Poly(A)-binding protein modulates mRNA susceptibility
to cap-dependent miRNA-mediated repression
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ABSTRACT

MicroRNAs (miRNAs) regulate gene expression post-transcriptionally through binding specific sites within the 3’ untranslated
regions (UTRs) of their target mRNAs. Numerous investigations have documented repressive effects of miRNAs and identified
factors required for their activity. However, the precise mechanisms by which miRNAs modulate gene expression are still
obscure. Here, we have examined the effects of multiple miRNAs on diverse target transcripts containing artificial or naturally
occurring 3’ UTRs in human cell culture. In agreement with previous studies, we report that both the 5’ m’G cap and 3’ poly(A)
tail are essential for maximum miRNA repression. These cis-acting elements also conferred miRNA susceptibility to target
mRNAs translating under the control of viral- and eukaryotic mRNA-derived 5’ UTR structures that enable cap-independent
translation. Additionally, we evaluated a role for the poly(A)-binding protein (PABP) in miRNA function utilizing multiple
approaches to modulate levels of active PABP in cells. PABP expression and activity inversely correlated with the strength of
miRNA silencing, in part due to antagonism of target mRNA deadenylation. Together, these findings further define the cis- and

trans-acting factors that modulate miRNA efficacy.
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INTRODUCTION

MicroRNAs (miRNAs) are small, 22—-24-nucleotide (nt),
noncoding RNAs that regulate gene expression post-tran-
scriptionally. In vertebrates, the products of an estimated
500-1000 miRNA genes have the potential to target ~30%
of the transcript pool, indicating prominent roles in gene
expression regulation (Lewis et al. 2005; Kim and Nam
2006; Bushati and Cohen 2007). miRNAs loaded into the
RNA-induced silencing complex (RISC) bind to partially
complementary sites in the 3’ UTR of target mRNAs. While
the effects of miRNAs on gene expression have been clearly
documented, the specific molecular mechanism(s) of their
action remain elusive. This is illustrated by variable results
obtained by analyses of two “founding” miRNAs, lin-4 and
let-7. An early study suggested that lin-4 in Caenorhabditis
elegans represses target mRNA translation after the initia-
tion phase without causing significant target degradation
(Olsen and Ambros 1999). However, a subsequent report
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described significant mRNA degradation as a consequence
of lin-4 activity (Bagga et al. 2005). In mammalian cell cul-
ture systems, let-7 appeared to repress transfected reporters
with engineered let-7 sites at the level of translation initia-
tion, coupled with moderate target decay (Pillai et al. 2005).
However, another study implicated nascent polypeptide
chain proteolysis as the regulatory step in let-7-mediated
translation repression (Nottrott et al. 2006).

Despite these conflicting reports, there is increasing
evidence that imperfect miRNA-mRNA base pairing can
elicit significant target mRNA degradation in some con-
texts. For example, miRNA-targeted mRNAs may be dead-
enylated (Wakiyama et al. 2007) and subsequently de-
graded (Behm-Ansmant et al. 2006; Giraldez et al. 2006;
Wu et al. 2006; Eulalio et al. 2009). Thus, mRNA decay may
occur simultaneously with, or independently of, translation
repression. Alternatively, the latter could trigger secondary
deadenylation and target mRNA degradation. Understand-
ing how cis-acting signals within mRNAs modulate miRNA-
mediated effects on protein synthesis may help unravel
mechanisms responsible for these events. For example, the
inability of miRNAs to repress uncapped, IRES-containing
mRNAs suggests a requirement for the m’G cap in miRNA
function (Humphreys et al. 2005; Pillai et al. 2005).
Moreover, experiments in various mammalian and insect
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cell-free extracts implicate the m’G cap as a crucial cis-
regulatory element that confers susceptibility to miRNAs
(Mathonnet et al. 2007; Thermann and Hentze 2007;
Wakiyama et al. 2007). In contrast to the cap, a potential
role for the poly(A) tail in miRNA-mediated repression is
less clear as the diverse systems used to study miRNA func-
tion have yielded opposing conclusions (Humphreys et al.
2005; Pillai et al. 2005; Wang et al. 2006; Wu et al. 2006;
Wakiyama et al. 2007; Eulalio et al. 2008).

The roles of PABP in translation and mRNA metabolism
have been extensively studied (Mangus et al. 2003). Through
simultaneously binding the poly(A) tail and elF4G, PABP
is believed to approximate mRNA termini and enhance
translation initiation (Sachs 2000; Kahvejian et al. 2005;
Amrani et al. 2008). PABP may also modulate the termi-
nation phase via interaction with the release factor eRF3
(Hoshino et al. 1999). PABP is regulated by at least two
interacting partners known as Paip1 and Paip2 (Craig et al.
1998; Khaleghpour et al. 2001a). Paipl is similar in struc-
ture to a central domain of e[FAG and enhances translation
through bridging of eIF3 and PABP (Martineau et al.
2008), while Paip2 exerts an inhibitory function through
displacing PABP from the poly(A) tail and interfering with
PABP—eIF4G interaction (Khaleghpour et al. 2001b; Karim
et al. 2006).

We comprehensively examined mechanistic aspects of
miRNA-mediated translation repression using multiple
empirical approaches. In particular, we analyzed effects of
miRNAs on translation and decay of diverse target tran-
scripts, including endogenous mRNAs and artificial re-
porter constructs with variable modes of initiation. More-
over, we evaluated the effects of modulating PABP activity
on miRNA-mediated repression. Our results extend pre-
vious studies implicating canonical cis-acting elements in
miRNA function and define a novel role for PABP in con-
trolling miRNA efficacy.

RESULTS

A m’G cap and poly(A) tail confer susceptibility
to miRNA repression

We derived a series of Renilla luciferase (RLuc) reporter
constructs containing eight synthetic miR-30 recognition
sites tandemly arrayed within the 3" UTR (Fig. 1A) analo-
gous to those previously described (Zeng et al. 2003). Base
pairing between miR-30 and target mRNA results in a 3-nt
bulge due to imperfect complementarity. In order to exam-
ine the relative importance of cis-acting elements involved
in miR-30-mediated repression, we co-transfected in vitro
transcribed reporter mRNAs into 293T cells with synthetic
miR-30 or miR-21 duplex. miR-21 has been previously
utilized as a negative control in miRNA studies (Zeng and
Cullen 2003; Zeng et al. 2003). The assay was carried out
essentially as described using mRNAs with or without a 5’
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FIGURE 1. An m’G-cap and poly(A) tail are required for maximum
miRNA-mediated repression. (A) (Left panel) Schematic representation
of reporter mRNAs utilized. Each reporter contains eight tandem miR-30
target sites (black ovals) in the 3" UTR and either ~30 nt of vector-
derived sequence, the HCV IRES, or a mutated HCV IRES lacking sub-
domain IIIf (asterisk; IRES™") in the 5 UTR. The predicted base-
pairing between miR-30 and a single target site is shown. (Right panel)
Raw RLU values for capped and polyadenylated HCV IRES reporter
mRNAs after transfection into 293T cells. (B) miR-30 repression levels of
transfected mRNA constructs. The indicated mRNAs were co-transfected
with either miR-21 (nontargeting) or miR-30 (targeting) duplex RNA,
and the repression levels were calculated. The nontarget control
construct lacks miR-30 target sites. Error bars represent calculated values
for standard deviation. (C) Analysis of c-myc IRES-containing con-
structs. (Left panel) Schematic depiction of c-myc IRES RLuc mRNAs. A
stem—loop (SL) was inserted adjacent to the 5’ end of the cap-SL-myc-
IRES-p(A) construct, and ~200 nt of vector sequence separates the SL
and IRES. (Right panel) Repression levels for individual reporters.
Transfections were performed in triplicate in three separate experiments.
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cap and 3’ poly(A) tail (Humphreys et al. 2005). RLuc
levels were measured 10 h post-transfection, and repression
levels were calculated (Fig. 1B). Reporter mRNA bearing
both cap and poly(A) tail was repressed approximately
fivefold by miR-30. In contrast, translation of uncapped,
polyadenylated mRNA was insensitive to miR-30, while cap-
ped, unpolyadenylated mRNA exhibited twofold repres-
sion. These findings are consistent with previous reports
indicating that a 5’ cap is required for sensitivity to miRNA
activity while the presence a poly(A) tail, though not abso-
lutely required, confers elevated repression by miRNAs.
We extended our analyses to miR-30 target constructs
containing the HCV IRES, which mediates initiation through
direct recruitment of the 40S ribosomal subunit (Pestova
et al. 1998). As a negative control, an HCV IRES variant
construct was established that contains a 12-nt deletion of
subdomain IIIf (Fig. 1A, IRES™"), a region critically in-
volved in binding the 40S subunit (Kieft et al. 2001). Trans-
fection of IRES™" reporter mRNA generated background
levels of RLuc activity (Bradrick et al. 2006; data not shown),
even when appended with a 5' m’G cap and poly(A) tail
(Fig. 1A), indicating that RLuc expression from this con-
struct results from IRES-dependent translation. In contrast
to cap- and poly(A)-dependent protein synthesis, HCV IRES-
mediated translation was not susceptible to miR-30, in agree-
ment with previous observations (Fig. 1B; Pillai et al. 2005).
Although HCV IRES-mediated translation is refractory
to miRNA function, it is not clear whether the presence
of an active IRES precludes repression in the context of
a capped and polyadenylated mRNA. An HCV reporter
mRNA appended with canonical terminal features may be
considered a “hybrid” transcript that possesses an active
IRES, as well as the capability of assembling eIF4E, PABP,
and associated factors. We sought to determine whether
addition of an m’G cap and/or poly(A) tail to HCV re-
porter mRNA modifies miRNA susceptibility. These mod-
ifications had no effect on overall RLuc production by
the HCV construct (data not shown). Neither cis-element
individually affected repression, but a combination of both
m’G and poly(A) rendered the HCV reporter mRNA sus-
ceptible to miR-30 (Fig. 1B). Importantly, the HCV IRES-
containing mRNA consistently displayed reduced sensitiv-
ity to miR-30 compared with mRNA initiating in a strictly
cap-dependent manner (about threefold versus fivefold).
We widened our analysis to include constructs contain-
ing the 5" UTR of the c-myc mRNA, which harbors RNA
elements known to facilitate cap-independent translation
under conditions where cap-dependent translation is ab-
rogated (Johannes and Sarnow 1998). Importantly, in con-
trast to its HCV counterpart, the c-myc 5" UTR is devoid of
out-of-frame upstream start codons that might be recog-
nized by scanning ribosomes, an event that would not be
detected by RLuc measurements. Two distinct constructs
were derived that contain artificial miR-30 recognition sites
and the 5" UTR of the P2 c-myc transcript. One construct

was engineered to contain a stem-loop (SL) structure previ-
ously shown to block scanning when tested in a cell-free
translation system (Hundsdoerfer et al. 2005) and trans-
fected HeLa cells (Kaiser et al. 2008) (Fig. 1C). As with
HCV IRES constructs, the uncapped c-myc IRES reporter
was not affected by co-transfected miR-30 duplex (Fig. 1C).
However, appendage of a 5’ cap rendered the c-myc re-
porter mRNAs susceptible to miR-30, even when scanning
was hindered by the SL. These observations provide addi-
tional evidence supporting the notion that the presence of
a cap and poly(A) tail is sufficient to confer susceptibility to
miRNA-mediated repression.

Significant target mRNA degradation is associated
with susceptibility to miR-30 repression

It is difficult to reliably assess integrity of transfected RNA
(Barreau et al. 2006). Therefore, we cannot attribute the
observed differential effects of miRNA activity to either
translation or mRNA degradation mechanisms. In order to
investigate a role for mRNA turnover in miRNA function, we
conducted experiments with RNA Pol II reporter constructs
containing either vector-derived 5" UTR sequence or the
HCV IRES. The HCV IRES™" construct failed to produce
RLuc after transfection, similar to results obtained from RNA
transfection experiments (Fig. 2A). This confirms that RLuc
translation via the HCV IRES is strictly cap-independent in
the context of an RNA pol II-synthesized transcript.

Prior to analyses of RNA pol II reporter constructs, levels
of endogenous miR-21 and miR-30 were examined in 293T
cells using primer extension (Fig. 2B). Both miRNAs were
readily detectable only after transfection of plasmids
encoding the respective pre-miRNAs, indicating low levels
of endogenous miR-30/21 in 293T cells. We subsequently
evaluated repression of target mRNAs by co-transfection of
miRNA-encoding and miR-30 target plasmids. As an inter-
nal control for transfection variability, a plasmid encoding
firefly luciferase (FLuc) was included in co-transfections.
RLuc and FLuc levels were measured at intervals spanning
8 to 48 h post-transfection, and target mRNA abundance
was determined by Northern blot and quantitative (q)RT-
PCR for samples exhibiting the highest levels of repression
(24 h post-transfection) (Fig. 2C). As with transfected
mRNAs, Pol II-generated reporter transcripts were suscep-
tible to miR-30-mediated repression independent of their
mode of initiation (Fig. 2C). Repression levels were
uniformly stronger in these assays and divergent between
HCV and conventional target mRNAs. Specifically, repres-
sion of the HCV construct reached a maximum of about
sixfold at 16 h post-transfection, while the cap-dependent
reporter was repressed ~14-fold by 24 h (Fig. 2C), similar
to the ratio observed in RNA transfection experiments (Fig.
1B). Significant decay of target mRNAs was clearly evident
from both qRT-PCR and Northern blot analyses (Fig. 2D).
Quantitative measurements indicated an ~70% decline in
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FIGURE 2. miR-30 mediated repression of Pol II-driven reporter constructs. (A) Raw RLU values for the wild-type and mutant HCV IRES Pol II
constructs. (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 was performed on RNAs harvested 24 h later. No miRNA was
expressed in mock-transfected samples. (C) 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. (Darker shaded bars) Time points used for characterization of target mRNA
integrity. A plasmid encoding FLuc was used as a transfection control. (D) Quantitative RT-PCR (qRT-PCR; upper panel) for RLuc mRNA was
normalized to endogenous GAPDH mRNA levels. Target mRNAs co-transfected with miR-21 are set to 100%. Northern blots (lower panel) for
RLuc mRNAs were performed as described in the Materials and Methods. rRNAs from corresponding samples are shown for loading control.
qRT-PCR experiments were repeated on at least three separate occasions.

target mRNA abundance upon repression by miR-30 (Fig.
2D). Interestingly, the levels of induced decay for the cap-
dependent and HCV IRES-containing transcripts were indis-
tinguishable. Thus, apparently identical rates of target mRNA
decay accompanied clearly divergent levels of repression.
Artificial 3" UTRs with eight identical miR-30 sites in
tandem are not representative of endogenous target mRNAs
that typically contain fewer, more heterogeneous, and spa-
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tially dispersed recognition sites. Therefore, we expanded
our analyses to include an authentic 3" UTR targeted by
a distinct miRNA (miR-155) that is absent in 293T cells
(Fig. 3A). BACHLI is a transcription factor whose mRNA is
known to be regulated by miR-155 (Gottwein et al. 2007).
The BACHI mRNA 3" UTR is 3.3 kb in length and contains
four miR-155 target sites. We exchanged the artificial 3’
UTRs in our conventional and HCV IRES-driven reporter
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FIGURE 3. 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. (D) qRT-PCR (upper panel) and Northern blot (lower panel) analyses were performed. (*) Background band consistently observed
with the nontarget control.
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constructs with the authentic BACH1 3’ UTR (Fig. 3A) and  roles in regulating mRNA translation and decay (Mangus
then measured the effects of miR-155 on RLuc expression et al. 2003). Moreover, the endogenous PABP inhibitor,
and mRNA degradation (Fig. 3B,C). The magnitudes of  Paip2, provides a useful tool for in vitro and in vivo studies
RLuc repression and RNA decay were weaker than those  of PABP.

obtained with miR-30. Nevertheless, miR-155 targeting of We initially overexpressed different amounts of myc-
the BACH1 3" UTR differentially affected RLuc production  tagged PABP in 293T cells and analyzed repression of co-
by the cap-dependent and HCV IRES mRNAs despite simi-  transfected miR-30 reporter construct by exogenous miR-
lar levels of decay. Thus, our observations do not depend 30 or control miR-21. Western blot analysis revealed a
on a specific miRNA:target combination. dose-dependent increase in total PABP by 24 h after trans-
fection with increasing amounts of expression plasmid
(Fig. 4A). Coincident with PABP overexpression, miR-30-
mediated repression was significantly reduced in a dose-
responsive manner (Fig. 4A), reaching 40% of control in
Since the presence of a poly(A) tail on targeted mRNA  cells transfected with 800 ng of PABP ¢cDNA. Thus, ele-
elevated miRNA-mediated repression in our empirical sys-  vated levels of PABP appear to counteract miRNA function.
tem, we chose to investigate a potential role for PABP in PABP modulates miRNA efficacy, but does not prevent
this process. We focused on PABP because of its critical ~ repression entirely, similar to other trans-acting factors

Modulation of PABP expression and activity alters
the extent of miRNA repression
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FIGURE 4. Changes in PABP expression and activity modulate miRNA repression. (A) miR-30-mediated 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 with 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. (C) miR-30 activity was evaluated in the context of Paip2 overexpression. Cells
were transfected with increasing amounts of Flag-Paip2 plasmid, and repression of miR-30 target mRNA was examined as in A. Flag-Paip2
migrates slightly above endogenous Paip2. (D) miR-30 repression levels during knockdown of Paip2 along with Western blots for Paip2 and
tubulin are shown. (E) miR-155 repression of the BACH1 3’ UTR reporter upon PABP, PABP (M161A), and Paip2 overexpression. (F) 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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involved in miRNA repression (Weinmann et al. 2009;
Zipprich et al. 2009). Unexpectedly, PABP overexpression
had hardly any effect on target mRNA abundance (Fig. 4B),
possibly indicating diminished translation repression as its
predominant effect.

To more clearly define the mechanism(s) whereby PABP
affects miRNA repression, we examined a mutant form of
PABP (M161A) that cannot bind eIlF4G (Kahvejian et al.
2005). This interaction is a crucial function of PABP as it
approximates the 5" and 3’ termini of mRNAs and en-
hances translation initiation (Kahvejian et al. 2005). Simi-
lar to wild-type PABP, the M161A mutant diminished
miR-30-mediated repression (to ~55% of control with
800 ng of PABP [M161A]) (Fig. 4A), but was significantly
less effective at all quantities transfected despite similar ex-
pression levels (Fig. 4A). This result suggests that a PABP-
eIF4G interaction is partly responsible for the antagonistic
effect of PABP on miRNA repression.

Ectopic overexpression of translation factors could po-
tentially induce pleiotropic effects on cellular translation
rate and physiology that may confound interpretation of
our experiments. Global cellular translation measured by
*3S-methionine incorporation and translation of the co-
transfected FLuc control reporter were not significantly
changed in cells with elevated levels of PABP (data not
shown). Moreover, there were no changes in cell pro-
liferation rate or morphology during the course of our
experiments.

A role for PABP in modulating miRNA efficacy was
further probed by manipulating Paip2, which negatively
regulates PABP’s interactions with poly(A) and eIF4G
(Khaleghpour et al. 2001b; Karim et al. 2006). Transfection
of plasmids encoding wild-type Paip2 or a variant contain-
ing a single amino acid substitution (F118A) that ablates
PABP interaction resulted in substantial Paip2 overexpres-
sion compared with endogenous levels (Fig. 4C). Increased
expression of wild-type Paip2 produced the opposite effect
of PABP, elevating repression by miR-30 ~50%. In con-
trast, the F118A mutant had negligible effects on miRNA
function. We also depleted Paip2 in 293T cells by RNA in-
terference and analyzed effects on target mRNA repression
(Fig. 4D). In accordance with results obtained in PABP/
Paip2 overexpression experiments, we observed decreased
miRNA efficacy as a consequence of Paip2 knockdown.
Similar assays in which PABP was targeted for knock-down
resulted in co-depletion of Paip2, as previously observed
(Yoshida et al. 2006), and showed no effect on miRNA si-
lencing (data not shown). Taken together, these results in-
dicate that PABP expression and activity modulates the
extent of miRNA-mediated repression.

To determine if PABP/Paip2 overexpression also in-
fluences repression of endogenous miRNA targets, we again
used reporters containing the miR-155 targeted BACH1 3’
UTR. The effects of PABP overexpression on miR-155 re-
pression of BACH1 were comparable to miR-30-mediated
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repression of artificial target 3' UTRs (Fig. 4E). These re-
sults indicate that the effects observed are not due to a
specific miRNA:target combination.

A recent report concluded that the cytoplasmic
poly(A)polymerase GLD-2 stabilizes the mature form of
miR-122 (but not several other miRNAs assayed, including
miR-21 used in our study) by the addition of a single
adenosine to the 3'UTR (Katoh et al. 2009). Therefore, it is
conceivable that PABP may influence miRNA abundance.
We tested levels of mature miRNAs -21, -30, and -155 using
quantitative PCR with transfection of control or myc-PABP
expression plasmids at the maximum amount employed
(Fig. 4F). We did not observe a significant change in
expression levels of the miRNAs used in this study upon
ectopic PABP expression (Fig. 4F).

Increasing PABP expression or activity diminishes
repression of an endogenously targeted mRNA

Next, we determined whether manipulation of PABP
abundance or activity might affect an endogenous mRNA
subject to miRNA regulation. For this purpose, we exam-
ined the effect of miR-21 on expression of programmed
cell death 4 (Fig. 5, PDCD4), an empirically verified miR-
21 target mRNA that contains a single 3’ UTR recognition
site (Asangani et al. 2008; Chen et al. 2008; Frankel et al.
2008; Lu et al. 2008; Zhu et al. 2008). As reported pre-
viously in HEK-293 cells (Frankel et al. 2008), ectopic ex-
pression of miR-21 in 293T cells resulted in decreased
steady-state abundance of PDCD4 protein, ranging between
40% and 60% of levels observed in miR-30-transfected cells
(Fig. 5). Overexpression of PABP or depletion of Paip2

miRNA: 21 30 21 30 21 30 21 30
PDCD4 . —
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FIGURE 5. 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
~20 h later (left). After another 20 h incubation, cells were lysed and
protein levels evaluated by Western blot. Effects of PABP over-
expression were similarly evaluated (right). Quantification of PDCD4
normalized to tubulin levels in Western blots is shown (lower panels).
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abrogated the repressive effect of miR-21 on PDCD4 pro-
tein levels. This confirms modulation of miRNA activity by
PABP observed with artificial 8X tandem target sites and
the authentic BACH1 3" UTR for an endogenous miR-21
target. Assays of PDCD4 mRNA levels using qRT-PCR
(data not shown) confirmed earlier reports that miR-21
targeting of PDCD4 mRNA does not significantly alter
transcript abundance (Lu et al. 2008). Moreover, we did not
observe substantial effects on PDCD4 mRNA levels with
ectopic PABP expression or Paip2 depletion (data not
shown).

Exogenous PABP expression interferes
with miRNA-mediated target deadenylation

It is widely accepted that deadenylation is a mechanism by
which miRNAs repress gene expression (Giraldez et al.
2006; Wakiyama et al. 2007; Eulalio et al. 2009), and PABP
has well characterized regulatory roles in deadenylation
(Mangus et al. 2003). Accordingly, we hypothesized that
PABP may reduce miRNA repression by interfering with

deadenylation of targeted constructs. We tested the effects
of ectopic PABP and PABP (M161A) expression on target
mRNA deadenylation using a PCR-based method for
poly(A) tail analyses (Fig. 6). The ligase-mediated poly(A)
tail (LM-PAT) assay is an established method for measur-
ing poly(A) tail length (Salles et al. 1999) and has been used
to assess miRNA target deadenylation (Clancy et al. 2007).
We analyzed the miR-30 tandem 8X target mRNA under
repressive and control conditions using LM-PAT. The
discrete amplified DNA fragment of ~220 base pairs is
representative of mRNAs with a short oligo(A) tail, while
smearing above this fragment indicates increasing poly(A)
tail length (Fig. 6). Deadenylation of the target mRNA was
clearly evident with miR-30, when compared with the
nontargeting miR-21 (Fig. 6A,B,D). Reflecting its effects
on miRNA repression levels (Fig. 4), overexpression of both
PABP and PABP (M161A) diminished target mRNA dead-
enylation in a dose-dependent manner (Fig. 6A,B). but did
not affect an endogenous control (GAPDH) mRNA (Fig.
6C). We observed similar effects at both 20 h (Fig. 6A) and
12 h (Fig. 6B) post-transfection. Importantly, depletion of
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FIGURE 6. The effect of miR-30 on target mRNA adenylation status after manipulation of active PABP. The LM-PAT assay was used to test
poly(A) tail length (see Materials and Methods for details). 293T cells were transfected under conditions described in Figure 4, A or D. (A) The
effects of PABP and PABP (M161A) ectopic overexpression on the poly(A) tail length of the miR-30 8 X target mRNA 20 h post-transfection. (B)
miR-30 8 X target mRNA assayed as in A at 12 h post-transfection. (C) The adenylation status of a control mRNA (GAPDH) was assayed with the
highest amount (800 ng) of PABP and PABP (M161A) cDNA transfected at 20 h and 12 h post-transfection. (D) 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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Paip2 (Fig. 6D) reduced target mRNA deadenylation in
a similar manner (Fig. 6D). Thus, the decrease in miRNA
efficacy observed with PABP and PABP (M161A) over-
expression and Paip2 depletion is accompanied by signif-
icant reduction in target mRNA deadenylation.

DISCUSSION

Mechanisms by which miRNAs influence gene expression
are complex, involving a host of trans-acting factors and
cis-elements that mediate translational repression and/or
mRNA decay. The results presented here confirm and
extend previous work implicating the m’G cap as a critical
determinant in miRNA-mediated repression (Humphreys
et al. 2005; Mathonnet et al. 2007; Thermann and Hentze
2007). Experiments with transfected reporter mRNAs also
suggest that the 3’ poly(A) tail enhances susceptibility to
repression. Indeed, while translation of mRNA containing
the HCV IRES was immune to miRNA silencing in RNA
transfection experiments, the presence of both a 5' m’G-cap
and poly(A) tail rendered the corresponding RNA pol II-
derived transcript similarly sensitive to miRNA-induced
decay as a non-IRES construct. Nevertheless, capped and
polyadenylated HCV reporter mRNA was consistently less
sensitive to repression in both RNA and DNA transfection
experiments. Our data show that an active IRES within an
mRNA bearing conventional termini does not protect against
miRNA repression, at least at the level of RNA decay.
Indeed, as equal levels of decay are accompanied by
different levels of translation repression, HCV IRES func-
tion per se may not be affected by miRNA activity. Thus,
repression of HCV IRES reporter mRNA bearing a cap and
poly(A) tail may result exclusively from mRNA decay.
Since both the m’G-cap and poly(A) are required for full
repression of IRES or cap-dependent mRNAs, indirect
contact between 5’ and 3’ ends via m’G-cap/poly(A)-
dependent interaction between PABP and elF4G may be
negatively regulated by RISC.

The apparent central role for the 5 m’G-cap in
conferring miRNA susceptibility suggests that eIF4E is
targeted for inhibition through disruption of either its
cap- or elF4G-binding capability. Indeed, Kiriakidou et al.
(2007) proposed that the core RISC component Argonaute
2 (Ago2) associates with the m’G-cap through a motif
homologous to elF4E. Subsequent analyses have challenged
Ago2 homology with eIF4E and its putative cap-binding
activity, as Ago2 present in cell lysates is not readily en-
riched by cap-affinity chromatography (Eulalio et al. 2008;
Kinch and Grishin 2009; SS Bradrick and M Gromesier,
unpubl.). However, it remains possible that Ago2 associates
with the m’G-cap indirectly through a presently unidenti-
fied RISC-associated factor. Further in-depth proteomic
characterization of Ago2 and cap-binding protein com-
plexes may vyield insight into a role for the m’G-cap in
miRNA function.
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In addition to examination of cis-acting mRNA ele-
ments, we investigated a role for trans-acting PABP in
modulating miRNA function. Paip2 knockdown and PABP
overexpression, distinct approaches with the similar out-
come of increased active PABP, both diminished miRNA
repression. Concordantly, elevating levels of endogenous
Paip2 led to enhanced miRNA efficacy. Since analysis of
diverse artificial and natural target mRNAs yielded similar
outcomes, our results suggest that PABP may be considered
a general modifier of miRNA function.

How might PABP protect from miRNA-mediated re-
pression? One possibility is that PABP activity and abun-
dance correlate broadly with the general rate of cellular
protein synthesis, and efficacy of miRNA repression is
heightened or depressed proportionally. However, we failed
to observe significant changes in protein synthesis rate
(tested with reporter assays and >>S methionine incorpo-
ration) due to manipulation of PABP or Paip2 expression.
This is in agreement with in vivo PABP knockdown studies
that did not reveal significant reduction in bulk protein
synthesis (Yoshida et al. 2006). miRNAs can regulate target
mRNAs by affecting their translation rate, mRNA steady
state level, or some combination thereof. Our data suggest
that PABP modulates miRNA activity at both the level
of mRNA deadenylation and translation inhibition. The
MI161A form of PABP is capable of binding poly(A), but
does not interact with eIF4G or stimulate translation
initiation in vitro (Kahvejian et al. 2005). Nevertheless,
PABP (M161A) retains the ability to antagonize dead-
enylation of miRNA-targeted mRNA and to reduce the
overall strength of miRNA repression. Thus, the interme-
diate effect of PABP (M161A) on repression suggests that
the overall protective effect of PABP is mediated in part by
its interaction with eIF4G.

During preparation of this manuscript, two reports were
published detailing a requirement for PABP in miRNA-
directed deadenylation mediated by an RNA-independent
interaction between PABP and GW182 (Fabian et al. 2009;
Zekri et al. 2009). Zekri et al. (2009), similar to our ob-
servations, found that ectopic overexpression of PABP
decreased the extent of miRNA-mediated repression, al-
though deadenylation of target mRNA was not examined.
Our interpretation that e[FAG-PABP interaction may be
targeted by miRNAs is in agreement with recent findings
obtained with in vitro PABP depletion and PABP (M161A)
reconstitution (Fabian et al. 2009) or PABP—eIF4G binding
competition by the RISC component GW182 (Zekri et al.
2009). Based on in vitro depletion and add back assays,
Fabian et al. (2009) reported that PABP is required for
miRNA-mediated deadenylation, a finding that contradicts
diminished repression and inhibition of deadenylation with
ectopic PABP and Paip2 knock-down in vivo.

Multiple nonmutually exclusive explanations exist that
may account for the diverse observations on PABP’s role in
deadenylation of miRNA target mRNAs. In our assays and
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in studies by Zekri et al. (2009), PABP overexpression may
preserve poly(A) tails either by stimulating closed-loop
mRNA conformation through its interaction with eIF4G or
by enhanced shielding of poly(A) tails. Accordingly, PABP
has been described as a general antagonist of deadenylation
in multiple experimental systems (Wormington et al. 1996;
Wang et al. 1999; Voeltz et al. 2001; Wilusz et al. 2001).
Alternatively, since PABP binds components of the CCR4—
NOT1 deadenylase complex (Zekri et al. 2009), elevated
levels of free PABP may saturate the complex and effec-
tively inhibit its function.

Distinct empirical systems may reveal different proper-
ties of the intricate network regulating miRNA activity.
No single approach can be considered unambiguous, and
reconciling these differences will require comprehensive
analyses in multiple experimental systems. Despite differ-
ences regarding its precise effects, our study and prior
investigations (Fabian et al. 2009; Zekri et al. 2009) clearly
indicate that PABP and factors regulating its function play
prominent roles in mediating post-transcriptional gene
regulation via miRNAs.

MATERIALS AND METHODS

Cell culture and plasmid constructs

293T cells were maintained in DMEM supplemented with 10%
FBS and nonessential amino acids. pCMV-miR-21 and pCMV-
miR-30 were obtained from B. Cullen (Duke University) and have
been described previously (Zeng et al. 2003). The 8 X miR-30 site’s
3" UTR was PCR-amplified from pCMV-target-30B (Zeng et al.
2003) with primers (1) 5'-gagcggcegeccagtgecaaggtet-3" and (2)
5'-gctctagagttaccatgggttaacgg-3' and inserted into pTNT (Invitro-
gen) containing an RLuc cassette (Bradrick et al. 2006) using NotI
and Xbal. An Xhol 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
BACHI1 3’ UTR was PCR-amplified with primers (3) 5'-agtggta
ccacttgcattcacttccttcaaac-3" or (4) 5'-agtacgcgtacttgcattcacttectte
aaac-3' and (5) 5'-agtgcggecgecattgttagaaaaattatattat-3’ and cloned
into the existing pCI cassette using Kpnl (primer [3]) or Mlul
(primer [4]) and a Notl restriction site. miR-155 was cloned
into pBC12 (Zeng et al. 2003) using PCR amplification with
primers (6) 5’'-agcctcgatcccagtgaccagattatg-3' and (7) 5'-tatctcgag
ggtggcacaaaccaggaagg-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
(8) 5-attctcgaggecagecccctgatg-3" and (9) 5'-tcggttggggagttgttcat
ttttga-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 (10) 5'-cggtcgactctagagttac
catggg-3’ and (11) 5’ataagcttaggtaccacgcgtgaatt-3' and cloned
into ¢-myc and SL-c-myc (Kaiser et al. 2008) using Sall and
HindIII sites.

Primer extension

Primer extension was performed as described previously (Zeng
et al. 2003). Briefly, confluent 293T cells were transfected with 400
ng of CMV-miR-21 or CMV-miR-30, and after ~18 h cells were
harvested and total RNA was isolated using RNeasy (Qiagen) and
treated with DNase. Five micrograms of total RNA were then
analyzed using Primer Extension System (Promega). The primers
used to specifically detect miR-21 and miR-30 have been de-
scribed (Zeng et al. 2003). Primer (12) 5'-accccgagcacgattag-3'
was used to detect miR-155.

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 Mlul. In vitro
transcript RNAs were then purified using RNeasy (Qiagen) and
treated with DNase. Subsequently, RNAs were treated with
guanylyl-transferase (Ambion) to add a m’G-cap and polyade-
nylated with yeast poly(A) polymerase (USB) where indicated.
The integrity and purity of all in vitro transcript RNAs was ver-
ified by agarose gel electrophoresis and UV spectrometry of the
260:280 absorbance ratio. 293T cells were co-transfected as de-
scribed (Humphreys et al. 2005) with 2 nM final concentration of
miR-30 duplex (+)5’-cuuucagucggauguuugcage-3':(—)5’-gcugcaaac
auccgaaugaaag-3’ or miR-21 duplex (+)5'-uagcuuaucagacugauguu
ga-3":(—)5-caacaccagucgaugggcugu-3’ (IDT) and 100 ng of the
indicated target construct using Lipofectamine2000 (Invitrogen)
according to the manufacturer’s instructions. Prior to transfection,
single-stranded oligonucleotide RNAs were annealed. RLuc was
measured 10 h 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, 1 pg of
indicated target construct, 0.5 wg of pGL3 (Promega) expressing
Firefly Luc (used as a transfection control), and 25 g of pCMV-
miR-21 or -30 were co-transfected into 293T cells grown in 10-cm
culture dishes using Lipofectamine2000 (Invitrogen). For BACHI 3’
UTR reporters (Fig. 3), 10 ng of target cDNA were co-transfected
with 5 ng of pGL3 and 400 ng of either pCMV-miR-21 or -155 in
individual wells of a 24-well plate. Luc was measured 20 h post-
transfection. Rluc values were first normalized to FLuc (pGL3), then
compared as fold repression (miR-21 transfected/miR-30 trans-
fected).

PABP/Paip2 overexpression and knockdown

A myc tag (5'-gagcagaaactcatctctgaagaggatctg-3') was cloned into
pcDNAS5 (Invitrogen) using oligonucleotides. The PABPCI se-
quence was then cloned into this myc-tagged construct using
primers (13) 5'-gcggatccatgaaccccagtgeccccag-3' and (14) 5'gegeg
gccgcttaaacagttggaacaccggt gge-3" using INTEIN-PABP (Bradrick
et al. 2007) as a template and BamHI and NotlI restriction sites.
PABP (M161A) was constructed using overlapping primers con-
taining the mutation. GST-Paip2 has been described (Bradrick
et al. 2007). The Paip2A ORF was PCR-amplified and inserted
into pcDNA3.1 (Invitrogen). A Flag tag was inserted using prim-
ers (15) 5'-ctagcaccatggattacaaggatgacgacgataga-3' and (16) 5'-ag
cttcttatcgtcgtcatccttgtaatecatggtg-3'. For the miR-30 8X target
co-transfections, 400 ng of miR-21 or miR-30, 10 ng of miR-30
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8X target, 5 ng 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, 800 ng of miR-21 or miR-30 along with 400 ng of
myc-PABP was transfected and assayed ~48 h post-transfection.
siRNA duplexes for Paip2A (Qiagen) 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 100 nM total concentration of
all siRNAs (25 nM each siRNA duplex). For all siRNA experi-
ments, 293T cells were seeded onto 24-well plates on day 1. On
day 2, cells were transfected with siRNA duplex(es). On day 3,
(~20 h post-transfection), the medium was changed and cells
were transfected with 400 ng of miR-21 or miR-30, 10 ng of
miR-30 8X target, 5 ng of pGL3 for the miR-30 8X experiments.
PDCD4 was analyzed ~20 h (day 4) after transfection of 1 pg of
miR-21 or miR-30 on day 3.

Northern and Western blot analyses

For Northern analyses, total RNA was extracted with RNeasy
columns (Qiagen), treated with DNase (Qiagen), and subjected to
gel electrophoresis on 1% agarose gels containing glyoxal. The
quality of the extracted total RNA samples was verified by agarose
gel electrophoresis and UV spectrometry. RNA was 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 Sful/Xmnl digestion
(corresponding to nt 10-538) or PCR amplification with primers
(17) 5'-gggcggtaggcegtgtacggtggg-3' and (18) 5'-gatggcaacatggtttc
cacg-3'. Probes were labeled with [a*?P]-dCTP by random
priming using the High Prime system (Roche) according to the
manufacturer’s suggestions. Each Northern blot assay was re-
peated at least two times, and a representative experiment is
shown. 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 normal-
ized to the tubulin signal. Primary antibodies used in this study
were raised against PABP (Sigma), Paip2A (Sigma), Paip2 (a gift
of N. Sonenberg, McGill University), PDCD4 (Rockland Immu-
nochemicals), myc (Sigma), and tubulin (Sigma).

Quantitative RT-PCR

293T cells were transfected as indicated above, lysed with RLT
buffer and QIAshredder columns (Qiagen), then purified using
RNeasy columns and DNase treated (Qiagen). We performed
quantitative RT-PCR using the Plexor one-step qRT-PCR system
(Promega). One hundred nanograms 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 m’G-cap-dependent ([19] 5’-caccactgcggacca
gttatca-3') and HCV IRES-driven ([20] 5'-acaggggagtgattcat
ggtgg-3') reporters. The forward primer (21) 5'-cgtgaggcactgggca
ggt-3’ contains a 5" dFAM-isoC modification (Promega). GAPDH
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ReadyMade primers (IDT) were used as an internal control, and
all RLuc mRNA measurements were normalized to GAPDH.
miRNA qPCR was performed using the Tagman miRNA reverse
transcription system (Applied Biosystems) and 200 ng of total
RNA per reaction, followed by Tagman PCR on an ABI 7900HT.
293T cells were transfected with 800 ng of control or myc-PABP
and 400 ng of the indicated miRNA (see above). miRNA values
were first normalized to the endogenous control RNUA48. All
assays were performed at least three times and measurements were
taken in triplicate. A representative experiment is shown. The
AA-Ct method was used to compare samples (Lowe et al. 2003).

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 (400 ng of miR-21 or miR-30; 10 ng of miR-
30 8X target; 5 ng of pGL3 [as a transfection control]; 800 ng of
empty vector or PABP or PABP [M161A]) using RNeasy columns
(Qiagen) and DNase treated. Paip2 knockdown experiments were
performed as previously described. Two micrograms of RNA was
then incubated with p(dT);s 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 was in-
cubated at 42°C for at least 2 h. Subsequent PCR reactions were
carried out using Luc-specific primer (24) 5'-caaatcgttcgttgagcgagt
tctcaaaaatg-3' and the oligo(dT) anchor. The GAPDH-specific
primer was (25) 5’-tctcctctgacttcaacagegaca-3'.
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