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Abstract
microRNAs (miRNAs) downregulate the expression of numerous mRNAs
and are involved in almost every biological process where they have been
examined. Inherent sequence or cis-elements located in mRNA termini and 5’
and 3’ UTRs likewise influence post-transcriptional gene regulation.

We

delineate the relative importance of the 5’ m7G-cap, the 3’ poly(A) tail, and
Internal Ribosome Entry Sites (IRESs) in miRNA-mediated repression. mRNA
targets must contain a m7G-cap to be repressed, are repressed to a greater
extent when containing a poly(A) tail, and are not precluded from repression
when translating via an IRES.
miRNAs can inhibit translation and / or induce mRNA decay. While the
core effector proteins are established, mechanistic details of how miRNAs
interfere with mRNA translation and stability remain elusive.

Contrary to the

repressive effects of miRNAs, the poly(A)-binding protein (PABP) (through
binding to the poly(A) tail and eIF4G) can increase both translation and mRNA
stability independently.

We elucidate a functional role for PABP in miRNA

repression; manipulation of ‘active’ PABP levels affects repression conversely in
part by inhibiting miRNA-induced deadenylation.

Furthermore, we find that

expression changes in the PABP binding partner PABP interacting protein 2
(Paip2) modulates both miRNA repression and PABP protein complex formation.
Additionally, we establish Paip2 as a bona fide miR-128 target, and demonstrate
miR-128 de-repression of non-miR-128 target mRNAs through Paip2 depletion.
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1. Introduction

1A. Translational Control of Gene Expression

1A-1. Overview of translation in Eukaryotes
Protein synthesis can be divided into three steps: initiation, elongation,
and termination. Initiation entails the formation of a 43S complex composed of
various protein co-factors and the 40S ribosomal subunit, subsequent 43S
complex binding to the mRNA through placement of the initiator met-tRNA into
the P site of the ribosome, 5’ to 3’ scanning of this complex to the start codon
(now 48S), and finally 60S ribosomal subunit joining.

The peptide is then

extended via repeated decoding of the mRNA using the various tRNA adaptors
during elongation.

By placement of the eRF1 termination factor into the

ribosomal A site and the ensuing hydrolysis of the peptide bond (and therefore
release from the ribosome), translation is terminated. The potential for regulation
exists at all three stages, while actually most incidences of translational control
occur during initiation (Mathews 2006).

1A-2. A temporal view of translation initiation

1

Translation initiation requires at least nine initiation factors (Jackson et al.
2010). The proper orchestration of events is crucial to fidelity of the process and
when functioning efficiently, proceeds by stepwise rearrangement of mRNPs.
Two independent events must occur for the process of translation initiation
to begin: ternary complex formation and eIF4F formation (Fig. 1). The ternary
complex is composed of the GTPase eIF2, GTP bound to eIF2, and the initiator
tRNA (tRNAimet). The tRNAimet has distinct sequence and structural features that
distinguish it from canonical tRNAs and allow it to be recognized by the ribosome
P site (as opposed to the A site; Pestova 2006). The ternary complex functions
to supply tRNAimet to the ribosome and recognize the start codon. Occurring in
parallel is the arrangement of factors eIF4E, eIF4G, and eIF4A into a complex
known as eIF4F. eIF4E is a m7GpppN cap (where N is any nucleotide; m7G-cap)
binding protein, eIF4G is a scaffolding protein, and eIF4A is a DEAD-box
helicase (for a review see Sonenberg and Hinnebusch 2009). This complex then
binds the m7G-cap through eIF4E (Amrani et al. 2008; Yanagiya et al. 2009);
now the mRNA is ‘activated’ (Jackson et al. 2010).
Concurrently with and independently of eIF4F binding the m7G-cap, 43S
pre-initiation complex formation occurs as the ‘small’ 40S ribosomal subunit
bound by eIF1, eIF1a, eIF3, and eIF5 interacts with the ternary complex through
eIF2 (Jivotovskaya et al. 2006; Fig. 1); the mechanistic details of this process
remain obscure (Pestova 2006). Tethering experiments have demonstrated that
the crucial interaction between the 43S complex and the ‘activated’ mRNA is
between eIF3 and eIF4G (De Gregorio et al. 1999). Subsequently, this complex
2

starts 5’ to 3’ scanning of the mRNA that encompasses the following processes:
mRNA unwinding, ribosomal transit of the mRNA, non-start codon rejection and
start codon recognition (Pestova 2006). It is known that eIF1 is crucial for all of
these functions, at least in an in vitro system with purified components (Pestova
and Kolupaeva 2002). Importantly, this 43S complex is capable of scanning
unstructured 5’UTRs in vitro, but even minor alterations in sequence that
increase the secondary structure of the mRNA block this capacity (Pestova and
Kolupaeva 2002). Both eIF4A and the central portion of eIF4G and are required
to traverse structured 5’UTRs (Pestova and Kolupaeva 2002; Poyry et al. 2004).
The next step of initiation is start codon recognition by the anticodon loop
of the tRNAimet. Once this eIF1-dependent process occurs (the complex is now
referred to as the 48S initiation complex), the GTP bound to eIF2 is hydrolyzed
and the ‘large’ 60S ribosomal subunit joins the 40S, resulting in a translationally
competent 80S complex, now devoid of initiation factors (Pestova 2006).

3

Figure 1. A schematic overview of Eukaryotic translation initiation. Please see
text for details. Adapted from (Mathews 2006).
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1A-3. (Near) Universal cis-elements in mRNAs
Almost all mRNAs transcribed in the nucleus contain a 5’ terminal m7Gcap and a 3’ poly(A) tract that is between 50 and 300 adenosines in length; the
major exception are histone mRNAs, which lack a poly(A) tail but contain
functionally equivalent 3’ terminal stem loops.

The m7G-cap is important for

translation initiation and while the poly(A) tail can stimulate translation, it primarily
functions in mRNA stability. The m7G-cap is bound by the cap-binding protein
eIF4E, and the poly(A) tail is bound by poly(A)-binding protein (PABP) and both
of these factors interact with eIF4G. This collection of binding events is thought
to approximate the mRNA termini (Tarun and Sachs 1996; Wells et al. 1998),
and results in several measurable outcomes that may account for increased
protein output by mRNAs that contain both the m7G-cap and poly(A) tail:
increased eIF4F affinity for the m7G-cap, increased mRNA stability, and perhaps
more efficient ribosome recycling to the same mRNA (Mathews 2006).

1A-4. Additional cis-acting elements that influence translation
There are several classes of mRNA sequences that impact protein
synthesis. These regulatory elements include (but are not limited to) terminal
oligopyrimidine (TOP) sequences, internal ribosome entry sites (IRES), upstream
open reading frames (uORFs), structured RNA hairpins, miRNA binding sites,
RNA binding protein sites, and AU rich elements (AREs).

The latter three

typically reside in 3’UTRs. Focus will be on IRES elements and miRNA binding
sites.
5

1A-5. Viral IRES translation
IRES translation is defined as translation initiated internally, i.e., distal of
the 5’ m7G-cap.

This non-canonical translation initiation, therefore, does not

require the cap binding protein, eIF4E.
Although some viruses encode co-factors necessary for other steps of
their life cycle, they are ultimately dependent on host ribosomes for viral
translation. Moreover, viruses have adapted means to both severely diminish
host cell translation and / or ensure preferential translation of viral RNA. Several
RNA viruses have an IRES structure in the 5’UTR of their genome and as a
result abrogate the need for some or most host initiation factors.
The first IRES was discovered in the picornaviral genomes of
encephalomyocarditis virus (EMCV) and poliovirus (PV; Jang et al. 1988;
Pelletier and Sonenberg 1988). Subsequent studies have identified IRESs in
some cellular mRNAs, particular mRNAs with a role in differentiation or the stress
response [for a review see (Elroy-Stein 2006)].

Suspected IRES sequences

must mediate translation (internally) of a downstream cistron when appended in
bicistronic constructs to be confirmed as an IRES. Such tests are not entirely
confirmatory, as some putative IRESs have been found to contain confounding
elements such as cryptic promoters (Bert et al. 2006). Intriguingly, despite high
IRES sequence conservation between species, there is no overt sequence or
structural similarity between IRES classes (Fig. 2).

6

There are four classes of viral IRESs: Type 1 (including PV); Type 2
(including EMCV); Type 3 or Hepatitis C Virus (HCV)-like (including HCV); and
Type 4 (including Cricket paralysis virus; CrPV; Hellen 2009; Fig. 2). They are
classified according to their distinct initiation factor requirements, with the
exception of Type 1 and 2, which both require all initiation factors except eIF4E.
Both type 1 and type 2 IRESs bind eIF4G, which leads to 40S recruitment via the
eIF3-eIF4G interaction as in cap-dependent translation (de Breyne et al. 2009;
Kolupaeva et al. 1998). As 40S binding occurs near the initiation codon, no
scanning occurs on Type 2 IRESs, thus the distinction between Type 1 and Type
2. Type 3 IRESs require the ternary complex, along with eIF3; these IRESs
make direct contact with both eIF3 and the 40S ribosomal subunit (Kieft et al.
2001; Fig. 2). Translation initiated by the CrPV IRES, which is representative of
Type 4 IRESs, is most divergent from the canonical initiation pathway, as it solely
requires the 40S subunit (Jan and Sarnow 2002).

7

Figure 2. Classes of viral IRESs. They are divided by initiation factor
requirement and mechanism. From (Hellen 2009).

8

Figure 3. Domains (depicted in nucleotides) II-IV of the HCV IRES. The start
codon is underlined (domain IV). The IRES makes direct contacts with both the
40S subunit and eIF3. From (Mathews 2006).

9

The structure and mechanism of translation initiation employed by the
HCV IRES has been studied in the most detail (Fig. 3). While the 40S subunit
makes contact with most of the IRES (Pestova et al. 1998; Kieft et al. 2001), eIF3
contacts are localized to domains IIIa, b, and c (Buratti et al. 1998; Pestova et al.
1998). The stepwise progression of the HCV IRES translation begins with 40S
subunit binding to the IRES, followed by eIF3 binding to the IRES and ternary
complex binding to 40S, then 60S joining and initiation factor evacuation (Otto
and Puglisi 2004).

1B. Mechanism of miRNA action

1B-1. Overview of Methodology
Distinct methods have been used to dissect how miRNAs repress
expression of their mRNA targets. Two primary methods employed initially were
sucrose gradient density fractionation and appendage of various 5’ and 3’ ciselements on reporter mRNAs. Fractionation allows for analysis of sedimentation
profiles of both ribosomes and mRNAs.

Because translation initiation is

generally accepted to be rate-limiting (thus when an mRNA co-sediments with
one ribosome, it is assumed to be at the start codon) and an increase in the
number of ribosomes with which an mRNA co-sediments is accepted to positively
correlate with translation rate, relative mRNA shifts toward the top (lighter
fractions; fewer ribosomes) of the gradient reflects a defect in translation
initiation.
10

Addition and subtraction of the m7G-cap, non-functioning cap analogues
(A- caps), and IRESs to the 5’ end and poly(A) tails, histone stem loops (HSLs)
and miRNA binding sites to the 3’ end of reporter mRNAs allow for precise ciselement evaluation in the context of miRNA repression. It must be noted that this
is done with in vitro transcribed mRNAs and thus may account for some
disparate results observed with Pol II reporter constructs.
An important distinction between assay systems is the use (or lack
thereof) of an m7G-cap in IRES studies. Viral IRES-containing mRNAs generally
lack a 5’ cap, while all cellular IRESs translate in the presence of a 5’ m7G-cap.
Again by definition, IRES reporters translate efficiently without an appended 5’
m7G-cap, but once added, the cap can have significant effects on overall reporter
activity.

Thus, in most studies evaluating IRESs in the context of miRNA

repression in vitro transcribed reporters were used, and in some studies a cap
analog unable to initiate translation was added to IRES-driven constructs in order
to protect them from exonucleases.

1B-2. Translation Initiation
Several experimental results support the notion that miRNAs inhibit
translation initiation: a shift of repressed mRNA toward the lighter fractions of
sucrose gradients (see above); the inability of miRNAs to repress reporters
lacking the m7G-cap; and the failure of miRNAs to repress mRNAs that initiate
translation non-canonically (with an IRES). Additionally, certain proteins known
to be essential for miRNA repression (i.e., Argonaute2; Ago2) have been
11

tethered to reporter mRNAs and the distribution of the mRNA analyzed in
sucrose gradients. While many analyses have concluded that miRNAs inhibit
initiation after obtaining the aforementioned results, several have also produced
conflicting reports.

1B-2a. Polysome gradient analysis
Many initial studies made use of high endogenous let-7 miRNA levels in
Hela cells for repression analysis.

Pillai et al. reported that as compared to

control, a reporter bearing three let-7 sites co-sedimented with fewer ribosomes
in a sucrose gradient (Pillai et al., 2005). The same group later reported gradient
shifts that were consistent with initiation defects of the miR-122-target CAT-1 in
Huh-7 after stress induction and miR-122 inhibition (Bhattacharyya et al., 2006).
This phenomenon has also been reported after let-7 repression of targets daf-12
and lin-41 in C. elegans in vivo (Ding & Grosshans, 2009). The lin-4 miRNA
repressed lin-41 and lin-28 similarly (Ding & Grosshans, 2009). It was concluded
that both Drosophila miR-2 and mammalian let-7 blocked translation initiation in
vitro as differential target mRNA sedimentation based on repression status was
detected using sucrose gradient analyses (Mathonnet et al. 2007; Thermann and
Hentze 2007). Such results, however, have not been uniform as many groups
have reported no significant change in target mRNA sedimentation profile (see
below). Indeed, dissimilar sucrose gradient analyses have shaped the miRNA
mechanism debate.

12

1B-2b. IRES element analysis
Attempts to dissect miRNA mechanism have also employed templates
that initiate translation via an IRES. Such constructs do not require eIF4E by
definition, and IRESs can further be subdivided in accordance with initiation
factors required for translation initiation (Fig. 2).
Pillai et al., using let-7 target site reporters repressed by endogenous let-7
in Hela cells, found that let-7 was unable to repress either EMCV or HCV IRESdriven uncapped reporters (Pillai et al. 2005). While the synthetic duplex CXCR4
transfected into Hela cells alongside corresponding target reporters repressed
m7G-cap-driven transcripts, it was unable to repress EMCV IRES-driven
transcripts (Humphreys et al. 2005). Because the EMCV IRES solely lacks the
need for eIF4E, the authors concluded that this initiation factor is targeted by
miRNAs.

lin-41 miRNA target sites in the 5’ and 3’ UTR were functional in

capped HCV IRES-driven reporters, although this study also reported results that
varied with transfection method (Lytle et al. 2007). Conclusions regarding the
ability of miRNAs to repress protein output from IRES reporters have been
contradictory. Consistently, however, IRES constructs were not susceptible to
miRNA repression unless appended with a m7G-cap. It is often inferred that the
inability of miRNAs to repress IRES-driven constructs suggests that miRNAs
repress translation initiation.

1B-2c. 5’ m7G-cap analysis

13

Delineating the role of the m7G-cap in miRNA repression generally
involved analysis of transcripts lacking a m7G-cap or alternatively appended with
a non-functional cap analog. Uncapped or A-capped reporters translate ~100fold

less

efficiently when

transfected

into

cultured

cells,

complicating

interpretations of results obtained using these reporters (Humphreys et al. 2005).
In vitro such effects are muted, and thus analysis of the m7G-cap in miRNA
repression may be more effectively studied in such systems (Mathonnet et al.
2007).
The vast majority of evidence gathered from various in vitro systems
designed to assay miRNA mechanism supports a role for miRNAs inhibiting
translation initiation.

Various Drosophila (Thermann and Hentze 2007) and

mammalian (Wang et al. 2006; Wakiyama et al. 2007; Mathonnet et al. 2007) cell
free systems directly implicate the m7G-cap in miRNA repression, as reporters
containing the cap analog are not repressed. In the Krebs 2 mouse ascites
extract, addition of exogenous eIF4F (which contains eIF4E) could rescue
repression, further implicating translation initiation and potentially the m7G-cap
(Mathonnet et al. 2007). The involvement of the m7G-cap in miRNA repression is
convincing in part because such diverse in vitro extract systems (Drosophila
embryo lysate, rabbit reticulate lysate, HEK293 cell extract, and Krebs2 ascites
cell extract) detail similar repression requirements for the m7G-cap.

1B-2d. miRNA inhibition of discrete steps in translation initiation

14

Several reports implicated novel miRNA mechanisms involving particular
steps in translation initiation. Kiriakidou et al. proposed that (via two aromatic
residues), Ago2 competes with eIF4E for binding to the m7G-cap of repressed
miRNAs [(analogous to those in eIF4E; Kiriakidou et al. 2007)]. This model has
come under scrutiny recently as both the function of analogous residues in
Drosophila Ago1 (homologous to mammalian Ago2; Eulalio et al. 2008), and the
structural analysis used to make this conclusion (Kinch and Grishin 2009) have
been questioned. miRNA repression was ablated upon knockdown of eIF6, a
60S ribosomal subunit component which prohibits indiscriminate ribosomal
subunit joining (Chendrimada et al. 2007). This result was not repeatable in
insect S2 cells (Eulalio et al. 2008) and as eIF6 is also involved in ribosome
biogenesis (Miluzio et al. 2009), other interpretations of this result are possible
(Filipowicz et al. 2008). As mentioned above, several studies have concluded
that miRNAs block either 40S ribosome recruitment and/or 60S joining.
Numerous impairments (i.e., start codon recognition, scanning) may present as a
40S or 60S defect, and as such, these observations do not precisely pinpoint a
crucial miRNA mechanistic lever.
Taken together, the above observations illustrate the unambiguous
necessity of the m7G-cap in miRNA repression.

The likelihood that miRNAs

impair translation initiation increases as data continues to substantiate this
notion.

15

Figure 4. Potential mechanisms of miRNA repression. Proposed models are
not necessarily mutually exclusive. See text for additional details. From
(Filipowicz et al. 2008).
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1B-3. Post-initiation steps in translation
The founding miRNA papers describing the action of let-7 and lin-4 in C.
elegans concluded that they blocked translation at a step after initiation (Olsen
and Ambros 1999; Seggerson et al. 2002; Fig. 4). This interpretation is based on
a lack of significant target mRNA degradation, lack of a shift of target mRNA in a
sucrose gradient, and a decrease in total protein levels. As miRNA mechanistic
analyses were extended to cultured mammalian cells, a few groups with similar
results arrived at comparable conclusions (Petersen et al. 2006; Nottrott et al.
2006) using reporters with miRNA target sites.

miRNAs co-sediment with

polysomes (Olsen and Ambros 1999; Kim et al. 2004; Nelson et al. 2004; Nottrott
et al. 2006) and this observation is often cited as support for a post-initiation
model. However, without additional complementary polysome data (i.e., miRNAmRNA interaction status, translation status of target mRNA), such conclusions
are perhaps premature.
The ability of the artificial CXCR4 miRNA to repress IRES-driven
translation of the second cistron of a dicistronic reporter also supports the postinitiation model (Petersen et al. 2006). Although several controls were used in
the study, dicistronic constructs may contain confounding elements such as
cryptic promoters and are thus not ideal for such studies (Kozak 2005). Nottrott
et al. proposed a ‘nascent peptide proteolysis’ model, citing a lack of repressed
mRNA shift in sucrose gradients and experiments that caused ribosome ‘run-off’
after a translation initiation block, but did not identify the responsible protease.
17

There are limited occasions where mRNAs are regulated at a postinitiation step in translation (Gebauer and Hentze 2004). As such, there has not
been extensive study on the subject. The above models and conclusions also
suffer from precise mechanistic definition and the lack of positive data used in
their assemblage.

1B-4. mRNA degradation
mRNAs typically undergo progressive poly(A) tail shortening until the now
oligo(A) tail reaches a critical length, after which decapping and 5’ to 3’
exonucleolytic decay occurs.

In stark contrast to gene silencing by perfectly

complementary siRNAs, where the target mRNA is cleaved by Ago2, miRNAs
have been widely demonstrated to steer mRNA targets to the deadenylation /
decapping pathway (Standart and Jackson 2007; Fig. 4).
Individual miRNA expression modulations in cell culture typically lead to
changes in target mRNA levels (Lim et al. 2005; Linsley et al. 2007; Krutzfeldt et
al. 2005). Additionally, a significant portion of the transcript pool is altered after
inhibition of individual miRNA pathway factors (Schmitter et al. 2006; Eulalio et
al. 2007b). These studies are useful for depicting an overview of transcript pool
status, but must be carefully interpreted and transcripts individually verified to
confirm direct miRNA effects.
Initial experiments in C. elegans did not find significant decay of repressed
mRNA (Olsen and Ambros 1999; Seggerson et al. 2002), although subsequent
studies using the same empirical system found exactly that (Bagga et al. 2005).
18

Several groups have demonstrated target mRNA deadenylation in mammalian
cell culture using individual miRNAs (Wu et al. 2006; Beilharz et al. 2009). This
phenomenon is most widespread in developing zebrafish, as miR-430 induced
deadenylation of several hundred mRNA targets (Giraldez et al. 2006).
In vitro systems recapitulating miRNA repression display target mRNA
deadenylation, although the relationship between translational repression and
mRNA deadenylation differs (Wakiyama et al. 2007; Fabian et al. 2009). It must
be noted that Wakiyama et al. overexpress the deadenylation-promoting factor
GW182 in preparation of their extract.
A clearer view of target mRNA deadenylation emerges after comparison of
data from varied systems. By comparing affected mRNA transcript pools of cells
depleted of either Dm Ago1 or CCR4-NOT deadenylase components, (Eulalio et
al. found ~60% overlap, further implicating the deadenylation pathway (Eulalio et
al. 2009a). The interactions of both Ago1-GW182 in Drosophila (Eulalio et al.
2008), and analogously Ago2-TNRC6 (Trinucleotide Repeat Containing 6) in
humans (Chen et al. 2009) are essential for this deadenylation. In the Krebs 2
ascites extract, both PABP and its interaction with TNRC6 were required for
deadenylation (Fabian et al. 2009).

After analyzing data from reporters with

tethered Ago2 or TNRC6, (Chen et al. 2009) proposed a model involving
progressive poly(A) shortening involving both the CCR4-NOT and Pan2/3
deadenylase complexes.

However, another report identified the CCR4-NOT

complex alone as mediating miRNA-directed deadenylation (Piao et al. 2010).
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miRNA targets are also clearly decapped, as knockdown of the decapping
enzymes DCP1 or DCP2 (Rehwinkel et al. 2005; Behm-Ansmant et al. 2006)
inhibits miRNA-mediated degradation of target mRNAs. Moreover, a screen in
Drosophila S2 cells identified Ge-1, a decapping activator, as being required for
miRNA repression (Eulalio et al. 2007b). After initially not garnering significant
support, it is now clear that mRNA degradation / deadenylation is the most
consistently observed outcome of miRNA targeting.

1B-5. The correlation between translational repression and mRNA
degradation
While it is widely accepted that miRNAs can elicit translation repression,
mRNA degradation, or some combination thereof, both the order of these events
(when both occur) and their interrelatedness remain unclear.

It is becoming

increasingly clear, however, that the two outcomes can be independent.
The most widely used mechanism to dissect the contributions of mRNA
degradation and translation to repression is to simply inhibit translation (usually
with the elongation inhibitor cycloheximide) and test for target mRNA decay (Wu
et al. 2006; Eulalio et al. 2007b). These reports found target mRNA degradation
in the absence of translation (at least for some targets), arguing both for the
primacy and independence of degradation in repression.

Additionally, it has

been demonstrated both in Zebrafish embryos (Giraldez et al. 2006) and in vitro
(Fabian et al. 2009) that reporters containing the non-functional cap analog (and
thus not recruiting eIF4F) can be deadenylated in a miRNA-dependent manner.
20

Alternatively, insect cells depleted of deadenylase components impeded decay,
but not translation inhibition, directed by GW182 (Behm-Ansmant et al. 2006).
Clearly, deadenylation and translation inhibition can both be key events in
miRNA-mediated repression. When both occur on a particular mRNA, it is likely
that the interplay between translation and mRNA decay is target specific and
depends on the mRNP state prior to Ago-miRNA binding.
The temporal ordering of repressive events has been slow to emerge as
most investigations have focused on one time point after repression has been
established. Chronology has been best studied in vitro, where either translation
repression occurred first (Fabian et al. 2009) in Krebs 2 extract or simultaneously
with mRNA degradation (Wakiyama et al. 2007) in HEK293 cell extract. One
recent study in mammalian cell culture demonstrated deadenylation prior to
translation inhibition (Beilharz et al. 2009).

Therefore work remains to fully

elucidate the discrete order of repressive events.

1B-6. Subcellular redistribution of miRNA-targeted mRNAs
Processing bodies (P bodies) are sites of mRNA decay that contain high
concentrations of decapping and deadenylation enzymes (Balagopal and Parker
2009).

In addition to these factors, P bodies also contain Ago proteins and

GW182 (Meister et al. 2005; Pillai et al. 2005), although this has recently been
called into question (Gibbings et al. 2009). Additionally, both miRNAs and their
respective mRNA targets co-localize to P bodies, the latter in a miRNA21

dependent manner (Liu et al. 2005; Pillai et al. 2005).

The only study that

quantified the amount of repressed mRNA in P bodies arrived at ~20% (Pillai et
al. 2005). While knockdown of several individual components of P bodies (i.e.,
DCP1) disrupts miRNA repression (Rehwinkel et al. 2005), the formation of these
cytoplasmic granules is not required for miRNA activity (Eulalio et al. 2007a). P
body formation appears to occur as a consequence of miRNA silencing, as
blocking the miRNA pathway at any step prevents their formation (Eulalio et al.
2007a; Pauley et al. 2006).
Interestingly, one target mRNA (CAT-1) shuttled from P bodies to
polysomes and back (Bhattacharyya et al. 2006). The redistribution of this miR122 target was dependent on a HuR binding site, implicating additional RNAbinding proteins in miRNA repression. Thus, while involved in miRNA repression
based on localization data, the exact function of P bodies in miRNA repression
remains to be revealed. They most likely serve to compartmentalize repression
when miRNA activity is high, and / or function as repositories from which
repressed mRNAs can re-enter the translation pool (Fig. 4).

1B-7. miRNA-mediated shifting of mRNP composition
An mRNA competent for translation is bound to eIF4E, eIF4G, and PABP,
and by definition is free of decay enzymes.

Unless stored for subsequent

translation (Bhattacharyya et al. 2006), the end result of miRNA repression is
most likely a fully degraded (i.e., decapped and deadenylated) mRNA.

The

transition between these two RNP states certainly involves numerous steps and
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intermediates that are defined by distinct protein-protein and protein-RNA
interactions.
It is well established that Ago, in complex with a mature miRNA, binds
target mRNAs.

Ago interacts with GW182 / TNRC6 to mediate repression.

GW182 / TNRC6 must interact with PABP to mediate silencing (Jinek et al. 2010;
Fabian et al. 2009; Lazzaretti et al. 2009; Zipprich et al. 2009). In Drosophila,
GW182 effectively competed with eIF4G to bind PABP (Zekri et al. 2009), which
would de-circularize the mRNA. PABP was subsequently shown to interact with
components of the CCR4-NOT complex (Zekri et al. 2009). Moreover, in the
Krebs 2 mouse ascites extract, addition of exogenous eIF4F (which contains
eIF4E, eIF4A, and eIF4G) could rescue repression, presumably by shifting the
repressed mRNP toward a state that favored translation (Mathonnet et al. 2007).
Taken together, these findings suggest a fluid mRNP that changes from
translationally competent (eIF4E-eIF4G-PABP) to one favoring deadenylation
(Ago-TNRC6/GW182; PABP-CCR4/NOT). The precise order of interactions and
their respective effects on mRNA status remains to be established.

1C. RNAi-Induced Silencing Complex (RISC)
Culmination of miRNA biogenesis results in formation of a complex that
contains a mature, single stranded small RNA bound to an Argonaute (Ago)
protein. These complexes then combine with additional protein components to
form effector RNP complexes, termed RISC.
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RISC was first described

containing siRNAs and so called siRISC minimally contains an Argonaute protein
bound to a single stranded siRNA (Rivas et al. 2005).

Subsequently, RISC

containing miRNAs (miRISC) was described. While a multitude of proteins have
been found to associate with various components of RISC and some entire RISC
complexes purified biochemically (Caudy and Hannon 2004; Hock et al. 2007;
Landthaler et al. 2008), the only components sufficient for miRISC effector
function are GW182 / TNRC6 (Eulalio et al. 2008; Lian et al. 2009).

1C-1. Argonaute proteins
The first Argonaute protein was described in a mutant plant with leaves
that resembled a small squid – ‘the greater argonaute’ (Hutvagner and Simard
2008).

Argonaute homologs were subsequently identified in bacteria, archaea,

and eukaryotes (Hutvagner and Simard 2008).

They are divided into three

classes: Argonaute-like, P-element induced wimpy testis (Piwi)-like, and wormspecific group 3 argonautes (Hutvagner and Simard 2008). Piwi-like proteins
bind so called piRNAs and function in transposon silencing in germline cells
(Halic and Moazed 2009). Argonaute family members are hallmarked by PiwiArgonaute-Zwille (PAZ) and PIWI domains (Hock and Meister 2008; Fig. 5).
Argonaute proteins also contain Middle (MID) domains (Fig. 5). PAZ domains
are responsible for binding single stranded small RNAs (Hock and Meister 2008).
PIWI domains contain catalytically active residues and are homologous to RNase
H effector domains (Hutvagner and Simard 2008). Indeed, the PIWI domain
alone bound with a small RNA can direct cleavage of a target (Miyoshi et al.
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2005). It was recently proposed that the MID domain of Ago2 contains a m7Gcap binding motif analogous to eIF4E (Djuranovic et al. 2010; Kiriakidou et al.
2007), although the validity of this phenomenon has been questioned (Eulalio et
al. 2008; Kinch and Grishin 2009).
The number of Argonaute family members differs substantially between
organisms, with eight in humans and 27 in C.elegans (Hock and Meister 2008).
Focus will be on the Argonaute-like members: Hs Ago1-4; Dm Ago1; and where
applicable Ce Alg1-2. Much of the mammalian research has focused on Ago2.
However, as a great deal of what is understood about Argonaute proteins and
miRNA mechanism comes from genetic and biochemical work in Drosophila, it is
crucial to note that Dm Ago1 directs miRNA repression, while Dm Ago2 controls
RNAi.
In addition to binding miRNAs, the four Argonaute-like human proteins (Hs
Ago1-4) bind TNRC6B and TNRC6C (human GW182 paralogs; Baillat and
Shiekhattar 2009; Fig. 5). Residues in the Ago MID domain (Eulalio et al. 2008)
and C-terminal region (Lian et al. 2009) have been shown to be important for this
interaction. Human Argonautes differ with respect to their catalytic site. While
both Ago2 and Ago3 have retained their catalytic residues, only Ago2 can cleave
target mRNAs (Hutvagner and Simard 2008), although this is not the mechanism
whereby it induces miRNA repression.

Three Argonautes (Ago2-4) repress

translation when tethered to reporters (Pillai et al. 2004). Ago1 and 4 have most
likely lost their catalytic residues required for mRNA cleavage (Tolia and Joshua-
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Tor 2007). An additional function of Ago proteins is to degrade the passenger
strand of the original miRNA duplex (Hutvagner and Simard 2008).
Recently, two reports have detailed a substantial number of Hs Ago
interactions using immunoprecipitation procedures (Hock et al. 2007; Landthaler
et al. 2008).

Both similarly demonstrate that Ago interacts with many RNA

binding proteins and helicases and exist in three protein complexes in human
cells (Hock et al. 2007; Landthaler et al. 2008). One complex was identified as
the RISC Loading Complex (RLC; containing Dicer; a RISC precursor); another
contained 40S ribosomal subunit proteins; the last contained 60S proteins
(Landthaler et al. 2008). All three complexes contained miRNAs (Landthaler et
al. 2008; Hock et al. 2007).
Functional redundancy of Ago1-4 is suggested due to the very similarly
bound mRNA pool (Landthaler et al. 2008).

Even so, their precise roles in

miRNA repression have not been determined and several lines of evidence
suggest they may differ. Catalytic residue divergence and Ago2 solely retaining
cleaving activity, the plethora of mechanistic observations (see above), and
functional distinction in Drosophila (Ago1 vs. Ago2) intimate that further
dissection of individual Ago function may be warranted.

1C-2. GW182/TNRC6 proteins
GW182 / TNRC6 was initially identified using autoimmune serum from a
human patient with sensory and motor neuropathy (Eystathioy et al. 2002). The
protein was named for both its molecular weight and the presence of multiple
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domains consisting of glycine and tryptophan repeats (Eystathioy et al. 2002).
Moreover, the serum stained discrete cytoplasmic foci that did not overlap with
any known subcellular compartment. The foci were subsequently named GW
bodies and were later found to overlap with mammalian P bodies (Eystathioy et
al. 2002).

Multiple screens from worms, flies, and humans identified an

interaction between GW182 and Argonaute and the necessity of both GW182
and its interaction with Ago in miRNA repression (Eulalio et al. 2009c).
There are three human GW182 paralogs in humans: TNRC6A, B, and C
(Fig. 6). Drosophila has one (Dm GW182) and C. elegans has two GW182
homologs, Ce AIN-1 and Ce AIN-2. The domain structure is similar between
human and Drosophila homologs; the worm proteins only contain the N-terminal
GW repeat domain (Fig. 6). The N-terminal GW domain is responsible for Ago
binding, with a small ‘hook’ region near the C-terminal portion of this domain
being sufficient for binding (Till et al. 2007; Fig. 5, 6). The central region of the
protein consists of a ubiquitin-like domain and a Q-rich region (Eulalio et al.
2009c). Localization of GW182 to P bodies is dependent on both the N-terminal
GW domain and the Q rich region (Behm-Ansmant et al. 2006), but this function
is not required for GW182 to mediate miRNA repression (Zipprich et al. 2009;
Lazzaretti et al. 2009). An RRM resides in the C-terminal portion of the protein
(Fig. 6), although structural analysis suggests that this RRM does not bind RNA
(Eulalio et al. 2009b). The very C-terminal portion of human TNRC6 (after the Qrich region) is sufficient to mediate repression via tethering and has been dubbed
the ‘silencing domain’ (Zipprich et al. 2009; Fig. 5, 6). This region of both human
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and insect GW182 was subsequently shown to bind PABP (Fabian et al. 2009;
Zekri et al. 2009; Fig. 5, 6).
The exact function of GW182 / TNRC6 in miRNA repression remains
elusive,

although

it

affects

both

translational

repression

and

mRNA

deadenylation induced by miRNAs (Eulalio et al. 2009c; Ding and Han 2007). It
acts downstream of Ago in the miRNA repression pathway due to its ability to
mediate silencing independently of Ago in tethering assays (Zipprich et al. 2009;
Lazzaretti et al. 2009). Moreover, GW182 is not required for upstream steps
such as Ago-miRNA binding or loading onto targeted mRNAs (Miyoshi et al.
2009). Recently it was shown that GW182 could only co-precipitate with miRNAs
after knockdown of CCR4-NOT deadenylase complex component NOT1 (Zekri et
al. 2009), suggesting that GW182 may function to mediate deadenylation.
Concordant with this hypothesis, GW182 binds PABP (see above), which
interacts with multiple components of this deadenylase complex (Zekri et al.
2009) and the poly(A) tail.
GW182 / TNRC6 proteins are essential components of the miRNA
repression pathway and are emerging as scaffolding factors that perform multiple
tasks.

Although the rapid delineation of individual GW182 / TNRC6 domain

contributions to miRNA repression has provided some insight, it is likely that
additional interactions and functions await discovery.
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Figure 5. Domain organization of Ago2, GW182, and PABP. Binding sites
relevant to miRNA repression are depicted. From (Fabian et al. 2010).
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Figure 6. Dm GW182, human (Hs TNRC6), and worm (Ce AIN) homolog
domain organization. The PAM2 domain that interacts with PABP is located just
proximal to the Q-rich domain in the C-terminal region of GW182 and TNRC6.
Notably, the worm homologs solely contain a homologous Ago-binding domain.
From (Eulalio et al. 2009c).
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1C-3. miRISC-associated proteins
Additional proteins involved in miRNA-mediated silencing generally fit one
of the following criteria: those that interact with a component of the ‘core miRISC’
(i.e., Ago and / or GW182), and those that affect repression levels.

Such

relationships have been discovered by biochemically purifying RISC, large scale
immunoprecipitation experiments, and genetic screens for miRNA activity
modulators.
Early experiments using both C. elegans and Drosophila S2 cell extracts
found several Ago2-associated proteins: the Drosophila homolog of Fragile X
mental retardation protein (FMRP) (dFXR); Vasa intronic gene (VIG) and Tudor
staphylococcal nuclease (Tudor SN; Caudy et al. 2002; Caudy et al. 2003). It
was originally thought Tudor SN was the active nuclease that cleaved target
mRNAs.

RISC components from C. elegans were found to sediment in two

distinct complexes, one ~250KDa and the other ~500KDa (Caudy et al. 2003).
Many other groups subsequently purified RISC biochemically with alternative
methods such as biotinylated siRNA purification (Rand et al. 2004), and these
efforts focused on siRISC, as its function of target cleavage was easy to detect
biochemically.
Subsequent studies in human cell lines focused on large scale
immunoprecipitation assays using epitope-tagged Ago2 (Hock et al. 2007;
Landthaler et al. 2008). Both groups found Ago2 sedimenting in three distinct
complexes, although their exact sizes were slightly different. Importantly, the
human Ago proteins and GW182 homologs (TNRC6A, B, and C), were found to
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bind similar pools of mRNAs, implying functional convergence in miRISC
(Landthaler et al. 2008).
These studies reiterated known Ago binding partners, but also identified
additional interesting interactions. Both groups found a significant number of
DEAD/DEAH

box-containing

proteins

and

heterogeneous

nuclear

ribonucleoprotein particle (hnRNPs; Hock et al. 2007; Landthaler et al. 2008).
These protein families function in almost all steps of RNA processing, and as
such their interactions with Ago proteins are not entirely surprising.

Other

interacting partners of note included mRNA binding proteins HuR, RBM4, PABP,
and the 80KDa subunit of the nuclear cap-binding protein, MIF4G (Hock et al.
2007).
In addition to core components of the miRNA biogenesis and mRNA
decay pathways (Behm-Ansmant et al. 2006), functional analysis of miRNA
activity has also yielded a plethora of proteins crucial in this regard, most notably
Rck/p54, Dnd1, and importin β-like import receptor 8 (Importin 8; Chu and Rana
2006; Kedde et al. 2007; Weinmann et al. 2009).

Rck/p54 is a DEAD box

helicase that was subsequently shown to interact with Ago1 and 2, and its
knockdown increased both general translation and miRNA-mediated repression
(Chu and Rana 2006). By keenly observing sequence conservation adjacent to
miRNA target sites in several targeted 3’UTRs, Kedde et al. demonstrated that
Dnd1 bound these sequences and inhibited repression by interfering with miRNA
binding (Kedde et al. 2007). Importin 8 bound Ago proteins and affected Ago
subcellular localization (Weinmann et al. 2009). Although knockdown of several
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individual proteins affect miRNA repression levels, none have demonstrated a
direct impact on a miRNA effector step.
The sheer number of protein interactions found for both Ago and TNRC6
indicates the complexity of the miRNA repression pathway. It is likely that varied
miRNPs (based on cis-elements specific to distinct mRNAs) affect silencing in
distinct ways.

1D. PABP
1D-1. PABP genes
Humans express five PABP proteins: cytoplasmic PABPC1, PABPC3,
iPABP (also known as PABPC4), nuclear PABPN1, and X-linked PABPC5
(Mangus et al. 2003).

The number of cytoplasmic PABP genes varies

tremendously between organisms; S. Cerevisiae and D. Melanogaster have one,
C. elegans and M. Musculus have two, and A. thaliana has eight (Mangus et al.
2003). Via RNA recognition motifs (RRMs; Fig. 7), PABP associates with the
poly(A) tails of mRNAs, leaving a 27 nt footprint. A minimum of 12 adenosines is
required for an interaction between poly(A) and PABP and this binding affinity in
vitro is 2-7nM (Sachs et al. 1987). RRMs 1 and 2 of PABPC1 bind poly(A) with
similar affinity as full length protein; however, RRMs 3 and 4 bind with 10-fold
less affinity (Burd et al. 1991).
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Figure 7. Schematic of cytoplasmic PABP organization. At top are domain
names.

Illustrated below are relevant interacting partners (with important

residues listed) of PABP. From (Mathews 2006).
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1D-2. Nuclear and mRNA export functions of PABP
Nuclear forms of PABP bind newly synthesized oligo(A) tracts of premRNAs, in mammals switching the poly(A) polymerase (PAP) to rapid and
processive synthesis (Bienroth et al. 1993).

Subsequent rounds of PABPN1

binding are thought to regulate the initial length of the poly(A) tail, 200-300 nts in
mammals (Mangus et al. 2003). Several lines of evidence suggest both nuclear
and cytoplasmic forms of PABP function in mRNA export: mRNAs are retained in
the nucleus when lacking a polyadenylation site or when polyadenylation is
inhibited (Long et al. 1995); several forms of PABP undergo nucleocytoplasmic
shuttling (Mangus et al. 2003); and both nuclear and cytoplasmic PABPs interact
with components of the nuclear pore complex in yeast (Allen et al. 2001; Uetz et
al. 2000). None of these reports, however, provide a direct role for PABP in
mRNA export.

1D-3. Roles of PABP in translation
Roles for cytoplasmic forms of PABP have been proposed in translation
initiation and termination. This is based primarily on the functions of PABP’s
various interacting partners, and its effects on translation in vitro. The stimulatory
effect on translation by PABP is independent of its roles in mRNA maturation and
decay, as PABP increased translation specifically when tethered to a nonadenylated mRNA (Gray et al. 2000; Mangus et al. 2003).
Through a site in RRM 2, PABP binds eIF4G (Fig. 7), the translation
initiation scaffolding factor that also binds eIF4E, and through these collective
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interactions the termini of mRNAs are brought into close proximity (Imataka et al.
1998). Krebs 2 extract depleted of PABP was deficient in both 40S formation
and 60S joining (Kahvejian et al. 2005).

Wild-type, but not a PABP variant

(M161A) unable to bind eIF4G, rescued this phenotype (Kahvejian et al. 2005),
demonstrating the importance of this interaction for translation.

In the same

study, PABP promoted initiation factor binding to the m7G-cap (Kahvejian et al.
2005). PABP likely stimulates translation by multiple mechanisms, as tethered
fragments that do not bind eIF4G (RRMs 3-4; Fig. 7) also enhanced translation in
Xenopus (Gray et al. 2000). Genetic evidence from yeast indirectly suggests a
role for PABP in subunit joining as mutations in genes responsible for 60S joining
affected poly(A)-containing mRNA (Searfoss et al. 2001).
The binding of eRF3, the GTPase that stimulates translation termination,
to PABP suggests a role in termination (Hoshino et al. 1999).

Conflicting

experimental evidence, however, prevents functional elucidation of this
interaction. For example, eRF3 inhibited PABP multimerization on poly(A) via
binding to the C-terminus of PABP (Hoshino et al. 1999). Adding GST-eRF3 to
in vitro translation reactions accordingly led to a decrease of reporter translation
(Uchida et al. 2002). Additionally, PABP overexpression rescued the translation
termination phenotype seen in eRF3 (sup35) deleted yeast strains (Cosson et al.
2002). Intriguingly, and independent of translation termination per se, PABP and
eRF3 exist in a closed loop mRNP state in yeast (Amrani et al. 2008).

1D-4. PABP’s influence on mRNA decay
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mRNA degradation in eukaryotes normally begins with poly(A) tail
shortening (deadenylation), decapping, and final exonucleolytic decay in either
the 5’ to 3’ (XRN1) or 3’ to 5’ (exosome) directions. All of these steps lead to a
disruption in the ‘closed loop’ mRNA configuration and also eliminate the PABPeIF4G and PABP-poly(A) tail bonds. Deadenylation occurs in two steps: initial
poly(A) reduction by the PAB-dependent poly(A)-specific ribonuclease (PAN) 2/3
complex (to ~100 adenosines), followed by further poly(A) shortening by CCR4CAF1-NOT complex (to an oligo(A)).
Multiple lines of evidence suggest that PABP affects mRNA stability.
Tethering experiments in yeast demonstrated that a fragment of PABP containing
RRMs 3 and 4 and the C-terminal domain stabilized mRNA almost to the extent
of full length PABP (Coller et al. 1998). Additionally, in vitro studies from yeast,
Xenopus, and mammalian systems firmly establish that PABP inhibits
deadenylation (Bernstein et al. 1989; Wormington et al. 1996; Ford et al. 1997;
Wang et al. 1999; Voeltz et al. 2001; Wilusz et al. 2001). Moreover, mRNA
stabilization required the PABP-poly(A) tail interaction, but not the m7G-cap,
ruling out mRNA circularization as the mechanism whereby PABP inhibits
deadenylation (Ford et al. 1997). PABP impacts deadenylase function, being
required for PAN complex function (Boeck et al. 1996; Uchida et al. 2004), while
inhibiting the deadenylating nuclease (DAN; Korner et al. 1998). Importantly, the
exact molecular interplay between PABP and the CCR4-NOT deadenylase
complex (except that they can bind; Zekri et al. 2009) has not yet been
elucidated.
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With the exception of being required for activity of the PAN deadenylation
complex, PABP serves to protect mRNAs from deadenylation and stabilize
mRNAs. PABP may be required for deadenylase recruitment, but it must be
removed to expose the poly(A) tail to the deadenylase enzymatic activity.

1E. PABP-interacting proteins (Paips)
There are a multitude of proteins that interact with PABP (Mangus et al.
2003), but only three Paips that have been conclusively demonstrated to affect
PABP function. The first class, consisting of Paip1, stimulates translation in vitro
and in vivo by increasing contacts between the 5’ and 3’ termini of mRNAs (Derry
et al. 2006).

Paip2A and Paip2B are functionally equivalent homologs that

repress translation by displacing PABP from the poly(A) tail and eIF4G (Derry et
al. 2006). All three interact with PABP through PABP binding motifs (PAMs).
Moreover, via these PAMs, Paip1 and Paip2 directly compete for PABP binding
(Khaleghpour et al. 2001b).

1E-1. Paip1
Both classes of Paips were originally identified by a combined FarWestern and cDNA expression library screening approach (Craig et al. 1998;
Khaleghpour et al. 2001b). Paip1 has significant homology to the central domain
of eIF4G and as such, interacted with eIF4A (Craig et al. 1998). Subsequent
studies demonstrated that Paip1 contained two independent PABP-binding
domains (Roy et al. 2002), and that Paip1 interacted with eIF3 (Martineau et al.
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2008).

Overexpression of Paip1 increased translation of reporter mRNAs,

presumably by increasing the number and strength of 5’ to 3’ contacts of the
mRNA (Craig et al. 1998; Martineau et al. 2008). Intriguingly, Paip1 was also
found to be a component (along with PABP, UNR, and other factors) of the major
protein-coding-region determinant of instability (Grosset et al. 2000). Concurrent
overexpression of all of these factors halted deadenylation of reporters bearing
this cis-element (Grosset et al. 2000).

1E-2. Paip2
Paip2 functions in direct opposition to Paip1 (Khaleghpour et al. 2001b).
Paip2 inhibited translation in vitro and in vivo, decreasing 80S formation in vitro
(Khaleghpour et al. 2001b).

Translation is diminished by Paip2 via two

mechanisms: decreased PABP binding to poly(A) tails (Khaleghpour et al.
2001b), and decreased PABP binding to eIF4G (Karim et al. 2006). Cell lysate
immunoprecipitated with anti-eIF4G antibody contained PABP, but not Paip2,
and lysate preincubated with GST-Paip2 decreased PABP-eIF4G co-purification
(Karim et al. 2006). As with Paip1, two distinct domains of Paip2 interact with
PABP, although importantly, only the central portion of Paip2 that binds to the
RRM

region

of

PABP

inhibited

translation

and

PABP-poly(A)

binding

(Khaleghpour et al. 2001a). Subsequent analysis identified a Paip2 homolog,
Paip2B, which displayed similar functions, yet differed in tissue distribution and
abundance (Berlanga et al. 2006). An interesting case of Paip2 regulation was
observed after PABP knockdown (Yoshida et al. 2006). After this knockdown,
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Paip2 bound to a ubiquitin ligase and was subsequently degraded.

This

mechanism likely exists to maintain levels of ‘free’ PABP.
Although PABP is an abundant cellular protein and interacts with
numerous proteins (Mangus et al. 2003), it is clear that the Paips are unique
interacting partners that regulate the activity of PABP.
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Figure 8. Interactions of Paip1 (A) and Paip2 (B) in the context of the translation
initiation complex. Paip1 increases 5’ to 3’ contacts by interacting with PABP,
eIF3, and eIF4A. Paip2 decreases these contacts by inhibiting PABP association
with eIF4G and the poly(A) tail. Adapted from (Derry et al. 2006).
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1F. microRNA-128 (miR-128)
Originally cloned from mouse brain (Lagos-Quintana et al. 2002), it was
soon discovered that there were two isoforms of miR-128, miR-128-1 and miR128-2, with the identical mature sequence mapping to chromosomes two and
three, respectively (Griffiths-Jones et al. 2008). The only significant expression
of miR-128-1 and -2 occurs in brain tissue, more specifically the frontal cortex,
midbrain, and hippocampus (Landgraf et al. 2007; Lukiw 2007). Intriguingly, both
isoforms are intronic and a recent report demonstrates dual transcriptional
control (intronic Pol III and host gene Pol II) for miR-128-2 (Monteys et al. 2010).
miR-128 expression variation has been documented in a variety of
pathologies, including Acute Lymphoblastomic Leukemia (ALL) and mouse brain
infected with mouse-adapted scrapie, where miR-128 expression is elevated,
and glioblastoma and invasive prostate cancer, where miR-128 levels are
decreased (Mi et al. 2007; Saba et al. 2008; Ciafre et al. 2005; Godlewski et al.
2008; Zhang et al. 2009; Khan et al. 2009). While promoter hypomethylation has
been determined to affect miR-128 overexpression in ALL, (Mi et al. 2007), the
mechanism behind loss of miR-128 expression in glioblastoma has not been
elucidated. However, the role of miR-128 in glioblastoma pathology is the most
extensively studied model of miR-128 function.

Although the responsible

targeting event was distinct, introducing ectopic miR-128 in glioma cell lines
decreased glioma cell proliferation. (Godlewski et al. 2008; Zhang et al. 2009).
Moreover, ectopic miR-128 overexpression decreased both neuroblastoma cell
growth and motility (Evangelisti et al. 2009).
42

A fascinating potential role for miR-128 in the regulation of general miRNA
repression has recently been reported (Wang et al. 2009).

The authors

examined pools of mRNAs immunoprecipitated with Ago2 (RIPs) before and after
overexpression of individual miRNAs.

As expected, ectopic expression of

several miRNAs led to an accumulation of putative target mRNAs in the Ago2
RIPs (Wang et al. 2009). However, miR-128 did not cause the predicted accrual
of target mRNAs.

Surprisingly, miR-128 expression led to a vacation of

endogenously targeted mRNAs (Wang et al. 2009), consistent with the idea that
miR-128 inhibited targeting of other miRNAs. Some decrease in Ago2 mRNA
and protein levels was put forth as an attempt to explain this unexpected mRNA
redistribution; the effects however, were minimal (~10%) (Wang et al. 2009).
Furthermore, Ago2 is not a predicted target of miR-128 (Lewis et al. 2005).
While altered expression of the brain-enriched miR-128 has been
documented in several pathological conditions, potential etiology in a disease
process has only been put forth in glioblastoma.

Intriguingly, miR-128 may

generally affect repression caused by other miRNAs, and as such would
represent another level of miRNA regulation.
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2. Experimental Procedures

2A. Cell culture and transfections
HEK293T (293T) and Hela cells were maintained in DMEM supplemented
with 10% FBS and non-essential amino acids. SH-SY5Y cells were maintained
and differentiated according to (Evangelisti et al. 2009).

Briefly, ATRA was

added at a final concentration of 10 µM and replaced every 48 hours. At the end
of nine days, cells were processed.

All transfections were carried out using

Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions.

2B. Plasmid constructs
pCMV-miR-21 and pCMV-miR-30 were obtained from B. Cullen (Duke
University) and have been described previously (Zeng et al. 2003). The 8x miR30 sites 3’ UTR was PCR-amplified from pCMV-target-30B (Zeng et al. 2003)
with

primers

5’-gagcggccgcccagtgccaaggtct-3’

and

5’-

gctctagagttaccatgggttaacgg-3’ and inserted into pTNT (Promega) containing an
RLuc cassette (Bradrick et al. 2006) using NotI and XbaI. An XhoI fragment of
the resulting plasmid was then cloned into pCI (Promega), containing an
enhancer/promoter and optimized chimeric intron for efficient expression after
DNA transfection and a T7 promoter for in vitro transcription. The BACH1 3’
UTR was PCR-amplified with primers 5’-agtggtaccacttgcattcacttccttcaaac-3’ or
5’-agtacgcgtacttgcattcacttccttcaaac-3’

and

5’-

agtgcggccgccattgttagaaaaattatattat-3’ and cloned into the existing pCI cassette
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using KpnI or MluI and a NotI restriction site. miR-155 was cloned into pBC12
(Zeng

et

al.

2003)

using

PCR

amplification

with

primers

5’-

agcctcgatcccagtgaccagattatg-3’ and 5’-tatctcgagggtggcacaaaccaggaagg-3’ from
template plasmids provided by B. Cullen (Duke University; Gottwein et al. 2007).
Reporter constructs containing the full-length HCV IRES or a subdomain IIIf
deleted IRES were described previously (Bradrick et al. 2006). The 5’ UTRs of
both constructs were PCR amplified using primers 5’-attctcgaggccagccccctgatg3’ and 5’-tcggttggggagttgttcatttttga-3’. The PCR products were ligated into pCI
containing the RLuc cassette and appropriate 3’ UTR. The 8x miR-30 sites were
PCR

amplified

using

primers

5’-cggtcgactctagagttaccatggg-3’

and

5’ataagcttaggtaccacgcgtgaatt-3’ and cloned into c-myc and SL-c-myc (Kaiser et
al. 2008) using SalI and HindIII sites.
miR-128 was cloned into pcDNA5 (Invitrogen) as in (Godlewski et al.
2008). The Firefly luciferase gene was cloned using XhoI and NotI from pGL3
(Invitrogen) into pCI (Promega), yielding pCI-Fluc. The Paip2 full length 3’UTR
was generated by RT-PCR of total RNA from HEK293T cells using primers 5’ttacgcgccgcgtagacggggcc-3’ and 5’-gcgctctagacgtcagttctactattatttatt-3’.

The

resulting PCR product was digested with XbaI and NotI and cloned into pCI-Fluc
downstream of FLuc ORF.

Nucleotide changes in the Paip2 3’UTR were

introduced using the QuikChangeII (Stratagene) kit and primer pairs 5’gtggatgtagcacaatttccacactcacaaggcagtattagaagacttaattg-3’

and

5’-

caattaagtctaatactgccttgtgagtgtggaaattgtgctacatccc-3’ for Paip2 s1 and/or 5’cttaattgtaaaagctctcttgtcactcacttacacttatgcattgccaaagttttt-3’
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and

5’-

aaaaactttggcaatgcataagtgtaagtgagtgacaagagagcttttacaattaag- for Paip2 s2.

In

Paip2 3’UTR reporter assays, an Rluc construct used as a transfection control.
HA-TNRC6C-∆1370 was kindly provided by W. Filipowicz (FMI, Basel,
Switzerland). All clones were verified by sequence analysis.

2C. Primer extension
Primer extension was performed as described previously (Zeng et al.
2003). Briefly, confluent 293T cells were transfected with 400ng of CMV-miR-21
or CMV-miR-30 and after ~18 hrs cells were harvested and total RNA isolated
using RNeasy (Qiagen) and treated with DNase. Five µg of total RNA were then
analyzed using Primer Extension System (Promega).

The primers used to

specifically detect miR-21 and miR-30 have been described (Zeng et al. 2003).
Primer 5’-accccgagcacgattag-3’ was used to detect miR-155.

2D. In vitro transcription, RNA and DNA transfection
DNA constructs were linearized by endonuclease digestion with NotI
downstream of the 3’ UTR and transcribed in vitro with T7 RNA polymerase
using the MegaScript Kit T7(Ambion).

c-myc-8x and SL-c-myc-8x were

linearized with MluI. In vitro transcript RNAs were treated with DNase and then
purified using RNeasy (Qiagen).

Subsequently, RNAs were treated with

guanylyl-transferase (Ambion) to add an m7G-cap and polyadenylated with yeast
poly(A) polymerase (USB) where indicated. The integrity and purity of all in vitro
transcript RNAs was verified by agarose gel electrophoresis and UV
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spectrometry of the 260:280 absorbance ratio. 293T cells were co-transfected as
described (Humphreys et al. 2005) with 2nM final concentration of miR-30 duplex
(+)5’-cuuucagucggauguuugcagc-3’:(-)5’-gcugcaaacauccgaaugaaag-3’ or miR-21
duplex

(+)5’-uagcuuaucagacugauguuga-3’:(-)5’-caacaccagucgaugggcugu-3’

(IDT) and 100ng of the indicated target construct using Lipofectamine2000
(Invitrogen) according to the manufacturers instructions. Prior to transfection,
single stranded oligonucleotide RNAs were annealed. RLuc was measured 10
hrs after RNA transfection using the Renilla Luciferase System (Promega). DNA
transfections in Figure 2 were carried out as follows: for reporters with 8x miR-30
target sites, 1µg of indicated target construct, 0.5µg of pGL3 (Promega)
expressing Firefly Luc (used as a transfection control) and 25µg of pCMV-miR-21
or -30 were co-transfected into 293T cells grown in 10cm culture dishes using
Lipofectamine2000 (Invitrogen). For BACH1 3’ UTR reporters, 10ng of target
cDNA was co-transfected with 5ng pGL3 and 400ng of either pCMV-miR-21 or 155 in individual wells of a 24-well plate. Luciferase expression was measured
20 hrs post-transfection using the Promega Dual Luciferase Kit. Rluc values
were first normalized to FLuc (pGL3), then compared as fold repression (miR-21
transfected/miR-30 transfected).
For Paip2 3’UTR analysis, 293T cells were transfected with 400 ng of
either pcDNA5 or pcDNA5-miR-128, 10 ng of the indicated Paip2 construct, and
1 ng of pCI-Rluc as a transfection control. Culture media was changed 24 hours
post-transfection, and cells were lysed and analyzed using the Promega Dual
Luciferase Kit after an additional 24- hour incubation.
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For PABP immunoprecipitations and cap pull downs, control or siRNAs
directed to Paip2 were transfected into Hela cells, and cells were processed after
24 hrs. For HA-∆1370-TNRC6C IPs, control or Paip2 siRNAs or the indicated
Flag-Paip2 construct or control empty vector were co-transfected with ∆1370TNRC6C, and cells processed after 24 hrs.

2E. PABP/Paip2 over-expression and knockdown
A myc tag (5’-gagcagaaactcatctctgaagaggatctg-3’) was cloned into
pcDNA5 (Invitrogen) using oligonucleotides. The PABPC1 sequence was then
cloned into BamHI and NotI sites of this myc-tagged construct using primers 5’gcggatccatgaaccccagtgcccccag-3’ and 5’gcgcggccgcttaaacagttggaacaccggt
ggc-3’ and intein-PABP (Bradrick et al. 2007) as a template and BamHI and NotI
restriction sites. PABP (M161A) was constructed using overlapping primers
containing the mutation. GST-Paip2 has been described (Bradrick et al. 2007).
A FLAG tag was inserted into NheI-HindIII sites of pcDNA3.1 (Invitrogen) using
annealed

complementary

oligonucleotides

ctagcaccatggattacaaggatgacgacgataga-3’
agcttcttatcgtcgtcatccttgtaatccatggtg-3’.

5’-

and

5’-

The Paip2A ORF was subcloned from

the GST-Paip2 plasmid into the BamHI-NotI sites of the pcDNA3.1-Flag
construct. Paip2(F118A) mutation was introduced using overlapping PCR with
primer

pairs

5’-cgtggatccaaagactccaagtcgcagcagtactagcccaagc-3’

accccaggaacagcctcctttgcat-3’

and

5’atgcaaaggaggctgttcctggggt-3’

agtcggccgctcaaatatttccgtacttcaccccaggaac-3’.
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/

5’-

/

5’-

For the miR-30 8x target co-

transfections, 400ng of miR-21 or miR-30, 10ng of miR-30 8x target, 5ng of
pGL3, and the indicated amount of myc-PABP, Flag-Paip2 or Flag-Paip2A
(F118A) were transfected. Rluc values were first normalized to FLuc (pGL3), and
then compared as fold repression (miR-21 transfected/miR-30 transfected).
Values were then calculated as percent of control repression. For the PDCD4
analyses, 800ng of miR-21 or miR-30 along with 400ng myc-PABP was
transfected and assayed ~48 hrs post transfection.
siRNA duplexes (Qiagen) for Paip2A knockdown were used as described
in the text. Control siRNA is the “All-stars Negative Control Duplex” (Qiagen).
Briefly, the siRNAs were transfected using Lipofectamine2000 (Invitrogen) at
100nM total concentration of all siRNAs (25nM each siRNA duplex).

For all

siRNA experiments, 293T cells were seeded onto 24-well plates on day 1, and
cells were transfected with siRNA duplex(es) on day 2. On day 3, (~20 hrs posttransfection), the media was changed and cells were transfected with 400ng
miR-21 or miR-30, 10ng miR-30 8x target, 5ng pGL3 for the miR-30 8x
experiments. PDCD4 was analyzed ~20 hrs (day 4) after transfection of 1µg of
miR-21 or miR-30 on day 3.

2F. Northern blot analysis
For Northern analyses, total RNA was extracted with RNeasy columns
(Qiagen) and treated with DNase (Qiagen). The quality of the extracted total
RNA samples was verified by TAE-agarose gel electrophoresis and UV
spectrometry. Purified RNA subjected to gel electrophoresis on 1% agarose gels
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containing glyoxal and transferred from the gel to membrane [Nytran
SuperCharge (Whatman)] by passive diffusion. Hybridization with radioactively
labeled probe was carried out with ExpressHyb solution (Clontech) according to
the manufacturer’s protocol. Probes corresponded to portions of the RLuc open
reading frame generated by SfuI/XmnI digestion (corresponding to nt 10-538) or
PCR amplification with primers
gatggcaacatggtttccacg-3’.

5’-gggcggtaggcgtgtacggtggg-3’ and

5’-

Probes were labeled with [α32P]-dCTP by random

priming using the High Prime system (Roche) according to the manufacturer’s
suggestions.

miRNA Northern blot analysis was performed according to

(Gottwein et al. 2006).

The probe used to detect miR-128 was 5’-

aaagagaccggttcactgtga-3’. Each Northern blot assay was repeated at least two
times and a representative experiment is shown.

2G. Quantitative RT-PCR
293T cells were transfected as indicated, lysed with RLT buffer and
QIAshredder columns (Qiagen), then purified using RNeasy columns and DNase
treated (Qiagen).

Quantitative RT-PCR using the Plexor one step qRT-PCR

system (Promega). One hundred ng of total RNA was used in each reaction.
The primer pair to detect target RLuc mRNA was designed to span the pCI intron
and different reverse primers were used to detect m7G-cap-dependent [5’caccactgcggaccagttatca-3’] and HCV IRES-driven [5’-acaggggagtgattcatggtgg-3’]
reporters. The forward primer 5’-cgtgaggcactgggcaggt-3’ contains a 5’ dFAMisoC modification (Promega). GAPDH ReadyMade primers (IDT) were used as
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an internal control and all RLuc mRNA measurements were normalized to
GAPDH.

miRNA qRT-PCR was performed using the Taqman miRNA reverse

transcription system (Applied Biosystems) and 200ng total RNA per reaction,
followed by Taqman PCR on an ABI 7900HT. 293T cells were transfected with
800ng control or myc-PABP and 400ng of the indicated miRNA (see above).
miRNA values were first normalized to the endogenous control RNU48. miR-128
levels were first normalized to endogenous U6 levels. All assays were performed
at least three times and measurements were taken in triplicate. A representative
experiment is shown. The ∆∆-Ct method was used to compare samples (Lowe
et al. 2003).

2H. Poly(A) tail length assays
We used the LM-PAT assay basically as described to test for poly(A) tail
length (Salles et al. 1999; Clancy et al. 2007). Briefly, total RNA was extracted
from 293T cells transfected with the indicated constructs [400ng miR-21 or miR30; 10ng miR-30 8x target; 5ng pGL3 (as a transfection control); 800ng empty
vector or PABP or PABP (M161A)] using RNeasy columns (Qiagen) and DNase
treated. Paip2 knockdown experiments were performed as previously described.
Two µg of RNA was then incubated with p(dT)15 in the presence of DNA ligase at
37°C. The temperature was then lowered to 12°C and an oligo(d)T anchor was
added to the reaction.

Superscript II reverse transcriptase (Invitrogen) was

added and the reaction incubated at 42°C for at least 2 hrs. Subsequent PCR
reactions

were

carried

out

using
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Luc-specific

primer

5’-

caaatcgttcgttgagcgagttctcaaaaatg-3’ and the oligo(dT) anchor.

The GAPDH-

specific primer was 5’-tctcctctgacttcaacagcgaca-3’. pre-miR-128 and control premiRNA were obtained from Ambion.

2I. Protein analysis
Western blots were carried out essentially as described before (Dobrikova
et al. 2006). Western blot quantifications were carried out using the densitometer
function of a Fluorchem HD2 (Alpha Innotech). All PDCD4 quantifications were
first normalized to the tubulin signal. Primary antibodies used in this study were
raised

against

Paip2

(a

gift

of

N.

Sonenberg),

PDCD4

(Rockland

Immunochemicals), GAP43 (Abcam); PABP, myc, Paip2A, and tubulin (all
Sigma); HA, eIF4A, eIF4E, eIF4G, Argonaute 2, GABA(B)R1, Ras, PDCD4,
CDK6 (all Cell Signaling). Immunoprecipitations were performed as previously
described (Dobrikova et al. 2010) using HA-agarose beads (Sigma) and protein
G sepharose beads (GE Healthcare) coated with 10µg of anti-PABP antibody
where indicated.

All immunoprecipitations contained RNase A at final

concentration of 0.1mg/mL. Cap pull downs were carried out for one hour as
previously described (Dobrikova et al. 2010).

7

mG(5´)ppp(5´)G RNA cap

structure analog (New England Biolabs) was added where indicated at a final
concentration of 0.1mM.
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3. Cis-elements in miRNA-targeted mRNAs

3A. Overview
Mechanistic evaluations of miRNAs routinely use different cis-element
combinations in an attempt to dissect factors affected by miRNAs. Simply, if
miRNA repression is lost concurrent with subtraction of a particular mRNA target
cis-element (i.e., the m7G-cap), it may be inferred that this element is targeted by
miRNAs.

Viral IRES constructs have been similarly employed, often with

conflicting results. Results involving IRES constructs are biological relevant for
cellular

IRES-translating

mRNAs,

as

human

miRNAs

have

not

been

demonstrated (nor are they predicted) to target viral mRNAs. Importantly, this
type of analysis does not provide definitive mechanistic evidence, but does allow
for refinement of hypotheses and a platform for follow up analysis. Accordingly,
we chose to evaluate reporters with miRNA target sites appended with different
combinations of cis-elements, including cellular and viral IRESs.

3B. Results
We constructed target reporters containing eight artificial miR-30 target
sites in the 3’UTR (Fig. 9A). We developed the reporters from those described in
(Zeng et al. 2003). The target sites are arranged in tandem, with a single site
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containing a 3nt mismatched ‘bulge’ between miRNA and target mRNA (Fig. 9A).
To evaluate the relative importance of different cis-element combinations, we cotransfected in vitro transcribed reporters along with either targeting miR-30
duplex or control miR-21 duplex.

miR-21 has been used previously as a

negative control in miRNA studies (Zeng et al. 2003; Zeng and Cullen 2003).
Assays were carried out essentially as described (Humphreys et al. 2005).

Renilla Luciferase (Rluc) levels were measured 10 h post-transfection,
and repression levels were calculated (Fig. 9B). A reporter mRNA appended
with both a cap and a poly(A) tail was repressed approximately fivefold by miR30 (Fig. 9B). Capped, unpolyadenylated mRNA was repressed approximately
two-fold and uncapped, polyadenylated mRNA was not affected by miR-30 (Fig.
9B).

These results implicating a crucial role for the m7G-cap and a

supplementary role for the poly(A) tail are similar to previous reports (Humphreys
et al. 2005; Pillai et al. 2005).

To ascertain the effect of miRNAs on IRES-translating mRNAs, we
constructed two HCV IRES containing constructs: one containing the consensus
HCV IRES sequence and another lacking subdomain IIIf, which is essential for
40S subunit binding to the IRES (Kieft et al. 2001; Fig. 8A). As the latter lacks
40S subunit binding activity, it was used as an IRES translating control.
Accordingly, once subdomain IIIf was deleted, even in the presence of a m7Gcap and poly(A), we detected no Rluc activity from this reporter (Bradrick et al.
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2006; Fig. 9A). This demonstrates that Rluc is being translated from the HCV
IRES in our intact construct. The reporter with a m7G-cap, poly(A) tail, and HCV
IRES can be thought of as a ‘hybrid’ mRNA, capable of both canonical 40S
recruitment (through interactions between eIF4E, eIF4G, and eIF3), and direct
40S binding to the IRES.

In accord with previous observations, we did not observe repression of an
uncapped HCV IRES-translating construct, irregardless of poly(A) tail status (Fig.
9B; Pillai et al. 2005). Surprisingly, once appended with both a m7G-cap and
poly(A) tail, the HCV IRES construct was now susceptible to miR-30, being
repressed about threefold (Fig. 9B).
preclude repression by miR-30.

Therefore, the IRES structure does not

Importantly, we observed a divergence in

repression levels between cap- and IRES-driven reporters (fivefold vs. threefold;
Fig. 9B).
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Figure 9.

An m7G-cap and poly(A) tail are required for maximum miRNA-

mediated repression. (A) A schematic representation of reporter mRNAs utilized
is shown (left panel). Each reporter contains 8 tandem miR-30 target sites (black
ovals) in the 3’ UTR and either ~30nt of vector-derived sequence, the HCV IRES,
or a mutated HCV IRES lacking subdomain IIIf (indicated by an asterisk; IRESmut)
in the 5’ UTR. The predicted base-pairing between miR-30 and a single target
site is shown.

Raw RLU values for capped and polyadenylated HCV IRES

reporter mRNAs after transfection into 293T cells are shown (right panel). (B)
miR-30 repression levels of transfected mRNA constructs. The indicated mRNAs
were co-transfected with either miR-21 (non-targeting) or miR-30 (targeting)
duplex RNA and the repression levels were calculated. The non-target control
construct lacks miR-30 target sites. Error bars represent calculated values for
standard deviation.
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As the HCV mRNA is naturally uncapped (as are most RNA viruses that
contain an IRES) and unpolyadenylated, the observation that IRES-translating
mRNAs can be repressed in the presence of an m7G-cap and poly(A) tail has the
most critical implications for cellular mRNAs that translate via an IRES. Both for
this reason and to extend our analysis to include additional IRESs, we evaluated
miR-30 repression of constructs harboring the c-myc IRES (Fig. 10). The 5’UTR
of c-myc contains sequences that support translation under cellular conditions
where cap-dependent translation is inhibited (Johannes and Sarnow 1998). For
this analysis, we derived two reporters containing the c-myc IRES, one with
simply the 5’UTR (containing the IRES), the other consisting of both this element
and a stable stem loop (SL) structure upstream of the IRES. The SL blocks
ribosome scanning both in a cell free translation extract (Hundsdoerfer et al.
2005) and in Hela cells (Kaiser et al. 2008). Both constructs contained the miR30 8x sites 3’UTR.

As expected, the uncapped c-myc construct was not repressed by miR-30
(Fig. 10). Conversely, as with the HCV IRES reporter, miR-30 repressed the
capped and polyadenylated c-myc IRES construct (Fig. 10). Intriguingly, even
when ribosome scanning was blocked by the SL, miR-30 downregulated this
capped c-myc construct (Fig. 10). This result is consistent with others where
miRNAs repression was not inhibited by blockage of ribosomes in cis (Nottrott et
al. 2006; Eulalio et al. 2009a). Thus, miR-30 can repress distinct IRES elements,

58

and more importantly, this further demonstrates that addition of an m7G-cap and
poly(A) confers responsiveness to miRNAs.
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Figure 10. Analysis of c-myc IRES containing constructs. Schematic depiction
of c-myc IRES RLuc mRNAs (left panel). A stem loop (SL) was inserted adjacent
to the 5’ end of the cap-SL-myc-IRES-p(A) construct and ~200nt of vector
sequence separates the SL and IRES. Repression levels for individual reporters
are indicated (right panel). Transfections were performed in triplicate in three
separate experiments.
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3C. Discussion
Our results implicating the m7G-cap as the crucial determinant in miRNA
repression corroborates other findings (Humphreys et al. 2005; Mathonnet et al.
2007; Thermann and Hentze 2007). Indeed, it has been shown that the core
RISC component Ago2 could bind the m7G-cap through a cap-binding motif
similar to the one found in eIF4E (Kiriakidou et al. 2007). Structural analysis of
Ago proteins finds that recombinant Drosophila Ago1 (the Ago dedicated to
miRNA repression) can bind cap-sepharose; however, Ago1 also displays some
non-specific nucleotide binding activity (Djuranovic et al. 2010). Furthermore,
both the cap-binding activity of Ago2 (Eulalio et al. 2008) and the motif analysis
(Kinch and Grishin 2009) have been disputed.

Alternatively, recruitment of

decapping enzymes (by GW182 / TNRC6 for example) and subsequent removal
of eIF4E could be the initiating step in miRNA-mediated repression. This would
also explain why uncapped / a-capped reporters are not targeted.
We also demonstrate that both the m7G-cap and poly(A) tail are necessary
for maximal miRNA repression (Fig. 9). Although mRNAs lacking a poly(A) tail
can be repressed by miRNAs, its addition allows for increased repression via a
degradative mechanism (Wu et al. 2006). The necessity of both the 5’ m7G-cap
and the 3’ poly(A) tail for repression suggests that miRNAs interfere with mRNA
5’ to 3’ contacts (eIF4E-eIF4G-PABP), also referred to as mRNA ‘circularization’.
Accordingly, in Drosophila it has been shown that miRNAs can interfere with both
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the eIF4E-eIF4G and eIF4G-PABP interactions (Iwasaki et al. 2009; Zekri et al.
2009). Moreover, it has recently been reported that a critical function of GW182
is to bind PABP, although the exact contribution of this interaction to miRNA
repression has not been fully elucidated (Fabian et al. 2009; Zekri et al. 2009).
IRES constructs could be repressed by miR-30 only if affixed with a m7Gcap and poly(A) tail (Fig. 9). We failed to observe repression with an uncapped
IRES reporter, suggesting two distinct conclusions: first, that IRES translation per
se is unaffected by miRNAs; and second, an IRES element does not prohibit
miRNA repression. We also consistently observe lower repression levels for the
IRES construct (as compared to the cap-driven). This, coupled with the failure to
repress the uncapped IRES construct, implies that we are detecting distinct or
more likely compounding miRNA mechanisms.

Our observations, however,

cannot explicitly differentiate between translation and decay mechanisms.

Experiments demonstrating miR-30 repression of the c-myc IRES yield
important mechanistic insight.

In the presence of a stem loop that impedes

ribosome scanning, miR-30 retained the ability to repress a c-myc IRES-driven
construct (Fig. 10). It is therefore likely that miR-30 does not inhibit scanning, or
perhaps there is an additional mechanism (such as deadenylation) that also
affects target mRNA expression independent of ribosome status.

Investigations where ribosome recruitment or subunit joining was reported
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to be impaired by miRNAs (Mathonnet et al. 2007; Thermann and Hentze 2007),
may not be observing the initial or seminal event of repression. For instance, if
miRNAs inhibited eIF4E binding to the m7G-cap, repressed mRNA would show a
40S recruitment defect. Under this scenario, while technically blocking ribosome
recruitment, miRNAs could also induce significant decay by allowing decapping
enzyme binding to the m7G-cap. Thus it is crucial not to over interpret findings
gleaned from sucrose gradients.
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4. miRNAs inhibit translation and induce mRNA decay

4A. Overview

Because initial reports did not find a considerable impact on target mRNA
levels, studies therefore focused on stages of translation affected by miRNAs.
Subsequent analysis, however, revealed more prevalent miRNA-mediated decay
(Bagga et al. 2005; Schmitter et al. 2006; Wu et al. 2006; Wakiyama et al. 2007).
Moreover, a global analysis of miRNA impact on the proteome demonstrated that
mRNA degradation was the major outcome of miRNA repression (Baek et al.
2008).

Also confounding interpretation of miRNA mechanisms is the intimately
linked nature of mRNA stability and translation (Brown 1993). Thus on a miRNA
target template where both a decrease in total mRNA and protein are observed,
it is difficult to ascertain the initial repressive event (decay or translation
inhibition), the temporal ordering of repressive events, and the relative
contribution of decay and translational inhibition to repression.

To provide insight into these questions, we assayed protein and mRNA
levels of multiple diverse target mRNAs, including an artificial target site reporter,
an authentic 3’UTR reporter, and an endogenous mRNA.
analyzed targeting by three distinct miRNAs.
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Moreover, we

4B. Results

We initially sought to address the relative importance of mRNA
degradation and translation inhibition induced by miRNAs by again utilizing the
miR-30 system (see above). Due to the difficulty in assessing mRNA levels from
cells transfected with in vitro transcribed RNAs (Barreau et al. 2006), we moved
to transfection of DNA reporters.

Before proceeding with this analysis, we

ascertained expression levels of our exogenous miR-21 (non-targeting) and miR30 (targeting) in 293T cells (Fig. 11B). We observe robust expression of both
miRNAs in cells transfected with these constructs, indicating significant
expression above endogenous levels (Fig. 11B). Additionally, we assayed Rluc
activity of our IRESmut construct in the Pol II reporter context and found no
significant expression (Fig. 11A). This confirms that, as in our HCV IRES RNA
reporter, Rluc activity derives from IRES-mediated translation.
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Figure 11.

Expression of Pol II IRES constructs and exogenous miRNA

expression. (A) Raw RLU values for the wild-type and mutant HCV IRES Pol II
constructs are shown.

(B) Expression of miR-21 (upper panel) and miR-30

(lower panel) was evaluated by primer extension analysis. miR-21 or miR-30
expression plasmids were transfected into 293T cells and primer extension on
RNAs harvested 24 hrs later was performed. No miRNA was expressed in mocktransfected samples.
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Next we ectopically expressed both our target miR-30 8x construct along
with either targeting miR-30 or non-targeting miR-21 and calculated repression
levels (Fig. 12A). A Fluc reporter was used as a transfection control and an Rluc
reporter lacking the miR-30 target sites served as a targeting control.
Repression was measured at several intervals over the course of 48 hours (Fig.
12A). miR-30 maximally repressed both the m7G-cap- and IRES-driven reporters
at 24 hrs (Fig. 12A). Interestingly, as with the RNA reporter experiments, we
observed divergent repression levels – at 24 hrs the m7G-cap driven construct
being repressed ~2 fold higher (~14-fold vs. ~6-fold; Fig. 12A).

Target mRNA levels were next assayed under control and repressive
conditions by miR-30 by both Northern analysis and qRT-PCR at the 24 hr time
point (Fig. 12B). We detected significant mRNA decay of both the m7G-cap- and
IRES-translating constructs (~30% target mRNA remaining after repression; Fig.
12B).

Strikingly, the levels of mRNA decay of both target constructs were

indistinguishable. Therefore, in our system, similar amounts of mRNA decay are
coupled with divergent protein repression based on the mode of translation of the
target construct. As with protein repression levels, we did not observe significant
levels of mRNA decay with our target control construct (Fig. 12A).

Both in order to address the validity of artificial target site reporters and to
extend our findings with other miRNA-target mRNA combinations, we analyzed
the miR-155-mediated repression on the authentic BACH1 3’UTR. BACH1 is
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targeted by miR-155 via four binding sites in the 3’UTR (Gottwein et al. 2007).
Subsequently we created constructs containing the full length BACH1 3’UTR
downstream of the Rluc ORF (Fig. 13A). Once again, we observe significant
expression of ectopic miR-155 (Fig. 13B). We then quantified repression and
mRNA levels after miR-155 transfection in 293T cells (Fig. 13C, D). As with
artificial target constructs, different levels of protein repression correspond to
similar degrees of mRNA degradation (Fig. 13C, D). Moreover, the IRES-driven
construct is again repressed at an overall lower level when compared to m7Gcap-driven (Fig. 13C). Therefore, we recapitulate our results with an authentic
3’UTR and an additional miRNA.
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Figure 12. miR-30 mediated repression of Pol II-driven reporter constructs. (A)
293T cells were co-transfected with miR-21 or miR-30 plasmids and the indicated
reporter construct. Cells were harvested for analysis at the indicated time points.
Samples represented by darker shaded bars indicate time points used for
characterization of target mRNA integrity. A plasmid encoding FLuc was used as
a transfection control.

(B) Quantitative RT-PCR (qRT-PCR; upper panel) for

RLuc mRNA was normalized to endogenous GAPDH mRNA levels.

Target

mRNAs co-transfected with miR-21 is set to 100%. Northern blots (lower panel)
for RLuc mRNAs were performed as described in Experimental Procedures.
rRNAs from corresponding samples are shown for loading control. qRT-PCR
experiments were repeated on at least three separate occasions.
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Figure 13.

miR-155 represses cap- and IRES-driven targets containing the

authentic BACH1 3’ UTR. (A) Schematic of reporter constructs containing the
BACH1 3’ UTR with four predicted miR-155 sites (black ovals). The sequence of
mature miR-155 is shown with the seed sequence in capital letters.

(B)

Expression of miR-155 was evaluated in 293T cells by primer extension. (C)
miR-155 repression levels of the indicated constructs are shown. (D) qRT-PCR
(upper panel) and Northern blot (lower panel) analyses were performed. The (*)
indicates a background band consistently observed with the non-target control.
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4C. Discussion

Our

work

confirms

previous

observations

that

miRNAs

induce

considerable mRNA degradation in some contexts. We observe these effects
with multiple miRNAs using both artificial and authentic 3’UTR target constructs.
Similar levels of mRNA decay alongside divergent protein repression levels for
the m7G-cap- and IRES-driven constructs suggest that the IRES construct is
regulated primarily (or solely) at the level of mRNA decay. One implication of this
is that miRNAs are able to repress a target solely by degrading its transcript.
IRES translation per se is not affected by miRNAs, as we do not observe
repression when the construct lacks an m7G-cap (Fig. 9B), concurrent with
previous observations (Pillai et al. 2005). miRNA target reporters have been
analyzed in a bicistronic context, where repression was observed (Petersen et al.
2006). However, such constructs are replete with confounding variables, such as
cryptic promoter activity (Bert et al. 2006).

Certain VEGF IRESs translating

endogenous protein were repressed miR-16, but this was not tested in an
uncapped context (Karaa et al. 2009).

miRNAs clearly impact overall protein output from target mRNAs. The
question remains, however, whether miRNAs primarily act at the level of
translation (and if so, what step) or mRNA decay.

Due to the reliance of

translation on an intact (i.e., stable) mRNA and the translational competence of
71

an mRNA being linked to its decay status, there are several conceivable
scenarios.

First, miRNAs principally act either to decap and/or deadenylate

target mRNAs; these targets subsequently are translated less efficiently and are
effectively degraded.

Second, miRNAs repress translation by, for example,

removing translation factors form the mRNA, which would lead to their decay.
Third, miRNAs could inhibit a cis or trans factor that influences both translation
and mRNA degradation (i.e., the m7G-cap or PABP). Finally, there could be
distinct mechanisms that simultaneously affect both mRNA stability and
translation.

The question then becomes two-fold: which occurs first, deadenylation /
decapping or translational repression? The process affected first is most likely to
be the fundamental miRNA regulatory step.

Additionally, can miRNAs affect

protein output of a target mRNA when either decay or translation is inhibited?
This addresses the coupling of translation inhibition and mRNA degradation. If
miRNAs can affect either while the other is inhibited, then repression either
affects solely this aspect, or multiple independent miRNA effector pathways exist
that reduce both translation and mRNA stability.

Two studies have extensively addressed the temporal nature of miRNA
repression. Using Krebs 2 ascites extract, Fabian et al. demonstrate translation
inhibition (15 min after extract programming; Mathonnet et al. 2007) before
deadenylation (6 hrs post-programming; Fabian et al. 2009). Alternatively, in
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mammalian cell culture, deadenylation of target mRNAs occurs prior to
detectable translation inhibition (Beilharz et al. 2009). Thus, ordering of miRNA
repression events remains unclear.

Several experimental observations suggest that miRNAs can impact either
translation or decay independently: inhibiting translation does not block miRNAinduced deadenylation in vitro (Wakiyama et al. 2007; Fabian et al. 2009) or in
vivo (Eulalio et al. 2007b); either depletion of deadenylase components (BehmAnsmant et al. 2006) or co-depletion of both deadenylase and decapping
complex components (Eulalio et al. 2009a) did not inhibit miRNA translational
repression; and some mRNAs targets are repressed with no associated mRNA
decay (Aleman et al. 2007; Eulalio et al. 2007b).

Thus miRNAs are capable of exclusively inhibiting translation or mRNA
decay, and decreasing mRNA stability in the absence of translation.

These

aspects intimate that miRNAs can affect either translation or mRNA stability or
simultaneously both. Due to the rarity with which targeting events occur in the
absence of mRNA degradation (when only translation is targeted), and the
inability of a decapped or deadenylated mRNA to translate efficiently (when only
mRNA stability is targeted), miRNAs in most instances must affect both
translation and stability. Ultimately and importantly, consequences of miRNA
repression depend on both the cellular environment (Schmitter et al. 2006) and
initial mRNP composition (Bhattacharyya et al. 2006).
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5. Modulation of PABP activity alters miRNA repression

5A. Overview

PABP participates in many aspects of mRNA regulation reported to be
affected

by

miRNAs:

‘circularization’.

deadenylation,

translation

initiation,

and

mRNA

Furthermore, addition of a poly(A) tail significantly increased

miR-30-mediated repression (Fig. 9). These collective observations led us to
investigate a role for PABP in miRNA repression.

5B. Results

At the outset, we ectopically overexpressed a myc-tagged PABP construct
along with our miR-30 8x target construct and either miR-30 or miR-21 (Fig. 14).
Western blot analysis revealed approximately two-fold over endogenous
expression of myc-PABP (Fig. 14A). For our repression analyses, Rluc values
were again normalized to a Fluc transfection control. Repression levels upon
empty vector plasmid transfection (no myc-PABP) were set to 100%.

After

ectopic myc-PABP transfection, we noted a dose-dependent reduction in miR-30
repression (Fig. 14A).

At the highest amounts of myc-PABP expression,

repression values were down to ~40% of control (Fig. 14A). Consequently, we
concluded that elevated PABP expression counteracts miRNA function.
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To

further dissect PABP’s disruption of repression, we overexpressed a myc-tagged
version of PABP (M161A) that can no longer interact with eIF4G, but can still

bind the poly(A) tail (Kahvejian et al. 2005). While detecting the similar trend of
decreased repression with increased PABP M161A expression, the overall
effects were muted (~55% of control repression at peak transfection of PABP
M161A; Fig. 14A). Importantly, expression levels of myc-PABP M161A were
similar to myc-PABP (Fig. 14A). Thus PABP must interact with eIF4G in order to
maximally affect repression. The effects of PABP are similar to what has been
observed for other trans-acting factors involved in miRNA repression (Weinmann
et al. 2009; Zipprich et al. 2009). Additionally, we assayed mRNA levels of the
miR-30 target construct after ectopic PABP overexpression, but did not observe
significant changes (Fig. 14B).
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Figure 14. Ectopic PABP expression modulates miRNA repression. (A) miR-30mediated repression was evaluated in 293T cells transfected with increasing
amounts of myc-PABP expression plasmid.

The repression level in cells

transfected with control vector and miR-30 plasmids was set to 100% and then
compared to repression data from cells similarly transfected with miR-30 and
PABP (wild-type and M161A) expression plasmids.

The total amount of

transfected cDNA was kept constant between samples. Western blot analyses
were carried out to determine PABP and tubulin levels. Myc-tagged PABP is
visible as a distinct band that migrates slightly above endogenous PABP. (B)
Northern blot analysis of target mRNA after myc-PABP overexpression.
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We continued our investigation of PABP’s role in miRNA repression by
utilizing its negative regulator, Paip2. Through direct binding, Paip2 removes
PABP from the poly(A) tail and eIF4G (see above).

Initially, we ectopically

expressed flag-tagged Paip2 concurrently with the miR-30 8x target construct
and miR-21 or miR-30, as done previously with myc-PABP. To more specifically
delineate a potential role for Paip2, we made use of a Paip2 variant (F118A) that
is deficient in PABP binding. We achieved substantial expression of either form
of flag-Paip2 (Fig. 15A). In agreement with the PABP overexpression findings,
ectopic Paip2 increases repression levels (Fig. 15A).

This alteration in

repression can be attributed to the ability of Paip2 to bind PABP, as Paip2
(F118A) did not affect repression (Fig. 15A).

Next, we performed siRNA

experiments to knockdown expression of Paip2 (Fig. 15B). In accordance with
ectopic PABP expression, knockdown of its negative regulator Paip2, reduced
repression to ~60% of control (Fig. 15B).
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Figure 15. Manipulation of Paip2 expression affects miRNA repression levels.
(A) miR-30 activity was evaluated in the context of Paip2 over-expression. Cells
were transfected with increasing amounts of flag-Paip2 plasmid and repression
of miR-30 target mRNA was examined as in Fig. 13B.
slightly above endogenous Paip2.

Flag-Paip2 migrates

(B) miR-30 repression levels during

knockdown of Paip2 along with Western blots for Paip2 and tubulin are shown.
79

In an attempt to determine the pervasiveness of PABP’s impact on
repression, we analyzed miR-155 downregulation of the authentic BACH1 3’UTR
(see above). miR-155 repression levels were altered in the same manner as the
miR-30 levels after PABP and Paip2 overexpression, and Paip2 knockdown (Fig.
15). Interestingly, ectopic PABP completely ablated BACH1 repression (Fig. 16).

The mature form of miR-122 is stabilized by the poly(A) polymerase, GLD2 (Katoh et al. 2009). GLD-2 did not alter expression of other miRNAs tested,
including miR-21 used in this study (Katoh et al. 2009).

Therefore, it is

conceivable that PABP could influence mature miRNA levels.

To test this

hypothesis, we assayed mature levels of miR-21, -30, and -155 by qRT-PCR
(Fig. 17).

Significant differences between control and PABP overexpression

conditions were not detected (Fig. 17).
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Figure 16.

miR-155 repression of the BACH1 3’ UTR reporter upon PABP,

PABP (M161A), and Paip2 over-expression.
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Figure 17. qPCR of the indicated miRNAs after control or myc-PABP expression
plasmid transfection.

This experiment was repeated three times and a

representative experiment is shown.
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PABP activity negatively correlates with miRNA repression of transfected
target reporters. We next sought to extend our findings by examining repression
of an endogenous mRNA.

For this, we chose programmed cell death 4

(PDCD4), both because of its repeated, independent verification as a target of
miR-21 (Asangani et al. 2008; Chen et al. 2008; Frankel et al. 2008; Lu et al.
2008; Zhu et al. 2008) and our experience with miR-21.

Upon miR-21

overexpression in 293T cells, we observed between a 40% and 60% reduction of
endogenous PDCD4 protein (Fig. 18). Similar results were obtained in HEK293
cells (Frankel et al. 2008). Either PABP overexpression or knockdown of Paip2
ablated this repression (Fig. 18). Thus PABP-mediated modulation of repression
extends to an endogenously targeted mRNA.
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Figure 18.

miR-21 targeting of endogenous PDCD4 is ablated when active

cellular PABP is increased. 293T cells were transfected with control or Paip2
siRNAs and then transfected with miR-21 or miR-30 approximately 20 hrs later
(left). After another 20 hrs incubation, cells were lysed and protein levels
evaluated by Western blot.
evaluated (right).

Effects of PABP over-expression were similarly

Quantification of PDCD4 normalized to tubulin levels in

Western blots is shown (lower panels).
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To probe direct mechanistic aspects of repression perturbation by PABP,
we analyzed poly(A) tail length of our target constructs. We chose this approach
due to the extensive evidence that miRNAs deadenylate their targets (see above)
and the central role of PABP in poly(A) tail maintenance. In order to determine
poly(A) tail length, we selected the ligase-mediated poly(A) tail assay (LM-PAT)
for its increased sensitivity over Northern blot approaches (Salles et al. 1999).
Next we performed LM-PAT on 293T cells transfected with myc-PABP or mycPABP (M161A) and the miR-30 8x target construct as previous under control and
repressive conditions (Fig. 19).

The discrete band migrated at ~220bp

represents mRNA species with an oligo(A) tail (Fig. 19). Band smearing above
this band represents poly(A) length.

We observe clear and significant

deadenylation upon miR-30 repression (Fig. 19).

As with protein repression

levels, we observe a dose-dependent response to increasing myc-PABP
amounts (Fig. 19). Deadenylation of the target construct is progressively lost
concomitant with increasing ectopic PABP, indicating that it interferes with
removal of the poly(A) tail (Fig. 19). The M161A form of PABP that does not
interact with eIF4G elicits a similar response (Fig. 19), thus this interaction is not
required. Moreover, reduced target deadenylation with both forms of PABP is
detected at multiple time intervals (12 and 20 hrs) after transfection (Fig. 19).
Ectopic PABP did not affect the adenylation status of an endogenous control
(GAPDH) mRNA (Fig. 20).
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Figure 19. The effect of miR-30 on target mRNA adenylation status after ectopic
PABP expression. The LM-PAT assay was used to test poly(A) tail length (see
Experimental Procedures for details).

293T cells were transfected under

conditions described in Fig. 14A. (A) The effects of PABP and PABP (M161A)
ectopic over-expression on the poly(A) tail length of the miR-30 8x target mRNA
20 hrs post-transfection. (B) miR-30 8x target mRNA assayed as in (A) at 12 hrs
post-transfection.
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Next we performed similar LM-PAT assays after Paip2 depletion.
Resembling ectopic PABP experiments, knockdown of Paip2 let to an increase in
repressed target adenylation length (Fig. 20B).

Importantly, knockdown

experiments did not influence control mRNA adenylation status (Fig. 20B).
Therefore, an increase in active PABP, either through ectopic overexpression or
depletion of its negative regulator Paip2, reduces miRNA repression levels at
least partially through interfering with miRNA-induced deadenylation.

87

Figure 20. Poly(A) tail length analysis of control and target mRNA after Paip2
knockdown. (A) The adenylation status of a control mRNA (GAPDH) was
assayed with the highest amount (800ng) of PABP and PABP (M161A) cDNA
transfected at 20 hrs and 12 hrs post transfection. (B) LM-PAT assays of miR-30
8x target mRNA (upper panel) and control mRNA (GAPDH; lower panel) after
knockdown of Paip2.
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5C. Discussion

We describe a novel role for PABP in miRNA-mediated repression.
Diverse experimental techniques including ectopic PABP and Paip2 expression
and knockdown of Paip2 all altered miRNA repression.

Attempts to deplete

PABP with siRNAs caused a simultaneous reduction in Paip2 expression, as has
been previously reported (Yoshida et al. 2006). These assays therefore did not
adjust ‘active’ PABP and were not utilized. Multiple miRNAs and target types
including artificial, authentic 3’UTRs, and endogenous were affected by these
manipulations of PABP. Hence PABP may be regarded as a general modifier of
miRNA activity.

There are several alternative possibilities that may explain our results.
Perturbation of active PABP may result in a global protein synthesis changes,
and this may influence target repression. However, we did not discern major
differences in global translation rates in any of our assays using reporter
analyses. This finding is supported by the observation that knockdown of PABP
does not cause protein synthesis rates to vary significantly (Yoshida et al. 2006).
Additionally, a recent report demonstrates an influence on mature miR-122
expression by the poly(A) polymerase, GLD-2 (Katoh et al. 2009). We do not
observe this phenomenon with PABP overexpression (Fig. 17).
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Two independent observations suggest that PABP affects miRNA
repression at the level of translation. The first is that the PABP variant that can
no longer interact with eIF4G (M161A) presents as an intermediate phenotype.
PABP M161A does not inhibit repression to the degree that wild type PABP
does, indicating that this interaction is necessary for PABP to fully antagonize
repression. The implication, therefore, is that mRNA ‘circularization’ is targeted
by miRNAs. Second, PDCD4 is an endogenous target repressed primarily by a
translational mechanism (Asangani et al. 2008) and its repression status is also
affected by PABP manipulations. Thus PABP can influence targeting when an
mRNA is not undergoing significant miRNA-induced decay. We also provide
direct

evidence

that

increased

deadenylation rates (Fig. 19, 20).

active

PABP

decreases

target

mRNA

Both forms of PABP (wt and M161A) we

utilized can bind the poly(A) tail and both decrease deadenylation in a dosedependent manner. Analogous to its multiple functions in mRNA metabolism, we
put forth that in its excess, PABP antagonizes miRNA activity by both
contributing to closed loop formation via eIF4G binding and preventing
deadenylation by increased poly(A) tail binding and subsequent deadenylase
steric inhibition.

Recent additional studies have also implicated PABP in miRNA silencing
(Fabian et al. 2009; Zekri et al. 2009).

Interestingly, both reports detail a

previously uncharacterized motif in GW182 and TNRC6C as having PABP
binding activity (Fabian et al. 2009; Zekri et al. 2009). Furthermore, binding of
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PABP was necessary for GW182 / TNRC6C to mediate repression.

In

agreement with our results, Zekri et al. demonstrate that overexpression of full
length PABP or a fragment consisting of RRMs 1-4 (which harbors both poly(A)
and eIF4G binding activity), interferes with miRNA repression. However, they did
not analyze poly(A) tail length of targeted mRNAs. Importantly, our notion that
the PABP-eIF4G interaction (and thus mRNA ‘circularization’) is targeted by
miRNAs is supported by experimental data from both groups.

Addition of

immunoprecipitated GW182 lysate disrupted preformed PABP-eIF4G complexes
(Zekri et al. 2009), and the interaction between PABP and eIF4G abrogated
miRNA-induced deadenylation (Fabian et al. 2009). The second report, utilizing
an in vitro miRNA extract, established a necessity for PABP in miRNA-mediated
deadenylation, a finding seemingly at odds with our results (Fabian et al. 2009).
It must be noted that the PABP-depleted extract used in Fabian et al. has a
global translation rate that is 10% of control (Kahvejian et al. 2005).

Several non-mutually exclusive hypotheses may explain these apparently
discordant results.

While PABP may be required to recruit the deadenylase

complex (an interaction was confirmed; Zekri et al. 2009) to a targeted mRNA, its
excess it may saturate the poly(A) tail and in so doing both sterically block the
deadenylase and/or increase eIF4G binding due to increased concentration.
Correspondingly, PABP impairs deadenylation in a plethora of empirical systems
(Bernstein et al. 1989; Wormington et al. 1996; Ford et al. 1997; Wang et al.
1999; Voeltz et al. 2001; Wilusz et al. 2001). Alternatively, PABP may bind and
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sequester deadenylase complex components or GW182 / TNRC6 in an inactive
state.

Proper stepwise dissection of miRNP complexes and their associated

mRNAs is needed to further address these questions.
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6. miR-128 targets Paip2

6A. Overview

Paip2 provides a mechanism of PABP removal from a translationally
competent mRNA, and by extension alters the state of that mRNA.

After

implicating Paip2 in mechanistic aspects of miRNA repression, we set out to
study its regulation in more detail.

This area of research has not been

extensively studied, as only a single report addresses this issue in detail. Karim
et al. found that upon siRNA knockdown of PABP, Paip2 levels were similarly
reduced at the protein level.

Under PABP knockdown conditions, Paip2

interacted with an E3 ubiquitin ligase, which then targeted Paip2 for ubiquitination
(Karim et al. 2006). This scenario would thus keep ‘free’ (i.e., not bound to
Paip2) PABP levels constant if its expression were lowered, and because of this
may not have significant effects on physiological processes.

Owing to the numerous interacting partners of PABP, the demonstrated
importance of these contacts, and the lack of co-depletion of PABP after Paip2
knockdown, we chose to study regulation of Paip2 expression. We concentrated
our analyses on the Paip2A homolog due to its more established role in
translational regulation and the relative short length of its 3’UTR (Khaleghpour et
al. 2001a; Khaleghpour et al. 2001b; Karim et al. 2006).
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6B. Results

To investigate mechanisms of Paip2 regulation, we surveyed several
miRNA target prediction algorithms for putative miRNA target sites in the Paip2
3’UTR (Lewis et al. 2005; Grimson et al. 2007; Griffiths-Jones et al. 2008). The
databases revealed two potential miR-128 sites (Fig. 22A). The sites clustered
together (~50nt) and were located near the stop codon (~100nt; Fig. 22A). We
first constructed a Pol II miR-128 expression plasmid containing both the miR128 hairpin and flanking genomic sequence (pri-miR-128; Fig. 21). Northern and
qRT-PCR analyses reveal proper processing and significant mature miRNA
levels from pri-miR-128 (Fig. 21A, B). Next we assayed the effects of both this
construct and a miR-128 RNA hairpin (Ambion) on endogenous Paip2 levels in
293T cells (Fig. 21C, D). Both pri-miR-128 and pre-miR-128 decreased Paip2
expression, to ~60% and ~10% of controls, respectively (Fig. 21C, D). Enhanced
downregulation with pre-miR-128 is most likely due to higher production of
mature miRNA.
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Figure 21.

miR-128 downregulates endogenous Paip2. (A) Northern blot

analysis of pri-miR-128 processing in transfected 293T cells. tRNA is shown on
lower panel as a loading control. (B) qRT-PCR of mature miR-128 generated
from the pri-miR-128 construct relative to mock-transfected samples (set to 1)
after normalization to the loading control U6. (C, D) Immunoblot (top) and
phosphoimager quantification (normalized to tubulin; bottom) of Paip2 24 hrs
after (C) pri-miR-128 or (D) pre-miR-128 hairpin transfection in 293T cells. This
experiment was repeated three times and a representative replicate is shown.
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To assay for direct regulation of Paip2 via predicted miR-128 target sites,
we performed reporter experiments (Fig. 22). The full length Paip2 3’UTR was
appended downstream of the Firefly luciferase (Fluc) ORF, and subsequently cotransfected with pri-miR-128 in 293T cells (Fig. 22B). Luciferase measurements
48 hrs post-transfection showed a miR-128-mediated ~40% decrease in reporter
output as compared to control transfection (Fig. 22B). Mutation of nucleotides in
the Paip2 3’UTR corresponding to miR-128 seed sequence matches (Paip2-s1
and Paip2-s2) decreased miR-128 repression (Fig. 22B).

A Paip2 construct

containing both seed sequence match mutations (Paip2-s1+2) was not
significantly repressed (Fig. 22B).

These findings confirm miR-128-mediated

regulation of Paip2 through two target sites in the 3’UTR.
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Figure 22. Validation of two predicted miR-128 target sites in the Paip2 3’UTR.
(A) Predicted miR-128 target sites at nucleotides 41-47 and 88-94 of the Paip2
3’UTR (nucleotides 1-3 = stop codon). Mature miR-128 (with seed sequence in
bold) is shown above in reverse orientation. Substitutions in the seed sequence
in variant Paip2 reporter 3’UTRs are boxed. (B) 293T cells were transfected with
control (pcDNA5) or pri-miR-128 alongside the indicated Paip2 Firefly luc
reporter constructs. All samples included a Renilla luc transfection control. After
normalization, pcDNA5 transfected samples were set to 100 arbitrary units.
Shown is an average of three independent experiments.
97

We next sought to asses Paip2 levels in occurrences of differential miR128 expression. miR-128 expression is generally brain-specific (Landgraf et al.
2007), and low in both glioblastoma tumors and cell lines (Godlewski et al. 2008;
Zhang et al. 2009)

Concurrent with a miR-128 targeting event, we found a

corresponding increase in Paip2 expression in glioblastoma tissue samples as
compared to normal brain (Fig. 23). miR-128 is also upregulated in cell neuronal
differentiation models (Sempere et al. 2004; Evangelisti et al. 2009). Therefore,
we assayed both miR-128 and Paip2 levels in differentiated SH-SY5Y cells (Fig.
24). Levels of miR-128 increased (~1.6-fold) after addition of all-trans retinoic
acid (ATRA) for nine days (Fig. 24).

Again in accordance with a potential

targeting event, Paip2 levels significantly decreased after differentiation (Fig. 24).
While these data do not explicitly demonstrate miR-128 targeting of Paip2, they
do provide biological context in which this event may occur.
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Figure 23.

Paip2 expression in normal primate brain (Br) and glioblastoma

multiforme (GBM; 1-8) tissues. Immunoblot of eIF4A (loading control) and Paip2
in tissue lysates processed as described (Neplioueva et al. 2010).
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Figure 24. Paip2 levels in a neuronal differentiation model. ATRA was added to
SH-SY5Y neuroblastoma cultures for nine days. Cells were lysed and the
indicated proteins were analyzed and compared to mock-treated cells. Gap43
and Gaba-R served as differentiation controls. Quantification of mature miR-128
(qRT-PCR) was performed as shown in Fig. 20; values for mock-treated samples
were set to 1; an average of three independent experiments is shown. Three
independent assays were conducted and a representative immunoblot is shown.
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6C. Discussion

We demonstrate that the brain-enriched miR-128 targets Paip2 through
two sites in the 3’UTR and identify two biological contexts in which expression
levels of miR-128 and Paip2 correlate with a targeting event.

miR-128 has been associated with multiple human pathologies (Mi et al.
2007; Godlewski et al. 2008; Khan et al. 2009; Zhang et al. 2009), and as such,
targeting of Paip2 may have an impact on these disease processes. Another
recent report described the miRNA cluster (miR-182/183/93) as putatively
downregulating Paip2 in retinal tissue (Krol et al. 2010). As miR-128 and miR182/183/93 are almost universally expressed in neural tissue, it is likely that
Paip2 expression is under unique control in the CNS.

As Paip2 binds PABP with strong affinity (Khaleghpour et al. 2001a) and
does not affect PABP expression, targeting of Paip2 likely affect the complexes
of which PABP is a part. PABP previously in complex with Paip2 is now ‘free’ to
interact with other PAM-containing proteins, eIF4G, and the poly(A) tail.

We have previously demonstrated that knockdown of Paip2 reduced both
miR-21 and miR-30-mediated repression (Fig. 17, 18), thus demonstrating its
importance in repression.

Accordingly, we posit that miR-128 may decrease

repression of non-miR-128 targeted mRNAs through its regulation of Paip2 (see
below).
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7. miR-128 broadly regulates miRNA repression via targeting Paip2

7A. Overview

Two approaches commonly used to unravel complex biological processes
are genetic screens and protein complex resolution. One of the few proteins that
both interacts with known miRNA pathway components and alters miRNA activity
is PABP.

PABP was first identified as a binding partner of the Ago proteins (Hock et
al. 2007; Landthaler et al. 2008), although it has still not been determined if this
interaction is direct. Intriguingly, PABP also co-purified with the AIN-2 worm
GW182 homolog (Zhang et al. 2007). Subsequently, PABP was found to directly
interact with both human TNRC6C (Fabian et al. 2009), and Drosophila GW182
(Zekri et al. 2009). Indeed, the crystal structure of PABP-TNRC6C was recently
solved (Jinek et al. 2010). Simultaneously revealed were functional aspects of
PABP’s involvement in miRNA repression: necessity for miRNA-mediated
deadenylation in vitro (Fabian et al. 2009); and repression inhibition through
interaction with eIF4G (Zekri et al. 2009).

A domain in the C-terminal portion of TNRC6 has now been described as
a PAM 2 domain (Jinek et al. 2010; Tritschler et al. 2010), analogous to those
found in Paip1 and Paip2.

Moreover,
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TNRC6 may also contain a PAM 1

immediately adjacent to the PAM2 (Tritschler et al. 2010). Importantly, tethering
fragments of TNRC6 that did not interact with Ago2, but were later found to have
a PABP-binding domain, recapitulated all of the hallmarks of repression (Zipprich
et al. 2009; Lazzaretti et al. 2009). Indeed, mutational analysis of TNRC6 /
GW182 demonstrates that it must interact with PABP to mediate its repressive
effects (Zekri et al. 2009; Jinek et al. 2010; Fabian et al. 2009).

We thus hypothesized that downregulation of the PAM-containing protein
Paip2 would alter PABP’s protein-protein interactions.

7B. Results

As Paip2 has been shown to reduce PABP-eIF4G binding (Karim et al.
2006), we first analyzed this interaction after Paip2 depletion (Fig. 25A). We
used siRNAs to Paip2 to focus target specificity, and chose Hela cells for our
studies due to the low expression of the functionally redundant homolog, Paip2B
(Berlanga et al. 2006). Under conditions of control and Paip2 knockdown, we
immunoprecipitated endogenous PABP and assayed eIF4G co-purification (Fig.
25A). As expected, we observed a substantial increase of PABP-eIF4G binding
concurrent with Paip2 depletion (Fig. 25A).

PABP forms part of translation

initiation complexes through its interaction with eIF4G, which itself interacts with
the cap-binding protein eIF4E (see above). Therefore, we ascertained PABP
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association with translation initiation complexes using m7G-cap sepharose (Fig.
25B). Similar to our eIF4G-PABP co-precipiation, we detected increased PABP
co-purification after Paip2 knockdown (Fig. 25B). This binding is specific to the
m7G-cap, as PABP (and control eIF4E) was effectively out-competed by the cap
analog (Fig. 25B).

Thus, Paip2 knockdown enhances the PABP-eIF4G

interaction, and consequently the amount of PABP in translation initiation
complexes.
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Figure 25. PABP-eIF4G interactions increase after Paip2 depletion. (A) PABP
IP (in the presence of RNase A to minimize RNA-mediated interactions) after
transfection of control siRNA or Paip2-targeting siRNAs in HeLa cells as
indicated. Isotype-matched, non-specific mouse IgG was used as an IP control.
(B) Immunoblots for PABP, eIF4E, and Paip2 after m7GTP-cap-sepharose
precipitations in the presence or absence of competing cap analogue.

105

We next chose to examine PABP-TNRC6 binding as: 1. TNRC6/GW182
contains a PAM domain (Jinek et al. 2010; Tritschler et al. 2010), 2. PAMcontaining proteins (Paip1 and Paip2) have been found to compete for PABP
binding (Khaleghpour et al. 2001b), and 3. Paip2 levels correlate with a miRNA
repression phenotype. For this, we simultaneously transfected a HA-tagged form
of TNRC6C (∆1370) that binds PABP (Zipprich et al. 2009), under conditions of
control and Paip2 knockdown (Fig. 26A). Using HA immunoprecipitation, we
observed increased PABP-TNRC6 binding after Paip2 depletion (Fig. 26A). To
further probe this interaction, we co-expressed either a flag-Paip2 wt or a flagPaip2 variant (F118A) that cannot bind PABP alongside HA-TNRC6C-∆1370
(Fig. 26B). As expected, under control conditions (pcDNA3 vector transfection),
we observe binding of PABP to HA-TNRC6-∆1370 after HA IP (Fig. 26B).
Ectopic overexpression of wt flag-Paip2 abolished this interaction (Fig. 26B).
Paip2 must bind to PABP to mediate this effect, as flag-Paip2 (F118A) did not
disrupt PABP-TNRC6 binding (Fig. 26B). Hence it appears likely that Paip2 and
TNRC6 compete for binding to PABP.
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Figure 26. Modulation of Paip2 expression alters TNRC6C binding to PABP.
Hela cells were transfected with HA-TNRC6C(∆1370) followed by HA IP. (A)
siRNAs to Paip2 (or control) were co-transfected as indicated with HATNRC6C(∆1370) in HeLa cells. HA IPs were analyzed by immunoblot for the
indicated proteins 24 hrs post-transfection. (B) Flag-Paip2 or Paip2(F118A) was
co-transfected with HA-TNRC6C(∆1370) for HA IP analysis after 24 hrs.
107

If Paip2 regulates the binding of TNRC6 with PABP, endogenous control
over Paip2 via miR-128 should affect miRNA repression of non-miR-128 target
mRNAs. Indeed, we previously showed that Paip2 depletion with siRNAs
elevated expression of a known miR-21 target, PDCD4 (Fig. 18). Moreover,
ectopic miR-128 caused broad exclusion of endogenous miRNA targets from
Ago2 ribonucleoprotein complexes and diminished repression of reporter mRNAs
upon delivery of corresponding targeting miRNAs (Wang et al. 2009).

We investigated the effect of modulated Paip2 expression on miRNA
repression in HeLa cells transfected with either pre-miR-128 or a pre-miRNA
control (Fig. 27). Pre-miR-128 was paired with flag-Paip2 (or empty vector) as
indicated (Fig. 27). To gauge the effect of Paip2 targeting on miRNA repression,
confirmed miRNA targets in HeLa cells were analyzed by immunoblot 24 or 48
hrs post-transfection. These were selected based on the strength of the empirical
evidence for a targeting event. They included PDCD4, Ras and Cdk6, known
targets for miR-21 (Asangani et al. 2008) and let-7 (Johnson et al. 2005; Johnson
et al. 2007) in Hela cells, respectively. Additionally, we monitored Ago2
expression, as a subtle reduction of protein levels upon miR-128 transfection has
been reported (Wang et al. 2009). As expected, 24 and 48 hrs after pre-miR-128
transfection, endogenous Paip2 was substantially reduced, accompanied by a
slight decline of Ago2 levels (Fig. 27, lanes 2, 5, 6, 8). Concomitantly, PDCD4,
Ras and Cdk6 expression was significantly elevated 48 hrs after miR-128
expression (Fig. 27, lanes 7, 8). This effect was also readily apparent with
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PDCD4 at 24 hrs (Fig. 27, lanes 1, 2), possibly reflecting diverse turnover rates
of these distinct miRNA targets. Ectopic flag-Paip2, co-expressed with the premiR-control slightly decreased PDCD4 and Ras expression (Fig. 27; lanes 3, 4).
Importantly, in the presence of miR-128 and ectopic flag-Paip2 (which has an
exogenous 3’UTR that is not a target of miR-128), PDCD4, Ras and Cdk6
expression levels were lower than with miR-128 alone (Fig. 27; compare lanes 5
and 6). This is consistent with the hypothesis that ectopic Paip2 can reverse the
effects of miR-128 on repression of non-miR-128 targets. There are no predicted
miR-128 sites in the 3’ UTRs of PDCD4, Cdk6 or Ras excluding the possibility of
increased translation through direct binding of miR-128 (Vasudevan et al. 2007).
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Figure 27. miR-128 de-represses endogenously-targeted mRNAs via targeting
Paip2. Hela cells were transfected with pre-miR-128 or pre-miR-control and
samples analyzed 24 (lanes 1 and 2) or 48 (lanes 7 and 8) hrs after transfection.
Lanes 3-6 were first transfected with pre-miR-128 or pre-miR-control (where
indicated), then 24 hrs later transfected with flag-Paip2 or empty vector control.
These samples were processed for immunoblot of the indicated proteins after a
subsequent 24 hours.
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7C. Discussion
As it is necessary for TNRC6 / GW182 to interact with PABP to perform its
pro-repressive functions, how can an increase in this binding contribute to
reduced repression? GW182 is anchored to the mRNA via Ago binding, and
PABP binds the poly(A) tail. Because GW182 variants that are unable to bind
Ago still interact with PABP (Jinek et al. 2010; Fabian et al. 2009; Zekri et al.
2009), it is possible that enhanced PABP binding sequesters TNRC6 in inactive
complexes not in contact with target mRNA. This would diminish the amount of
TNRC6 available for recruitment into miRISC and, thus, broadly decrease
repression.

However, Paip2 may influence PABP functions and repression in ways
that challenge simple predictions based on single protein-protein interactions.
First, given that one PABP molecule binds ~11-14 adenosines (Gorgoni and
Gray 2004), and mammalian poly(A) tails average ~200-250 adenylate residues,
most mRNAs are associated with multiple PABP molecules. Second, PABP
engages in multiple interactions with eIF4G, TNRC6, Paip2 and poly(A), all of
which have the potential to affect repression. Since contacts between individual
PABP molecules with their multiple partners on a given mRNA may vary, it is
plausible that modulation of repression by Paip2 reflects the sum of binding
events. Paip2 depletion, which we have shown to prevent miRNA-mediated
deadenylation of target mRNAs (Fig. 20) should increase binding of PABP to the
poly(A) tail (Khaleghpour et al. 2001b). Paip2 depletion also enhances eIF4G111

PABP interactions, which were reported to counteract repression in several
studies (Fabian et al. 2009; Zekri et al. 2009).

We hypothesize that the

combined effects of miR-128 / decreased Paip2 on PABP contacts with target
mRNAs lead to miRNPs with diminished potential for repression.

We observed modest decreases of Ago2 levels upon miR-128 expression
(Ago2 mRNA is not predicted to be a miR-128 target), confirming previous
observations (Wang et al. 2009).

This is consistent with the overall de-

repressing effects of miR-128 mediated Paip2 depletion and may be a
contributing factor. De-repression of three non-miR-128 targets upon Paip2
depletion may suggest universal effects of Paip2 on miRNA repression.
However, modulation of Paip2 levels may not yield uniform repression of all
targets. Target mRNA features, i.e., 3’UTR structure, position of the seed
sequences relative to the stop codon or poly(A) tail, and relative dependence on
eIF4G-PABP interaction for translation are likely to influence the effect of Paip2
on repression levels.
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8. Conclusions and Future Directions

Individual cis-elements within each individual mRNA are crucial to
determining the outcome of miRNA binding.

This work confirms previous

observations that both the m7G-cap and poly(A) tail are necessary for maximal
miRNA repression. Moreover, we demonstrate that an IRES-translating mRNA
can be repressed by miRNAs. Thus, under conditions where cap-dependent
translation is impeded (such as stress or viral infection), miRNAs could still
function effectively.

Precise functions for proteins intimately involved in miRNA repression are
currently under intense investigation. Several aspects are clear. Ago proteins
interact with miRNAs and this complex binds mRNA targets. Ago also binds
TNRC6 / GW182, which acts downstream of Ago and induces deadenylation and
translational inhibition. Presumably, the final outcome of a miRNA repression
event is complete degradation of the mRNA, unless it is stored for subsequent
translation (Bhattacharyya et al. 2006). Removal of pro-translation factors and
recruitment of decay enzymes is a necessary event in this scenario. Thus, a
stepwise miRNP rearrangement takes place on a repressed mRNA, of which
PABP is a part and Paip2 takes a modulating role.

There are many unresolved questions. For example, how does GW182
interfere with translation and induce mRNA decay? What is the function of PABP
in miRNA repression?

Why is it necessary for GW182 to contact PABP to
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mediate silencing? We hypothesize that through direct binding, GW182 removes
PABP from both eIF4G and the poly(A) tail, analogous to Paip2.

Now the

targeted mRNA can be deadenylated and is no longer translated efficiently. This
explains both the primacy of GW182 / TNRC6 in repression and why it must
contact PABP to mediate silencing. This two-pronged approach by GW182 also
explains the ability to partition translation inhibition and mRNA degradation. For
example, a reporter bearing the non-functional cap analog (and no IRES) and a
poly(A) tail can still be deadenylated by a miRNA. GW182 mediates this by
removing PABP from the poly(A) tail, thus allowing deadenylation enzyme
access. Thus by targeting a unique factor that enhances both mRNA stability
and translation (PABP), miRNAs can effectively consolidate repression.
However, as the poly(A) tail is not required for repression (Humphreys et al.
2005; Pillai et al. 2005; Wu et al. 2006), there must be additional repression
mechanisms, unless eIF4G-PABP-eRF3a is indeed a translation initiation
complex (Amrani et al. 2008).

It will be crucial to determine the contribution of other PAM-containing
proteins to repression, some of which interestingly have roles in deadenylation
(Tob and Pan3; Kozlov et al. 2010). Future work should also concentrate on
resolution of miRNP stepwise progression. This could be done using sucrose
density gradient fractionation and simultaneous monitoring of both protein-protein
complexes and the status (i.e., m7G-cap and poly(A) tail) of repressed mRNAs.
Concurrently, the relative contributions of various cis-elements to repression
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need to be determined for individual mRNAs.

Certain mRNPs, even when

containing core miRNA proteins such as GW182 / TNRC6 or Ago2 may equate
with repression, while others may not.
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