canonical translation machinery not required
for IRES-mediated translation, then translation driven by the IRES should no longer
be subject to regulation (Ostareck et al. 2001; Poyry et al. 2004; Jackson 2005).
The IRES elements listed in Table 7.2 are suitable for this type of analysis, as
careful biochemical and structural analyses have defined different initiation
factor requirements for translation in each case (Borman and Kean 1997; Hellen
and Sarnow 2001; Poyry et al. 2004; Fraser and Doudna 2006).

To implement this approach, we adopted a well-studied synthetic miRNA/target
reporter pairing (Doench et al. 2003; Doench and Sharp 2004). In the original
publications, the synthetic RNA duplex (termed miCXCR4 as it was originally
designed as an siRNA against CXCR4 mRNA) was co-transfected together with a
plasmid (pRL-TK-4 sites) that expresses a Renilla-luciferase mRNA containing
four imperfectly matching binding sites for miCXCR4 in its 3" UTR (R-luc-4 sites).
Deployed in this way, miCXCR4 acted like a genuine miRNA by inducing robust
and specific repression of R-luc protein expression with little destabilisation of the
plasmid-derived target mRNA (Doench et al. 2003; Doench and Sharp 2004;
Humphreys et al. 2007). To facilitate the engineering of predictable changes in the
mode of translation occurring on the reporter mRNA, we changed to a direct mRNA
transfection approach. We made R-luc-4 sites mRNA by in vitro transcription from
pRL-TK-4 sites plasmid, and prepared an unrelated firefly luciferase (F-luc)
mRNA (Tizuka et al. 1994) as a transfection control. These were transfected into
HeLa cells together with miCXCR4. The mRNAs were initially made with a physi-
ological m’G(5")ppp(5')G cap structure and a poly(A) tail. We used this R-luc-4
sites cap and tail mRNA (Fig. 7.2a) to optimise several transfection parameters for
detection sensitivity and extent of miRNA-mediated repression. We settled on
transfecting cells with Lipofectamine 2000 (Invitrogen) in 24-well plates, using
20 ng of R-luc test mRNA, 80 ng F-luc control mRNA per well, adding miCXCR4
to a final concentration of 2 nM, and harvesting cells after 16 h of incubation
(Clancy et al. 2007). These conditions gave robust and specific miCXCR4-mediated
translational repression with very minor effects on mRNA stability (Humphreys
et al. 2005). The use of direct mRNA transfection is sometimes criticised because
mRNAs introduced into cells in this way have not transited through the nucleus.

Table 7.2 Translation initiation factor requirements of internal ribosome entry site (IRES)
elements*

IRES: Mode of initiation:

Hepatitis A Virus (HAV) All elFs required
Encephalomyocarditis Virus (EMCV) Independent of eIFAE

Classical Swine Fever Virus (CSFV) Independent of elF4E, -4G, -4A, -4B

or Hepatitis C Virus (HCV)
Cricket Paralysis Virus (CrPV), intergenic region ~ Factor-less initiation from a CGU codon
placed in the aminoacy]l site of the
small ribosomal subunit

*This table was previously published in (Clancy et al. 2007)
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Fig. 7.2 Analysis of miCXCR4 mediated repression of R-luc-4 sites reporter mRNAs after
co-transfection into HeLa cells. (a) Schematic of the R-luc-4-sites mRNAs used here. (b) Normalised
R-luc activity of each mRNA transcript from transfections in the absence of miCXCR4. Expression
from R-luc-4-sites cap and tail mRNA is set to 1.0. (¢) Repression of the different R-luc-4-sites
mRNAs by the specific miCXCR4 (filled bars) or non-specific let-7 miRNA (open bars). Average
results from three to five experiments are shown with standard deviation. (d) Repression of
EMCV-R-luc-4-sites by either the miCXCR4 or the perfectly complementary CXCR4 siRNA.
Average results from two independent experiments are shown. Illustrations and data contained in
this figure were previously published (Humphreys et al. 2005, 2007; Clancy et al. 2007)

We clearly see repression by an miRNA with this approach, indicating that a
“nuclear experience” is not required for it. The other common concern is that a
proportion of the transfected mRNA may get trapped within inert vesicles (Barreau
et al. 2006), complicating the assessment of physical mRNA stability. We routinely
address this by additionally measuring the functional half-life of the reporter
mRNAs (Gallie 1991), a procedure that is not affected by the above-mentioned
issue (Humphreys et al. 2005; Clancy et al. 2007). We further wanted to avoid the
complications commonly observed with bi-cistronic IRES reporter approaches
(Bert et al. 2006) and instead decided to insert the viral IRES of our choice within
the 5" UTR of mono-cistronic R-luc-4 sites reporter mRNA (Fig. 7.2a). IRES-
containing mRNAs were further capped with the non-physiological A(5")ppp(5")G
cap structure, which is inactive in recruiting the translation initiation machinery but
protects the mRNA against accelerated decay (Bergamini et al. 2000). This
approach avoids potential problems due to interference of canonical, cap-dependent
translation with genuine IRES-mediated translation on the same mRNA template.
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7.2.2 An miRNA Blocks the Initiation Phase of Translation

The first derivative R-luc-4 sites mRNA we tested contained the IRES from the
Cricket Paralysis Virus intergenic region (CrPV IGR), was A-capped and lacked a
3’ poly(A) tail. Translation driven by this IRES retains the canonical aspects of
elongation and termination, while initiating from an alanine codon without
involvement of Met-tRNA™ or any elFs (Hellen and Sarnow 2001; Pestova
and Hellen 2003), thus replacing all aspects of regular translation initiation
with a radically different mechanism. Translation of this mRNA was inefficient
but completely dependent on IRES activity, as shown by comparison to the
inactive point mutated CrPV IGRmut14 control (Wilson et al. 2000; Humphreys
et al. 2005). Importantly, we found that translation of the CrPV-R-luc-4 sites mRNA
was no longer repressible by miCXCR4, indicating that the initiation phase of
canonical translation was the major target of miCXCR4-mediated regulation.
Other investigators have also used IRES-containing constructs, arriving either at
similar or very different conclusions to ours. The reasons for this discrepancy are
essentially unknown, as discussed by Valencia-Sanchez et al. (2006) and Jackson
and Standart (2007).

Translation initiation on a typical cellular mRNA is jointly promoted by the cap
structure and the poly(A) tail. In the process, the mRNA is thought to adopt a
closed-loop conformation involving bridging interactions of the adapter protein
elFAG with both, eIF4E bound to the cap structure and the poly(A) binding protein,
PABP, bound to the poly(A)-tail (Gallie 1991; Jacobson 1996; Preiss and Hentze
1998, 2003; Amrani et al. 2008). We therefore asked whether miCXCR4 repression
targets the function of either the cap structure or the poly(A) tail by preparing four
versions of the R-luc-4 sites mRNA: with no poly(A) tail and either an A-cap or a
physiological m’G-cap, or with a poly(A) tail and either an A-cap or a physiological
m’G-cap (Fig. 7.2a). Measuring the expression of these four R-luc-4 sites mRNA
versions in transfected cells reveals the typical functional synergy between the
physiological cap and the poly(A) tail: R-luc translation from the mRNA carrying
both end modifications was more than the sum of that seen with each individually
modified mRNA (Fig. 7.2b). RNA analyses confirmed that all versions of R-luc-4
sites mRNA were similarly stable in transfected cells (Humphreys et al. 2005).
Importantly, these mRNAs displayed markedly different responses to miCXCR4
(Fig. 7.2¢). The mRNA having neither a physiological cap nor a poly(A) tail (“A-cap”;
Fig. 7.3b) was completely resistant to miRNA addition (Fig. 7.3c). Translation
driven either solely by the physiological cap (“cap”), or solely by the poly(A) tail
(“A-cap and tail”), was only partially responsive to the miCXCR4 (~2-fold repression).
A full response to miCXCR4 was only seen with the “cap and tail” version of the
mRNA (~5.5-fold repression). The observed effects were target-specific as none of
the R-luc-4 sites versions was affected by co-transfection of a control miRNA
(C. elegans let-7, Fig. 7.2c). These results indicate that the cap structure and
poly(A) tail were each necessary but not individually sufficient for full miCXCR4-
mediated repression. Our experiments may be criticised for employing a synthetic
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Fig. 7.3 A working model of miRNA-mediated interference of mRNA closed-loop formation
during translation initiation. miRNAs guide miRNP complexes to the 3" UTR of target mRNA.
Consequences of miRNP recruitment are to trigger mRNA deadenylation, interference with cap
function and possibly aggregation of the mRNA into processing bodies. These changes conspire
to attenuate translation of mRNA. The resulting silenced mRNA is either stably stored, or sub-
jected to mRNA decay by decapping and exonucleolytic decay

miRNA; however, work in other systems and in part with endogenous miRNA
yielded results compatible with ours (see Table 7.1). We have further seen cap
structure as well as poly(A) tail dependence of reporter mRNA repression by
endogenous let-7 miRNA (unpublished observation).

To further investigate the target(s) of miRNA-mediated repression within initiation,
we created two additional R-luc-4 sites mRNA variants (Fig. 7.2a) carrying the
encephalomyocarditis virus (EMCV) IRES (Jackson 2000; Hellen and Sarnow
2001; Poyry et al. 2004). With reference to the closed-loop model, the EMCV IRES
is still responsive to poly(A)-mediated stimulation through the eI[FAG-PAPBP
interaction, but it recruits eI[F4G without employing elF4E (Bergamini et al. 2000;
Hellen and Sarnow 2001; Svitkin et al. 2001). Thus, it retains most canonical
features of translation initiation but does not require elF4E (Jackson 2000;
Hellen and Sarnow 2001; Poyry et al. 2004). The EMCV IRES-containing R-luc-4
sites mRNA versions were both A-capped, one carried a poly(A) tail (“EMCV
and tail”) and the other had no tail (“EMCV”; Fig. 7.2a). The EMCV IRES gave
robust levels of R-luc expression, which was augmented by the poly(A) tail
(Fig. 7.2b). Translation driven solely by the EMCV IRES was found to be
completely resistant to miCXCR4 repression (Fig. 7.2c). To exclude that the
miCXCR4 target sites are occluded in the EMCV-R-luc-4 sites due to changes
in mRNA folding, we transfected a perfectly complementary short interfering
CXCR4 RNA variant (siCXCR4) with the mRNA. siCXCR4 led to robust
reduction of EMCV-R-luc-4 sites expression (Fig. 7.2d), excluding such a problem.
The “EMCV and tail” mRNA produced a partial response to the miCXCR4,
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comparable in level to the “A-cap and tail” mRNA (Fig. 7.2¢), providing further
evidence that an miRNA targets the function of the poly(A) tail. Our results with
the EMCV-based constructs are consistent with miCXCR4-mediated effects on cap
structure and poly(A) tail function during the translation initiation. They further
suggest either the recruitment of eIF4E to the cap or its function at the cap, as a
target of miRNA action.

7.3 Towards a Model for miRNA-Mediated
Translational Control

A number of studies have been published since 2005, whose findings and
conclusions substantially overlap with ours (see Table 7.1). Notably, the Filipowicz
group, using reporter mRNAs responding to endogenous let-7 miRNA in trans-
fected HeLa cells, also found that the function of the cap structure and eIF4E during
translation initiation was targeted, although they did not see a dependence on the
poly(A) tail (Pillai et al. 2005). A series of papers have further presented reconstitu-
tions of miRNA-mediated repression in cell-free translation reactions based on
either mammalian cell or Drosophila melanogaster embryo extracts (Wang et al.
2006; Mathonnet et al. 2007; Thermann and Hentze 2007; Wakiyama et al. 2007).
All these studies confirm the importance of the cap structure for repression, while
some also report a contribution by the poly(A) tail (Wang et al. 2006; Wakiyama
et al. 2007). It has further been shown that miRNAs commonly cause mRNA dead-
enylation in D. melanogaster, zebrafish and mammalian systems (Behm-Ansmant
et al. 2006; Giraldez et al. 2006; Wu et al. 2006; Clancy et al. 2007; Wakiyama et al.
2007; Eulalio et al. 2009), often linked to miRNA-stimulated mRNA decay. While
deadenylation as a general feature of miRNA-targeted mRNAs is becoming appar-
ent (Eulalio et al. 2009), it is less clear whether deadenylation is a separate mecha-
nism by which miRNA stimulate mRNA decay, or merely an epiphenomenon of
translational repression. A third option would be that it is an integral component of
miRNA-mediated repression, having downstream effects on both mRNA transla-
tion and stability. The latter case would provide an elegant explanation for why we
and others have seen a poly(A) tail dependence of miRNA-mediated translational
repression (Humphreys et al. 2005; Wang et al. 2006; Wakiyama et al. 2007).
Notwithstanding this trend in the literature towards an initation-based mechanism,
there have also been several recent publications (Maroney et al. 2006; Nottrott et al.
2006; Petersen et al. 2006; Lytle et al. 2007) reasserting some or all aspects of the
original proposal of a post-initiation effect by miRNAs (Olsen and Ambros 1999;
Seggerson et al. 2002). Thus, whether or not one mechanism exists or several
cannot be resolved at present. Emerging information on dependence of the type of
observable mechanism (initiation/post-initiation), or even the directionality of it
(repression/activation), on experimental conditions appears to suggest that more than
one mechanism can be operational. The choice of transfection method (Lytle et al.
2007), cellular growth state (Bhattacharyya et al. 2006; Vasudevan and Steitz 2007,
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Vasudevan et al. 2007) and even reporter gene promoter choice (Kong et al. 2008)
have all been flagged as important determinants of the outcome of miRNA action.

Despite the caveats listed above, we believe it is reasonable to construct a working
model that is consistent with at least a substantial portion of the published literature.
In our model, mRNA closed-loop formation during translation initiation is impaired
by an miRNA in at least two ways, by effects on cap/elF4E function and through
mRNA deadenylation (Fig. 7.3). Each mRNA end modification is at the same time
important to repression but neither is absolutely required for it, explaining most
reports of repression of mRNAs lacking either the cap structure or the poly(A) tail
(Humphreys et al. 2005; Pillai et al. 2005; Behm-Ansmant et al. 2006; Giraldez
et al. 2006; Wang et al. 2006; Wu et al. 2006; Wakiyama et al. 2007; Eulalio et al.
2008b). The repressed mRNA can then either be stably stored or degraded, the
balance of which may be determined by the specific (3’ UTR) sequence context of
an mRNA or the given cellular environment, rather than by differences in the initial
trigger of repression. This scenario is reminiscent of the maternal mRNA paradigm
of poly(A) tail-mediated translational control. Cytoplasmic polyadenylation elements
(CPE) in the 3’ UTRs of these mRNAS orchestrate complex patterns of translational
repression and activation during oocyte maturation. CPE-mediated regulation involves
inhibition of cap function and aggregation of the silenced oligo-adenylated mRNA
into cytoplasmic granules similar to the processing bodies linked to the miRNA
mechanism. Importantly, CPEs recruit deadenylases and poly(A) polymerases to
the mRNA to modulate poly(A) tail length (Hentze et al. 2007; Pique et al. 2008).
Intriguingly, miRNA-mediated repression of translation is reportedly also reversible
(Bhattacharyya et al. 2006), and capable of activating translation under certain cellular
conditions (Vasudevan and Steitz 2007; Vasudevan et al. 2007).

Clearly, this model does not accommodate a post-initiation effect , but is it at
least compatible with all reports of initiation-based effects? The answer to this is
unfortunately also not in the affirmative. There have now been several reports
describing either interactions of the miRNP with, or a dependence of repression on,
translation initiation factors that function downstream of closed-loop formation.
In one study, eIF6, a factor with 40/60S ribosomal subunit anti-association activity,
and proteins of the 60S ribosomal subunits co-purified with a miRNP-related com-
plex, and depletion of elF6 impaired miRNA function (Chendrimada et al. 2007).
Another report, using a mammalian in vitro translation system documented that
miRNA-repressed mRNAs purified with 40S but not with 60S ribosomal subunit
components (Wang et al. 2008). In C. elegans, genetic interactions of let-7 were
seen with several translation initiation factors, notably elF3 (Ding et al. 2008).
The description of a cap-binding motif in the Mid domain of Ago proteins and evidence
that Ago proteins can compete with eIF4E for cap-binding appeared to have settled
the issue (Kiriakidou et al. 2007). However, experiments in D. melanogaster cells
have renewed doubts, by failing to confirm the relevance of the cap-binding by Ago,
or a requirement of elF6 for repression (Eulalio et al. 2008b). Finally, plausible
theoretical arguments have been advanced, suggesting that several experiments
underpinning the proposal of a direct cap/eIF4E targeting by miRNAs could also
be explained by a later step in initiation being affected, assuming certain kinetic
relationships between different sub-steps of initiation (Nissan and Parker 2008).
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7.4 Concluding Remarks

How miRNAs affect translation clearly remains a contentious issue, with several
seemingly incompatible models having been advanced. Our own work supports
miRNA effects on early roles of the cap structure and poly(A) tail during translation
initiation, analogous to several more established paradigms of translational control.
Progress in this protracted research field could come from several directions. A
careful reproduction of some of the key experiments that gave rise to the divergent
models should be tackled, perhaps with an emphasis on the intriguing but also
disconcerting dependence of observed effects on experimental conditions. It seems
intuitive to posit that miRNAs should act through some form of universal, if multi-
faceted, mechanism and the search for such a unifying principle should continue.
Given the prominence given to a role of the mRNA cap structure by several studies,
it will be particularly important to identify, beyond doubt, the molecular compo-
nents that bridge between the miRNP and the cap. mRNA deadenylation also war-
rants further study as another candidate for a proximal, and perhaps universal,
miRNA effect, with roles in both translation and decay. Besides its role in early
translation initiation, the poly(A) tail can also stimulate the 60S subunit joining step
during initiation and it is linked to translation termination, perhaps providing ways
to rationalise a role for deadenylation in several modes of translational repression
by miRNAs.
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Note Added in Proof

Since the above was written, new work in Drosophila extracts and transfected mammalian cells
has directly shown that a miRNP primarily targets the mRNA cap structure and that deadenylation
can augment miRNA-mediated translational repression (Beilharz et al., 2009; Zdanowicz et al.,
2009). Work in a mammalian in vitro translation system further revealed that the miRNP interacts
with PABP and recruits the CAF1/CCR4 deadenylase complex to the mRNA (Fabian et al.,
2009).
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