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ABSTRACT

MicroRNAs (miRNAs) regulate the expression of numerous genes and are implicated in the pathogenesis of many human
diseases. miRNAs act as specificity determinants to guide deposition of microRNPs (miRNPs) onto miRNA recognition elements
(MREs) that are found in mRNA targets. We have adapted a site-specific crosslinking approach, previously used in the analysis of
splicing, to interrogate protein factors that physically associate with MREs in human cells. We find that Ago proteins are the only
proteins that bind to the MRE in a miRNA-dependent manner. Our method may be used in various experimental systems to
analyze protein factors that influence MRE accessibility by miRNAs and the composition of MRE-bound miRNPs.
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INTRODUCTION

MicroRNAs (miRNAs) and short interfering RNAs (siRNAs)
are ~22-nucleotide (nt), noncoding, regulatory RNAs.
miRNAs assemble with Argonaute (Ago) proteins into
miRNPs (functionally equivalent to RNA induced silenc-
ing complexes [RISCs]), which are the effector complexes
that recognize miRNA recognition elements (MREs) in
mRNAs targeted by miRNAs and mediate miRNA func-
tions (for reviews, see Bartel 2004; Liu et al. 2008).
Argonaute proteins have molecular masses of ~95 kDa
and are divided into Ago and Piwi subclades (Carmell et al.
2002). There are four Ago proteins (Agol-4) in humans
and mice (Liu et al. 2008). An important principle
underlying miRNP-MRE recognition is the need for perfect
complementarity between the proximal region (positions
2-8) of the miRNA with the MRE; this area of base pairing
is known as the “seed” or “proximal area” or “nucleus”
(Lewis et al. 2003; Kiriakidou et al. 2004; Rajewsky and
Socci 2004). Such partial binding between a miRNP and its
mRNA target promotes translational repression or acceler-
ated degradation of the target mRNA (for reviews, see
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Zamore and Haley, 2005; Nilsen 2007; Liu et al. 2008).
When the complementarity between the miRNA and an
MRE extends continuously beyond the seed and if the
miRNA is bound to Ago2, the targeted mRNA is cleaved by
Ago2 (for reviews, see Zamore and Haley 2005; Nilsen
2007; Liu et al. 2008).

Uncovering the comprehensive picture of miRNA-
mediated functions will require the development of meth-
ods that lead to the isolation and identification of factors
that participate in direct interactions between miRNAs
and their targets. Such methods may also be useful for the
biochemical isolation of mRNA targets that physically
associate with cognate miRNAs. Although mRNA targets
that coimmunoprecipitate with endogenous Ago proteins
(Beitzinger et al. 2007) or epitope-tagged Ago proteins
(Easow et al. 2007; Karginov et al. 2007) have been isolated
without prior crosslinking, it is unknown whether the
interpretation of such approaches might be complicated
from reassociation artifacts between miRNPs and mRNAs,
induced after cell lysis (Mili and Steitz 2004). The use of
epitope-tagged Ago proteins may also limit studies of
miRNPs and their targets since a large fraction of epitope-
tagged Ago protein is devoid of miRNAs (Maniataki and
Mourelatos 2005a,b).

Previous studies have used photocrosslinking to study
RISC assembly (Tomari et al. 2004) and formaldehyde
crosslinking to identify RISC/miRNP proteins that bind to
mRNAs (Vasudevan et al. 2007). We have adapted a site-
specific crosslinking approach, previously used in the
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analysis of splicing (Moore and Sharp 1992; Wyatt et al.
1992; Newman et al. 1995; Wu et al. 1999), to interrogate
protein factors that are in direct contact with an MRE that
is specifically recognized by the let-7 miRNA. We find that
Ago proteins are the only proteins that bind to the MRE in
a let-7-dependent manner. This method may be used in
various experimental systems to analyze protein factors that
influence MRE accessibility by miRNAs and the composi-
tion of MRE-bound miRNPs.

RESULTS AND DISCUSSION

To isolate endogenous proteins that bind directly to an
MRE, we have adapted a site-specific crosslinking approach
previously used in the analysis of splicing (Moore and
Sharp 1992; Wyatt et al. 1992; Newman et al. 1995; Wu
et al. 1999). With this method we can induce ultraviolet
(UV) crosslinks between an MRE present in the 3'-UTR of
a reporter mRNA and the proteins that are in direct contact
(Fig. 1) based on the strategy of site-specific incorporation
of modified, radiolabeled nucleotides (Moore and Query
1998). Because a single MRE for let-7b, naturally found
in the 3’-UTR of human and mouse lin-28 mRNAs, is
necessary and sufficient to confer miRNA-dependent trans-
lational repression in HeLa cells (Kiriakidou et al. 2004), we
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FIGURE 1. Strategy for identification of factors that associate directly
with an MRE.

prepared Renilla Luciferase reporter mRNAs containing a
single MRE for let-7b, and used total HeLa cell lysates to
identify proteins that physically associate with the MRE
(Figs. 1, 2A). Two site-specific modifications were incor-
porated in the reporter mRNAs: a single, photoreactive
modified base, 4-thio-Uridine (s*U), and a single radiolabel
2P adjacent to the s*U. When protein factors are bound to
the reporter mRNA and irradiated by UV light, proteins
that are in direct contact with s*U form covalent bonds
and become radiolabeled. After RNase treatment, only the
s*U-containing fragment of the mRNA that is bound to
proteins remains and is detected along with the bound
proteins by protein electrophoresis.

As shown in Figure 2A, we constructed four reporter
mRNAs: “LIN-28-Control” with a radiolabel but without
s*U, “LIN-28-S1” with s*U at position —1, “LIN-28-82”
with s*U at the loop region between positions 8 and 9, and
“LIN-28-S3” with s*U at position 10. Since the MRE of
LIN-28-S3 is perfectly complementary to let-7b in positions
1-18, we incorporated a phosphorothioate bond between
positions 10 and 11 to prevent cleavage by Ago2 and thus
retain the association of Ago2/let-7 miRNPs. The mRNAs
were incubated with total HeLa cell lysate, irradiated by UV
light, treated with RNase T, (G-specific), and analyzed by
NuPAGE protein electrophoresis (Fig. 2B, “Total”) (see
Materials and Methods). Numerous bands between 50
and 150 kDa were observed with LIN-28-S1, LIN-28-S2,
and LIN-28-S3. Because no crosslinking was observed with
LIN-28-Control, which lacked a photoreactive s*U, these
bands represented proteins specifically crosslinked to the
s*U in the MRE region. After RNase T, treatment, 14 nt,
7 nt, and 16 nt of RNA were excised from LIN-28-S1,
LIN-28-S2, and LIN-28-S3, respectively, as a s*U- and
**P_containing region. Thus, the proteins that crosslinked
to LIN-28-S2 migrated a little faster than those that
crosslinked to LIN-28-S1 and LIN-28-S3. The patterns of
the crosslinked proteins were identical between LIN-28-S1,
LIN-28-S2, and LIN-28-S3, with the exception of a ~100-
kDa band (Fig. 2B, indicated by an arrow), corresponding
in size to Ago proteins, which was observed in LIN-28-S2
or LIN-28-S3, but not in LIN-28-S1.

Next, we performed immunoprecipitation with 2A8, a
monoclonal antibody that recognizes all four human Ago
proteins (Nelson et al. 2007), or nonimmune mouse serum
(NMS) as a negative control. The supernatant after immu-
noprecipitation or the beads were incubated with the
labeled mRNAs, UV-irradiated, treated with RNase T,
and analyzed by NuPAGE. As shown in Figure 2B, Ago
proteins became radiolabeled only when the s*U was within
the MRE (Fig. 2B, “beads,” lanes 2,3), and there was
corresponding reduction of the intensity of labeled Agos in
the supernatant after immunoprecipitation (Fig. 2B,
“sup”). There were no radiolabeled proteins in the NMS
immunoprecipitates, and radiolabeled Ago proteins re-
mained in the NMS supernatant (Fig. 2B, right panel).
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FIGURE 2. miRNA-guided and direct contacts between Ago proteins and an MRE. (A) mRNAs used to detect proteins that bind to an MRE for
let-7b. Base pairing between LIN-28 MRE with let-7b is shown. Single s*U (U) and an adjacent, single **P radiolabel (») are incorporated in
defined positions within the MRE, as shown. After UV irradiation, a covalent bond is formed between the s*U and cellular factors, and the **P
radiolabel is transferred to the bound factors. LIN-28 S3 mRNA, whose MRE sequence is perfectly complementary to let-7b, contains a
phosphorothioate (ps) between position 10 and 11 to reduce cleavage by Ago 2. (B) Ago proteins bind directly to MRE. Indicated mRNAs (LIN-
28-Control [C], LIN-28-S1 [1], LIN-28-S2 [2], and LIN-28-S3 [3]) were incubated in total HeLa cell extract (Total) or with supernatants or beads
after immunoprecipitation (IP) with 2A8 anti-Ago monoclonal antibody or nonimmune mouse serum (NMS, negative control). After UV
irradiation and RNase treatment, samples were analyzed by NuPAGE protein electrophoresis, and radiolabeled proteins were visualized by storage
phosphor autoradiography. (Arrow) Ago proteins. (C) Crosslinking of Ago proteins to a target mRNA requires the cognate miRNA. The
crosslinking experiments using total HeLa cell extract were performed with (+) or without (—) let-7b inhibitor. (Filled circles) Position of Ago

proteins.

These findings indicate that although many proteins can
bind to the MRE region, Ago proteins bind specifically to
the MRE. To assess whether the Ago binding to the MRE
is dependent on the cognate miRNA (let-7), we pre-
incubated total HeLa cell lysate with a miRIDIAN let-7b
inhibitor and then performed the crosslinking experiment.
Previous studies have shown that 2’-O-methylated RNA
molecules that are antisense to miRNAs are potent and spe-
cific inhibitors of miRNAs (Hutvagner et al. 2004; Meister
et al. 2004). miRIDIAN inhibitors incorporate additional,
structured, double-stranded regions that enhance their
potency (Vermeulen et al. 2007). As shown in Figure 2C,
the let-7b inhibitor caused a marked reduction of the
intensity of the ~100-kDa Ago protein band, while the
intensity of other protein bands was not affected, indicating
that Ago binding to the MREs was let-7-dependent.

We next tested whether immunopurified miRNPs from
HelLa cells could crosslink to MREs in a miRNA-dependent
and seed-dependent manner. Four synthetic, 5'-end-
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labeled RNAs carrying either the MRE region of LIN-28-
S2 or LIN-28-S3 that bind to let-7 with seed or perfect
complementarity, respectively, or corresponding mutants
that disrupt the seed (LIN-28-S2M and LIN-28-S3M) were
used as target RNAs (Fig. 3A). The RNAs were incubated
with 2A8 immunoprecipitates (containing Ago/let-7
miRNPs) either in the absence or presence of let-7b-
inhibitor, followed by UV-irradiation. Because the target
RNAs were small and 5'-end-labeled, we did not treat the
samples with RNase T1 after crosslinking but proceeded
with protein electrophoresis. As shown in Figure 3B,
binding of Ago proteins to the MREs was let-7-dependent,
while mismatches in the seed region dramatically reduced
binding. The faster migrating bands toward the bottom of
the gel are radiolabeled RNA targets, not bound to any
proteins. These findings indicate that Ago/miRNA miRNPs
are the predominant determinants of target RNA recogni-
tion by miRNAs. Since 2A8 recognizes all four Ago
proteins, we do not know whether all Ago proteins are
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FIGURE 3. Mismatches in the miRNA proximal (seed) region disrupt the binding between Ago proteins and their target RNA. (A) Target RNA
sequences. (U) s*U, (ps) phosphorothioate. (B) 5’-end-labeled target RNAs were incubated with 2A8 (anti-Ago) immunoprecipitates, in the
presence (+) or absence (—) of let-7-inhibitor, irradiated with UV, and analyzed by NuPAGE electrophoresis. (Arrow) Crosslinked Ago proteins.
The faster migrating bands toward the bottom of the gel are radiolabeled RNA targets, not bound to any proteins.

bound to the MRE or whether they all recognize it with the
same affinity. As Ago-specific antibodies are being devel-
oped (Rudel et al. 2008) it will be interesting to examine
whether there is preferential binding of specific MREs by
specific Ago proteins.

An important conclusion of our study is that the only
proteins that bind to the MRE in a miRNA-dependent
manner are Ago proteins, and such binding is very specific,
as demonstrated, for example, by the lack of Ago cross-
linking to the MRE in the presence of a miRNA inhibitor
or when 4-thio-Uridine is placed just 1 nt upstream of the
seed. Our finding that Ago/miRNA miRNPs, either immu-
nopurified or in a whole cell lysate, are able to specifically
associate with an MRE in a miRNA-dependent manner,
indicates that mRNAs isolated from Ago immunoprecipi-
tates (Beitzinger et al. 2007; Easow et al. 2007; Karginov
et al. 2007) very likely represent authentic targets.

Another important observation is that many proteins
bind to the MRE in a miRNA-independent manner, and
our approach can be used to interrogate whether any of
these proteins influences binding of Ago/miRNAs to the
MRE. In that regard it is interesting to note that the Dnd1
RNA binding protein inhibits the activity of several
miRNAs by binding to their cognate mRNA targets and
precluding miRNA binding (Kedde et al. 2007).

Further uses of this method would be to interrogate
whether other miRNP-associated proteins, such as GW182
or proteins of the decapping complex (Eulalio et al. 2007)
or FXR1 (Vasudevan et al. 2007), are deposited in a
miRNA-dependent manner onto cognate MREs. This
method may also be used to interrogate whether the
protein composition of miRNPs differs when miRNAs are
bound to their targets in polysomes (Maroney et al. 2006;
Nottrott et al. 2006), and can be adapted to analyze the
protein composition of miRNPs bound to MREs in systems

that recapitulate miRNA translational repression in vitro
(Mathonnet et al. 2007; Thermann and Hentze 2007;
Wakiyama et al. 2007).

MATERIALS AND METHODS

Construction of reporter mRNAs containing s*U
and *?P radiolabel

Site-specifically modified target mRNAs were constructed by
splinted ligation of two RNAs according to methods described
by Moore and Query (1998): (RNA-1) was a 5'-32p_labeled
synthetic RNA oligo containing s*U near its 5’-end, and (RNA-2)
was a capped transcript containing Renilla luciferase mRNA
sequences. For (RNA-1), synthetic RNAs containing s*U were
obtained from Dharmacon Co.: 5'-AUACGCUCGAGGCGG-3'
for LIN-28-Control, 5'-A(s*U)ACGCUCGAGGCGG-3' for LIN-
28-S1,  5'-A(s*U)UGAACUACCUCAUACGCUCGAGGCGG-3'
for LIN-28-S2, and 5’-C(phosphorothioate)(S4U)ACUACCUCAU
ACGCUCGAGGCGG-3" for LIN-28-S3. These synthetic RNAs
were 5'-end labeled using [y->*P] ATP and T4 polynucleotide
kinase (T4 PNK, New England Biolabs), followed by incubation
for 10 min at 70°C to deactivate PNK. (RNA-2) was prepared by
in vitro transcription. First, we synthesized DNA templates from
the pRL-TK plasmid bearing a let-7b MRE in the 3’-UTR
(Kiriakidou et al. 2004) by PCR using following primers:

Forward primer: 5'-TAATACGACTCACTATAGGCTAGCC-3";

Reverse primer: 5'-TGAGGTAGTTCAATAGGCTGTGCTG-3' for
LIN-28-Control and LIN-28-S1;

Reverse primer: 5'-TAGGCTGTGCTGTCATATGGAGTC-3" for
LIN-28-S2; and

Reverse primer: 5'-GCTGTGCTGTCATATGGAGTCATTTAG-3’
for LIN-28-S3.

A capped (RNA-2) was then synthesized by using the mMESSAGE
mMACHINE kit (Ambion) and then purified by MEGAclear
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(Ambion). (RNA-1) and (RNA-2) were joined by T4 DNA ligase.
T4 DNA ligase ligates nicks in duplex regions, and we used the
following bridging DNA templates that hybridize to the (RNA-1)
and (RNA-2) to form nicked duplexes:

5'-CTCGAGCGTATGAGGTAGTTCAATAGGCTGTGC-3' for
LIN-28-Control, LIN-28-S1, and LIN-28-S2; and
5'-GAGGTAGTAGGCTGTGCTGT-3’ for LIN-28-S3.

The (RNA-1) (100 pmol), the (RNA-2) (20 pmol), and the DNA
template (100 pmol) were first incubated for 5 min at 70°C in a
reaction mixture (50 pL) consisting of 1X buffer for T4 DNA
Ligase (USB Co.), and then annealed at room temperature.
Ligation was performed simultaneously for 4 h at 37°C by adding
25 units of T4 DNA Ligase (USB Co.) and 0.8 mM of ATP. The
ligated mRNAs were PAGE purified (using 5% UREA PAGE).
Poly(A) tail was then added to the purified mRNAs using the
Poly(A) Tailing Kit (Ambion).

For the binding analysis using target RNAs with mismatches in
the seed region, the following synthetic RNAs containing s*U were
obtained from Dharmacon:

5'-AAAUGACUCCAUAUGACAGCACAGCCUA(s4U)UGAACU
ACCUCAUACGCUCGAGGCGG-3' for LIN-28-S2;
5'-AAAUGACUCCAUAUGACAGCACAGCCUA(s4U)UGAACU
AGGUCAUACGCUCGAGGCGG-3' for LIN-28-S2M;
5'-AAAUGACUCCAUAUGACAGCACAGCC(s*U)ACUACCUC
AUACGCUCGAGGCGG-3' for LIN-28-53; and
5'-AAAUGACUCCAUAUGACAGCACAGCC(s*U)ACUAGGUC
AUACGCUCGAGGCGG-3' for LIN-28-S3M.

These RNAs were 5'-end labeled using [y-**P] ATP and T4 PNK
(New England Biolabs).

Immunoprecipitation

Total HeLa cell lysate was prepared by brief sonication in
lysis buffer containing 20 mM Tris-HCl (pH 7.4), 200 mM NacCl,
2.5 mM MgCl,, 0.05% NP-40, protease inhibitor (Complete,
Roche) and RNase inhibitor (0.1 units/wL, Promega); lysates
were clarified by centrifugation at 20,000¢ for 10 min. Immuno-
precipitation was performed as previously described (Mourelatos
et al. 2002) using the 2A8 anti-Ago monoclonal antibody
(Nelson et al. 2007), or nonimmune mouse serum as negative
control.

Crosslinking

>2p_labeled RNA (~10,000 cpm) were incubated for 70 min at
28°C in 10 pL of total HeLa lysate, or beads or supernatant in the
lysis buffer obtained from 2A8 IP. Where indicated, the lysate or
the beads were pre-incubated for 30 min at 28°C with 25 pmol of
let-7b inhibitor (miRIDIAN MicroRNA Inhibitor, Dharmacon)
before the incubation with the labeled RNAs. Crosslinking was
performed for 30 min on ice by irradiation with a 365-nm hand-
held lamp (EL series UV lamp, UVP). When the reporter mRNAs
were used, reactions were digested with 30 units of RNase T,
(Roche) for 20 min at 37°C. Cross-linked proteins were separated
by NuPAGE (NuPAGE 4%-12% Bis-Tris, Invitrogen) and
detected by storage-phosphor autoradiography.
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