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Demonstrating polymorphic miRNA-mediated gene
regulation in vivo: Application to the g+6223G—A

mutation of Texel sheep
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ABSTRACT

We herein describe the development of a biochemical method to evaluate the effect of single nucleotide polymorphisms (SNPs)
in target genes on their regulation by microRNAs in vivo. The method is based on the detection of allelic imbalance in RNAs
coimmunoprecipitated with AGO proteins from tissues of heterozygous individuals. We characterize the performances of our
approach using a model system in a cell culture, and then apply it successfully to prove that the 3'UTR g+6223G— A mutation
operates by promoting RISC-dependent down-regulation of myostatin (MSTN) in skeletal muscle of Texel sheep.

Keywords: AGO immunoprecipitation; allelic imbalance; microRNA target; polymorphic miRNA-mediated gene regulation

INTRODUCTION

The majority of mammalian genes are fine tuned by one or
several of an arsenal of ~600 microRNAs (miRNAs) (e.g.,
Friedman et al. 2009). The sequence space devoted to
miRNA-mediated gene regulation (i.e., miRNA precursors,
miRNA target sites, silencing machinery) is bound to suffer
its toll of DNA sequence variants, of which some will
impact function and possibly phenotype. This assertion is
supported by (1) strong genetic and functional evidence for
the creation of an illegitimate miRNA target site in the
3’UTR of the MSTN gene by the Texel mutation associated
with increased muscle mass in sheep (Clop et al. 2006); (2)
genetic and functional evidence that naturally occurring
(human) and ENU-induced (mouse) mutations in the seed
sequence of miR-96 cause progressive hearing loss by
affecting pre-miRNA processing and/or target recognition
(Lewis et al. 2009; Mencia et al. 2009); (3) signatures of
purifying selection on single nucleotide polymorphisms
(SNPs) destroying conserved miRNA target sites (Chen and
Rajewsky 2007); and (4) the observation of downward
shifts in the relative transcript levels of the targeted versus
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untargeted allele in tissues of mice heterozygous for SNPs
that alter recognition sites for coexpressed miRNAs (Kim
and Bartel 2009).

At least 10 associations have been reported between com-
plex disease and 3'UTR SNPs predicted to alter miRNA
target sites (Abelson et al. 2005; Ziichner et al. 2006; Adams
et al. 2007; Mishra et al. 2007; Sethupathy et al. 2007; Tan
et al 2007; Beetz et al. 2008; Brendle et al. 2008; Chin et al.
2008; Kapeller et al. 2008; Landi et al. 2008; Lv et al. 2008;
Wang et al. 2008; Jensen et al. 2009). However, as pointed
out by Sethupathy and Collins (2008), in most of these cases
the evidence supporting the hypothesis was suggestive at
best. Moreover, tens of thousands of common SNPs destroy
or create putative miRNA target sites in the 3'UTR of 12,300
human genes (e.g., Hiard et al. 2010). Yet, identifying the
truly functional target sites, and thereby the relevant SNPs,
remains a major challenge.

While it seems inescapable that polymorphic miRNA-
mediated gene regulation makes a significant contribution to
phenotypic variation, there is a clear need for approaches
that allow effective identification of the corresponding DNA
sequence variants. We herein describe a method that achieves
this goal for DNA sequence variants in 3"UTRs. It is based
on the detection of allelic imbalance in the product of RNA
immunoprecipitation (RIP) from tissues of heterozygous
individuals. We apply the method successfully to the MSTN
3'UTR mutation of Texel sheep, thereby formally proving its
causality and modus operandi.

RNA (2010), 16:1854-1863. Published by Cold Spring Harbor Laboratory Press. Copyright © 2010 RNA Society.
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RESULTS

The model: The sheep Texel mutation

Quantitative trait loci (QTL) analysis pinpointed a G-to-A
transition in the 3'UTR of the MSTN gene associated with
increased muscularity in sheep. The ¢g+6223G-A mutation,
originating from Texel sheep, was predicted to create an
illegitimate 8-mer target site for coexpressed miR-1 and
miR-206. Accordingly, mutant MSTN mRNA was found to
be approximately one-third less abundant than wild-type
MSTN mRNA in skeletal muscle of heterozygous animals
(compatible with miRNA-dependent target degradation),
while circulating levels of MSTN protein were found to be
approximately two-thirds lower in homozygous mutants
than in homozygous wild types (compatible with additional
translational inhibition). When introduced in the 3’UTR of
the TK-driven luciferase gene, the g+6223G-A substitution
caused an miR-1/miR-206-dependent reduction of lumi-
nescence by approximately two-thirds when present in four
copies and by approximately one-third when present in one
copy. These findings made a compelling case for enhanced
muscularity caused by perturbed miRNA-mediated gene
regulation of the MSTN gene. Yet, one could argue that the
accumulated evidence did not formally prove our hypoth-
esis; hence, having to qualify the target site as “potential” in
the title (Clop et al. 2006).

To provide conclusive evidence in support of our hy-
pothesis, we aimed at demonstrating that MSTN transcripts
with the g+6223A mutation more tightly associate with the
RNA-induced silencing complex (RISC) than with wild-
type MSTN transcripts in vivo. To perform the comparison
in optimally controlled conditions, we aimed at demon-
strating differential RISC association by means of an allelic
imbalance test in anti-AGO2 immunoprecipitate from
skeletal muscle of animals heterozygous for the g+6223G-
A mutation (Fig. 1).

Luciferase reporter transcripts with four tandem
copies of the Texel mutation are preferentially
coimmunoprecipitated by anti-AGO2 antibodies
in a miR-1-dependent fashion

To optimize conditions for RIP suiting our purpose we
took advantage of the luciferase reporter assays previously
developed to demonstrate the effect of the g+6223G-A
mutation on miR-1-dependent gene regulation (Clop et al.
2006). The first assay relied on (1) the pRL-TK-4xA and
PRL-TK-4xG vectors, characterized by four tandem copies
of an 80-base-pair (bp) segment of the sheep MSTN 3’UTR
encompassing the g+6223G-A site embedded in the 3'UTR
of the renilla luciferase reporter gene (pRL-TK-4xG
contains the wild-type version of the 80-bp repeat, while
PRL-TK-4xA corresponds to the mutant one); and (2) the
pcDNA3-miR-1 and pcDNA3-miR-377 vectors expressing
ovine pri-miR-1 and miR-377 (negative control), respectively
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FIGURE 1. (A) Texel sheep with muscular hypertrophy resulting in
part from the g+6223G-A mutation in the 3'UTR of the MSTN gene.
The approximate positions of the semimembranosus (SM) and long-
issimus dorsi (LD) muscle examined in this study are shown. (B)
Schematic representation of the allelic imbalance test developed in this
study to demonstrate the preferential association of the mutant MSTN
A allele over the wild-type MSTN G with the RISC complex. Prior to
immunoprecipitation, transcripts carrying the G allele are predicted to
be slightly more abundant than those carrying the A allele in skeletal
muscle of heterozygous A/G animals as a result of the RISC-dependent
degradation of the targeted A transcripts. The coimmunoprecipitation of
miRNA-regulated mRNA with antibodies directed against RISC com-
ponents is predicted to cause a net enrichment in targeted A transcripts.

(Fig. 2A). We previously demonstrated that cotransfection of
pcDNA3-miR-1 with pRL-TK-4xA, but not with pRL-TK-
4xG, reduced luciferase activity approximately threefold
when compared with cotransfection with pcDNA3-mir-377
or an empty pcDNA3 vector (Clop et al. 2006).

In addition to these available vectors, we derived pcDNA3-
miR-IM from pcDNA3-miR-1 by mutagenizing the T at
position six of miR-1 into C. pcDNA3-miR-1M is predicted
to drive expression of a miRNA (miR-1M) that targets the
wild-type (G) but not Texel (A) MSTN 3'UTR sequence, i.e.,
the opposite of miR-1 (Fig. 2B). Indeed, cotransfecting pRL-
TK-4xG (wild-type allele) with pcDNA3-miR-1M caused an
approximately fourfold reduction in luminescence when
compared with cotransfection with pcDNA3-miR-1 (Fig.
2C). As a matter of fact, the effect of miR-1M on the wild-
type G allele (approximately fourfold reduction) was slightly
stronger than that of miR-1 on the Texel A allele (approx-
imately threefold reduction). This could be due to the
substitution of an A-U base pair with a more stable G-C
base pair in the miRNA target duplex (Fig. 2B,C).

To mimic heterozygosity for the g+6223G-A mutation, we
cotransfected HeLa cells with (1) equimolar amounts of the
PRL-TK-4xA and pRL-TK-4xG vectors; and (2) pcDNA3 vec-
tors expressing either miR-1 (targeting the 4xA transcripts),
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miR-1M (targeting the 4xG transcripts), or miR-377 (not
targeting either transcript). As expected, luciferase activity
was reduced approximately twofold when cotransfecting
with either pcDNA3-miR-1 or pcDNA3-miR-1M when

This was exactly as expected, assuming preferential miR-
I-mediated RISC targeting of the 4xA transcripts, prefer-
ential miR-1IM mediated RISC targeting of the 4xG tran-
scripts, and no RISC targeting of either transcript by

compared with pcDNA3-miR-377 (Fig. 2D). We then  miR-377.
performed RIP on the corresponding
cell extract using the 2A8 anti-human A after
AGO2 monoclonal antibody (Nelson Input : A< G AGO-RIP:
et al. 2007) (AGO-RIP), as well as with / Felaicolls ™ pcDNA3-miR-1
a control nonimmune mouse IgG (IgG- PCHV IRV BGHRAT A >> G
RIP). Western blot analysis performed ) or
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the control antibody (Fig. 2E). Note that
the 2A8 antibody was raised against hu-
man AGO?2, yet recognizes the four hu-
man AGO proteins (AGO1-AGO4) in
Western blot analysis (Nelson et al.
2007). We isolated RNA from input
and immunoprecipitated material and
performed RT-PCR amplification of
vector-derived transcripts using primers
flanking the 4 X 80-bp tandem repeat
insertions. We consistently obtained
slightly higher PCR yields from AGO-
RIP of samples transfected with miR-1
or miR-1IM when compared either with
AGO-RIP of samples transfected with
miR-377 or with control IgG-RIP of
samples transfected with either of the
three miRNAs. This suggested that
vector-derived transcripts were indeed
enriched by the 2A8 antibody in an
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Negligible post-lysis reassociation of RISC complexes
with and without cross-linking

Steitz 2004; Nelson et al. 2007). Thus, the coimmunopre-
cipitated targets may reflect the formation of artifacts

rather than the occurrence of genuine silencing activity

Previous reports indicate that RNA—protein complexes,
including miRNP, may form after cell lysis (e.g., Mili and

FIGURE 2. (A) Schematic representation of the luciferase and miRNA-expressing vectors
used to optimize the allelic imbalance test in HeLa cells. pRL-TK-4xA and pRL-TK-4xG
correspond to vectors expressing the renilla luciferase gene under the dependence of the HSV-
TK promoter, endowed in their 3'UTR with four tandem copies of an 80-bp fragment
encompassing, respectively, the mutant A and wild-type G residue at the g+6223G-A site. The
PGL3 vector expresses firefly luciferase used to normalize for transfection efficacy. The
PcDNA3-miR-x vectors drive expression of the indicated ovine pri-miRNAs (miR-1, miR-
IM, and miR-377) from the CMV promoter. We performed the allelic imbalance test by
transfecting equimolar amounts of pRL-TK-4xA and pRL-TK-4xG with either one of the
pcDNA3-miR-x vectors and measuring the ratio of A to G allele in reporter-derived transcripts
by direct sequencing of RT-PCR products before and after RIP. (B) Sequence complementarity
between miR-1/miR-1M and the mutant/wild-type ovine MSTN alleles, respectively. miR-1M
was derived from miR-1 by mutagenizing the U at position six into a C to make its seed
perfectly complementary to the wild-type MSTN allele. While the U at position six of miR-1
forms a wobble pair with the matching G residue of the wild-type MSTN 3'UTR, the
corresponding C residue of miR-IM and A residue of the mutant MSTN 3'UTR are
mismatched. (C) Demonstration of the preferential down-regulation of pRL-TK-4xA by
miR-1 (approximately threefold) and of pRL-TK-4xG by mir-IM (approximately fourfold).
Renilla-to-firefly luminescence ratios observed when cotransfecting HeLa cells with reporter
vectors as indicated and vectors expressing either miR-1 or miR-1M. Error bars correspond to
1.96 x SEM of two biological replicates. (D) Reduction of luciferase activity after cotransfection
of HeLa cells with (1) an equimolar mixture of pRL-TK-4xA and pRL-TK-4xG, and (2) vectors
expressing either miR-1, miR-1M, or the control miR-377. Ratios of renilla-to-firefly
luminescence are reduced by approximately half (which is slightly more than expected and
could reflect low-level cross-talk between pRL-TK-4xA and miR-IM and pRL-TK-4xG and
miR-1, respectively), with a slightly stronger effect of miR-1M, confirming findings shown in
C. Error bars correspond to 1.96 X SEM of three biological replicates. (E) Immunoprecip-
itation of endogenous human AGO proteins using the 2A8 anti-hAGO2 monoclonal antibody.
HeLa cells were cotransfected with equimolar amounts of the two luciferase reporter vectors
and one of the miRNA expression vectors (expressing either miR-1, miR-1M, or miR-377) as
before. Cell lysates (without fixation) were incubated with either the 2A8 antibody or
a nonimmune mouse IgG as a negative control. Two incubation times (either 2 h [2h] or
overnight [o.n.]) were tested. Input, supernatant (Sup) after immunoprecipitation, and
immunoprecipitates (IP) were loaded on PAGE gels and subjected to Western blotting using
the same 2A8 antibody, allowing detection of hAGO proteins (arrow, ~95 kDa). Enrichment
of hAGOs in IP samples and depletion in supernatants were observed when using the 2A8
antibody, but not control IgG. Cross-reaction with radixin (*) (Nelson et al. 2007) and elution
of IgG heavy (h) and light (1) chains were observed. (F) Allelic imbalance test showing the
preferential coimmunoprecipitation of the miRNA targeted alleles. RNA was isolated from the
input and IP samples, reverse transcribed using random hexamers, and PCR amplified using
primers spanning the tandem insertions. SYBRsafe-stained RT-PCR products after agarose gel
electrophoresis are shown at top. The PCR products were directly sequenced. The electrophero-
grams at the polymorphic site are shown in the second panel. Peak heights of each allele (A,G)
were obtained using Peakpicker (Ge et al. 2005). The degree of allelic imbalance was estimated
as log, of the ratio of ratios of A over G peak height, after (IP) and before immunoprecip-
itation (Input, third panel). Exact log, values are given for each vector combination. The miR-
I/miR-1M and 2A8-dependent reciprocal allelic imbalance is clearly visible. (G) Schematic
representation of the pRL-TK-3'A and pRL-TK-3'G reporter vectors endowed with the full-
length, respectively, mutant and wild-type ovine MSTN 3'UTR sequences. (H) Testing the
effect of number of miRNA target sites (four versus one) on the preferential IP of the targeted
versus nontargeted allele. HeLa cells were transfected with equimolar mixes of pRL-TK-4xA/
PRL-TK-4xG or pRL-TK-3'A/pRL-TK-4'G, and either pcDNA3-miR-1, pcDNA3-miR-IM, or
PpcDNA3-miR-377. Cells were fixed and lysed by sonication. RNA was isolated from the
immunoprecipitate, reverse transcribed using random hexamers, and PCR amplified using
primers spanning the tandem insertions (pRL-TK-4xA/pRL-TK-4xG) or g+6223G-A site (pRL-
TK-3'A/pRL-TK-4'G). SYBRsafe-stained RT-PCR products after agarose gel eletrophoresis are
shown. The PCR products were directly sequenced. The electropherograms at the polymorphic
site are shown. The degree of allelic imbalance was estimated as log, of the ratio of ratios of A
over G peak height with miR-1/miR-1M and with miR-377 (control). The miR-1/-1M-
dependent reciprocal allelic imbalance is clearly visible at comparable levels for the vectors
endowed with four versus one target-site copy.

pre-existing in the living cells. As cross-linking might affect
the incidence of this phenomenon, we first tested whether

our AGO-RIP procedure would also
work with fixed samples. As before, we
transfected HelLa cells with an equimo-
lar mixture of pRL-TK-4xA and pRL-
TK-4xG along with either pcDNA3-
miR-1 or pcDNA3-miR-1M, yet applied
a cross-linking step with formaldehyde
(0.5%, room temperature, 10 min) be-
fore cell lysis, and subsequently per-
formed RIP as described above. While
we achieved comparable levels of recip-
rocal allelic imbalance as in the previous
experiment, irrespective of fixation or
not, we systematically (1) detected lower
amounts of AGO protein by Western
blotting and (2) obtained less RT-PCR
product from the fixed than from the
unfixed samples (Supplemental Fig. 2).
This suggests that fixation compromises
the efficacy of RIP by reducing the af-
finity of the 2A8 antibody for AGOs and/
or the recovery of intact target RNA as a
result of damage endured during fixation
or cross-linking reversal (e.g., Masuda
et al 1999).

We then evaluated the degree of
post-lysis miRNP reassociation and
the effect of fixation on it by compar-
ing the level of A/G allelic imbalance in
the RIP product obtained from cells
that were cotransfected with the pRL-
TK-4xA/4xG mix and the pre-miRNA-
expressing pcDNA3 vectors, with that
obtained from a mixture of two cell
populations transfected separately with
the pRL-TK-4xA/4xG mix or pri-
miRNA-expressing pcDNA3  vectors
(Fig. 3A). The cell populations were
either fixed or not, mixed, lysed by
sonication, and cell extracts subjected to
RIP using the same experimental condi-
tions as above. The expected reciprocal
allelic imbalance was recapitulated when
target- and miRNA-expressing vectors
were cotransfected in the same cells.
However, when mixing lysates of cell
populations transfected separately with
either the target- or miRNA-expressing
vectors, we observed no evidence of sig-
nificant allelic imbalance whether with
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FIGURE 3. (A) Schematic representation of the experiment conducted to evaluate the rate of

post-lysis reassociation of the RISC, which might generate artifactual evidence of polymorphic
miRNA-mediated gene regulation. Plasmids expressing targets (mix of pRL-TK-4xA and pRL-
TK-4xG) and miRNAs (either pcDNA3-miR-1 or pcDNA3-miR-1M) were either transfected
together (T) or separately (S) in HeLa cells. The plasmid mixes were complemented with
matching empty vectors (pRL-TK, pcDNA3) to ensure transfection of equal amounts of DNA,
as indicated. Cells were either fixed with formaldehyde (0.5%, room temperature, 10 min) or
not, and complementary cell populations mixed as indicated before proceeding with the AGO-
RIP procedure. (B) Allelic imbalance test demonstrating that post-lysis reassociation of the
RISC is negligible in the experimental conditions used. RNA was isolated from the input and
IP samples, reverse transcribed (RT+) or not (RT—) using random hexamers, and PCR
amplified using primers spanning the tandem insertions. SYBRsafe-stained PCR products after
agarose gel eletrophoresis show the RT-PCR products corresponding to the pRL-TK-4xA/pRL-
TK-4xG as well as empty pRL-TK vectors, respectively. The pRL-TK-4xA/pRL-TK-4xG-derived
RT-PCR products were directly sequenced. The electropherograms at the polymorphic site are
shown for both input and IP. Peak heights of each allele (A, G) were obtained using Peakpicker.
The degree of allelic imbalance was estimated as log, of the ratio of ratios of A over G peak
height, after (IP) and before immunoprecipitation (Input). The miR-1/-1M and 2A8-dependent
reciprocal allelic imbalance is observed only when target- and miRNA-expressing vectors are
transfected together, not when transfected separately, irrespective of fixation conditions.

the wild-type (pRL-TK-3'G) or mu-
tant (pRL-TK-3'A) full-length (1.5 Kb)
MTSN 3'UTR sequence of sheep. When
coexpressing miR-1, the Texel mutation
was previously shown to cause an ~1.3-
fold reduction of luciferase activity from
these vectors (Clop et al. 2006).

Hela cells were cotransfected with
(1) an equimolar mixture of pRL-TK-
3'A and pRL-TK-3'G and (2) either
pcDNA3-miR-1, pcDNA3-miR-1M, or
pcDNA3-miR-377 (Fig. 2G). RIP ana-
lysis was conducted as described above,
and RT-PCR products were directly se-
quenced and analyzed with Peakpicker.
The procedure was shown to be quan-
titative with these amplicons as well
(Supplemental Fig. 1B). Using the ratio
of immunoprecipitated transcripts with
the A versus G allele from cells cotrans-
fected with pcDNA3-miR-377 as a refer-
ence, we observed (1) an approximately
twofold enrichment of the mutant A
allele when coexpressing miR-1, and (2)
an ~1.8-fold enrichment of the wild-
type G allele when coexpressing miR-1M
(Fig. 2H). A control experiment con-
ducted in parallel with equimolar mix-
tures of pRL-TK-4xA and pRL-TK-4xG
yielded ~1.7-fold and ~2.5-fold en-
richments, respectively (Fig. 2H). Thus,
although one target site in the 3'UTR of
the reporter vector causes a reduction in
luciferase activity that is approximately
twofold weaker than four tandem copies,
the degree of preferential association of
the targeted allele with the RISC com-
plex might be less dependent on the
number of target sites.

or without formaldehyde treatment (Fig. 3B). These results
indicate that post-lysis reassociation of RISC complexes
does not occur at a significant rate under our experimental
conditions.

Luciferase reporter transcripts endowed

with the full-length MSTN 3’UTR sequence
carrying the Texel mutation are preferentially
coimmunoprecipitated by anti-AGO2 antibodies
in a miR-1-dependent fashion

To more closely mimic the actual situation in skeletal mus-
cle of Texel sheep, we repeated our experiments in cell cul-
ture using luciferase reporter vectors endowed with either

1858 RNA, Vol. 16, No. 9

Endogenous MSTN transcripts carrying the Texel
mutation are preferentially coimmunoprecipitated
by anti-AGO?2 antibodies from skeletal muscle lysates
of heterozygous sheep

Having established suitable conditions for RIP and allelic
imbalance testing on cultured cells, we aimed at expanding
our method to the analysis of tissue samples as needed to
study polymorphic miRNA-mediated regulation in vivo. To
that end we collected skeletal muscle samples (longissmus
dorsi and semimembranosus) (Fig. 1A) of a 30-wk-old sheep
heterozygous for the g+6223G-A mutation. The MSTN gene
is activated in the dermomyotome during fetal develop-
ment, yet remains expressed in skeletal muscle during the
entire lifetime of the organism (McPherron et al. 1997).
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Muscle samples were minced, incubated
on ice in 1% formaldehyde (fixation) or
PBS (no fixation), deep frozen, crunched
to powder under liquid nitrogen, and
subject to the same lysis, RIP, RT-PCR,
and sequencing procedures as the cul-
tured cells with minor modifications (see
Materials and Methods; Supplemental
Fig. 1C).

We first verified whether the 2A8
monoclonal antibody, raised against
human AGO2, would be able to immu-
noprecipitate ovine AGOs proteins.
Western blotting performed on input,
supernatant, and immunoprecipitate in-
dicated that sheep AGO proteins could
indeed be successfully immunoprecip-
tated from skeletal muscle, both with
and without cross-linking (Fig. 4A). We
then RT-PCR amplified a segment of
the MSTN transcripts embracing the
g+6223G-A site. Sequence analysis of
the RT-PCR amplicons obtained from
input material revealed an average ~1.5-
fold excess of the wild-type allele over
the mutant allele. This confirmed our
previous findings using PCR-RFLP, and
is assumed to reflect miR-1-dependent
degradation of mutant mRNA molecules
(Clop et al. 2006). On the other hand, in
the RT-PCR amplicons obtained from
immunoprecipitated material, the mu-
tant allele proved to be present with an
average ~1.4-fold excess (Fig. 4B). This
was exactly as predicted assuming that
the mutant transcripts would indeed un-
dergo miR-1-dependent inhibition, while
the wild-type transcripts would not. To
allow for a more rigorous quantitative
assessment of our data, we reanalyzed
the RT-PCR products using a calibrated
hot-stop PCR-RFLP test that takes ad-
vantage of an HpyCHA4IV restriction site
destroyed by the Texel mutation (Sup-
plemental Fig. 1D). Levels of mutant
transcripts were estimated to be reduced
~1.54-fold (range: 1.09-1.89) (when
compared with the wild-type allele) in
input material, yet increased ~1.52-fold
(range: 1.46-1.60) after immunoprecip-
itation (IP); hence, corresponding to
a net enrichment of ~2.35 by the RIP
procedure (Fig. 4C).

To verify the reproducibility of our
results, we repeated the experiment on
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FIGURE 4. (A) Immunoprecipitation of ovine AGO proteins using the 2A8 anti-hAGO2
antibody. Skeletal muscle samples (longissimus dorsi and semimembranosus) from a 5- and a 30-
wk-old sheep were minced, fixed in 1% formaldehyde or not, deep-frozen, and lysed. Cell lysates
were incubated overnight with the 2A8 antibody. (Input), supernatant (Sup) after immunopre-
cipitation, and immunoprecipitates (IP) were loaded on PAGE gels and subjected to Western
blotting using the same 2A8 antibody. Enrichment of ovine AGOs in IP samples and depletions
in supernatants were observed. (B) Allelic imbalance test performed on the fixed and nonfixed
skeletal muscle lysates of the 30-wk-old animal, heterozygous for the g+6223G-A mutation (the
5-wk-old animal was homozygous wild type). RNA was isolated from the input and IP samples,
reverse transcribed (RT+) or not (RT—) using random hexamers, and PCR-amplified using
primers spanning the g+6223G-A site. SYBRsafe-stained PCR products after agarose gel
electrophoresis are shown, and were directly sequenced. The electropherograms at the poly-
morphic site are shown for both input and IP. Peak heights of each allele (A, G) were obtained
using Peakpicker. The degree of allelic imbalance was estimated as log, of the ratio of A over G
peak height. Note the depletion of the mutant A allele in the input as a result of its miR-1/-206-
dependent degradation, yet its clear enrichment after AGO-RIP, demonstrating its preferential
association with the RISC in vivo. (C) Allelic imbalance test using fluorescent PCR-RFLP as
alternative. Genomic and RT-PCR products obtained from a heterozygous sheep were labeled by
adding a fluorescent primer at the last PCR cycle (“hot stop PCR”) (Uejima et al. 2000) and
digested with a restriction enzyme cleaving the wild-type but not mutant allele. After capillary gel
electrophoresis on an ABI3730 instrument, the mutant and wild-type allele were recognized as
fluorescent fragments of, respectively, 253 and 98 bp. The areas under the allele-specific peaks
were estimated using the Peak Scanner software (Applied Biosystems). The degree of allelic
imbalance was estimated as log, of the ratio of A over G peak area in the RT-PCR product.
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longissmus dorsi and semimembranosus of two ~1-mo-old
heterozygous animals. Supplemental Figure 3 shows the
ratio (log, scale) of the mutant over wild-type allele in
input and immunoprecipitated cDNA (precorrected for the
allelic ratio measured from genomic DNA of the same
heterozygous animals). Averaged across all samples, the
mutant allele was depleted ~2.3-fold in input material,
while having ~1.3-fold excess after IP, corresponding
therefore to an approximately threefold net enrichment;
thus confirming our previous findings. The level of net
enrichment did not differ significantly between muscles
and animals (data not shown).

DISCUSSION

We herein describe a biochemical method aimed at
formally testing the effect of DNA sequence polymor-
phisms in target genes on their association with the RISC
complex in vivo. We apply it successfully to the ovine
MSTN g+6223G-A mutation and prove that it creates an
illegitimate target site for coexpressed microRNAs (pre-
sumably miR-1 and miR-206), as previously hypothesized
based on strong genetic evidence and results of reporter
assays (Clop et al. 2006). This is the first example of the
formal demonstration of such mutational mechanism in
a vertebrate.

The proposed method requires the coimmunoprecipita-
tion (co-IP) of miRNA target genes with components of the
RISC complex, corresponding to AGO proteins in this
study. IP of miRNA targets has previously been described,
including in mammals. However, in most previous reports
IP relied on the use of epitope-tagged AGO proteins
introduced either in cultured cells by transfection (Easow
et al. 2007; Karginov et al. 2007; Hendrickson et al. 2008;
Landthaler et al. 2008; Fasanaro et al. 2009; Hong et al. 2009;
Verrier et al. 2009) or in transgenic Drosophila (Easow et al.,
2007) and C. elegans (Zhang et al. 2007, 2009). In mammals,
only six publications describe the co-IP of miRNA target
genes with endogenous RISC components (Nelson et al.
2004; Beitzinger et al. 2007; Vasudevan and Steitz 2007; Chi
et al. 2009; Tan et al. 2009; Wang et al. 2010). Only one of
these, using the high-throughput sequencing of RNAs
isolated by cross-linking IP (HITS-CLIP) method (Chi
et al. 2009), reported successful miRNA target co-IP from
tissue samples, as also achieved in this work. The HITS-
CLIP method is certainly more specific in coprecipitating
miRNA targets than the method described in this work.
However, HITS-CLIP is still considerably more laborious
and challenging technically. The lower specificity of our
approach is effectively compensated for by the combination
of RIP with an allelic imbalance test. Most of the experi-
mental noise that one would face when comparing the
levels of co-IP of a given target gene between individuals of
different genotypes for the polymorphism of interest is
effectively neutralized by comparing the behavior of the
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two alleles in tissue samples from heterozygous individuals.
The number of samples needed to convincingly demonstrate
even relatively subtle effects (such as the ~2.35-fold net
enrichment in this work) is therefore drastically reduced.

Our method is readily applicable to test the validity of
the hypothesized perturbed miRNA-mediated gene regula-
tion put forward for at least 10 human SNPs associated
with pathological conditions (for review, see Sethupathy
and Collins 2008).

In combination with high-throughput sequencing ap-
proaches (e.g., HIST-CLIP) (Chi et al. 2009), it could be
extended to systematic screening for common and rare SNPs
that might operate in a similar manner. As an example, it
could advantageously be combined with the experimental
design recently put forward by Kim and Bartel (2009) in
mice. While the allelic imbalance sequencing (AISEQ) pro-
cedure applied in this study unambiguously demonstrated
that a significant proportion of SNPs altering predicted
miRNA target sites affected miRNA-mediated regulation of
the target genes, it was not effective at pinpointing the actual
culprit polymorphisms. This is due to the fact that allelically
imbalanced transcript levels can result from several phe-
nomena other than perturbed miRNA-mediated gene regu-
lation. Targeting transcripts associated with components of
the silencing machinery renders the approach described in
this work more discriminating.

Protocol optimization using reporter assays yielded some
unexpected findings worth mentioning. The first finding is
that while miR-1 and miR-1M expression caused approx-
imately threefold down-regulation of the luciferase activity
from the pRL-TK-4xA and pRL-TK-4xG constructs, re-
spectively, both miRNAs used under similar conditions
caused a more than twofold down-regulation of an equi-
molar mix of pRL-TK-4xA + pRL-TK-4xG, whereas less
than twofold was expected (Fig. 2C,D). The repressions
observed for the equimolar mix were significantly lower
than expected given the observed down-regulation of the
isolated constructs (P = 0.03 for miRI, and P = 0.02 for
miRIM) (see Supplemental Methods). If confirmed, this
would suggest that despite the corresponding seed mis-
matches, miR-1 and miR-1M are able to target pRL-TK-4G
and pRL-TK-4xA, respectively, albeit weakly. The second
finding is that while going from four (pRL-TK-4xA) to one
(pRL-TK-3'A) miR-1 target site in the 3'UTR of reporter
vectors reduced the effect of the g+6223G-A SNP on
luciferase activity approximately twofold, its effect on the
degree of RIP-induced allelic imbalance seemed less. While
we appreciate that a more rigorous analysis is needed to
support this assertion (including the characterization of the
dynamic range of our approach), if confirmed, our obser-
vation would suggest that the smaller effect of one versus
four target sites on gene expression is not as much due to
a lower occupancy of the target sites by the RISC complex,
but rather by the fact that several RISC complexes are
needed per target gene to effectively block translation.
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Thus, the previously described cooperative effect of multi-
ple target sites would operate not at the level of RISC
binding to the target gene, but rather at the level of its
interference with the translational machinery.

MATERIALS AND METHODS

Cell culture, transfection, and fixation

HeLa celles (2 X 10° cells) were plated in a 10-cm dish 24 h prior
to transfection and then transfected with 4.8 ng each of two
reporter vectors endowed with either target or nontarget sequence
in the 3'UTR of pRL-TK vector (Promega) along with 12 pg of
one of the miRNA expression vectors in pcDNA3.1 (Invitrogen)
and 0.3 pg of pGL3-control vector (Promega) using 45 uL of
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. All plasmid constructs except for the pcDNA-miR-
IM were described previously (Clop et al. 2006). The pcDNA-miR-
IM was made from pcDNA3-miR-1 by mutagenizing the T at
position 6 of miR-1 into C using the QuikChange II Site-Directed
Mutagenesis kit (Stratagene). At 24 h post-transfection, cells were
washed twice with ice-cold PBS supplied with complete protease
inhibitors (Roche) and harvested into tubes using a cell scraper.
When indicated, cells were fixed before harvesting on a plate with
0.5% formaldehyde at room temperature for 10 min, followed by
incubating with 0.125 M glycine at room temperature for 5 min.

AGO-RIP and luciferase assay

Immunoprecipitation was carried out essentially as described by
Mourelatos et al. (2002). All manipulations were performed at 4°C
or on ice. Briefly, HeLa cells from a 10-cm dish were suspended in
850 L of ice-cold lysis buffer (20 mM Tris-HCl at pH 7.4, 200 mM
NaCl, 2.5 mM MgCl,, 0.25% Igepal CA-630, 1.5 wL/mL RNasin
[Promega], 1.5 pL/mL SUPERaseln [Ambion], 1X EDTA-free
complete protease inhibitors [Roche]), and lysed with brief sonica-
tions using Bioruptor (Diagenode) for 30 sec, three times, with
a high power setting (or low when indicated). Nuclei and debris
were pelleted at 10,000¢ for 10 min. Part of the supernatant (~5
L) was used to measure luciferase activities using the Dual-
Luciferase Reporter Assay system (Promega). The rest was pre-
cleared once using 12.5 wL of Protein G beads (Invitrogen or Santa
Cruz Biotechnology) coated with nonimmune mouse IgG and
tRNA (Invirogen) and once with noncoated Protein G beads for 1 h
with a gentle rotation, followed by centrigation at 10,000¢ for 10
min. Part of the supernatant (~40 pL) was kept on ice as an
“input” sample. The precleared lysate was immunoprecipitated
with 25 nL of Protein G beads precoated with either 20 nL of anti
hAGO2 monoclonal antibody 2A8, generously supplied by Z.
Mourelatos (University of Pennsylvania School of Medicine; now
available from Diagenode), or 10 pg of mouse IgG (Invitrogen) as
a negative control, with gentle rotation overnight. The beads were
pelleted at 1000g for 1 min. The supernatant (~40 L) was kept on
ice as a “supernatant” sample. The beads were then washed twice
with 1 mL of the lysis buffer for 10 min with gentle rotation and
once by putting the beads on top of 11 mL of the lysis buffer. The
beads were collected by centrifugation at 500g for 2 min. One-tenth
of the beads were kept as an “IP” sample for Western blotting. RNA
was isolated from the rest using either TRIzol LS (Invitrogen)

followed by ethanol precipitation with sodium acetate and Glyco-
Blue (Ambion) or RNeasy FFPE RNA isolation kit (Qiagen) and
treated with a Turbo DNA free kit (Ambion) to remove DNA
contamination.

AGO-RIP from skeletal muscle

Skeletal muscle samples (longissmus dorsi and semimembranosus) of
a 30-wk-old sheep heterozygous for the g+6223G-A mutation and a
5-wk-old sheep homozygous for the wild-type allele were collected.
The tissue was cut into small pieces and kept for ~2 h either in ice-
cold PBS with proteinase inhibitors (nonfixed samples) or in ice-
cold 1% buffer-saturated formalin (SIGMA) (fixed samples). One
gram of sample was grinded with a pestle and mortar in the
presence of liquid nitrogen (this step can be omitted for nonfixed
samples) and homogenized with a potter-elvehjem glass-Teflon
homogenizer in 4 mL of ice-cold lysis buffer. Large cell debris were
eliminated by filtering the homogenate through 100-pm cell
strainers. AGO-RIP was performed as above.

Measuring g+6723G-A allelic imbalance at the RNA
level using sequencing and the GeneScan system

cDNA was synthesized using RevertAid H Minus Reverse transcrip-
tase (Fermentas) with random hexamer either with (RT+) or
without reverse-transcriptase (RT—). PCR was performed using
Phusion High-Fidlity DNA polymerase (Finnzymes) with primers
pRL-f3: TGTTGAAGGTGCCAAGAAGTTTCC and pG3L-rl: GTA
TCTTATCATGTCTGCTCGAAG (annealing temperature, 64°C) to
amplify inserts (521 bp) from pRL-TK-4xA- and G-derived tran-
scripts. For amplifying the polymorphic site on the ovine MSTN
3’UTR (253 bp), primers Mstn-3UTR-UP1: GGTCTTAAAACTC
CATATGCAAA and Mstn-3UTR-DN1: CAATTTGTAAGATAC
CATCAGTT (annealing 55°C) were used. cDNA (RT+) specific am-
plification was confirmed by agarose gel electrophoresis and SYBR
Safe DNA gel staining (Invitrogen) of the PCR product. The rest of
the PCR product was purified through a MultiScreen PCRu96 filter
plate (Millipore) and sequenced using BigDye Terminator v3.1
Cycle Sequencing kits and a 3730 DNA Analyzer (Applied Bio-
systems) with either the pRL-f3 or Mstn-3UTR-DN1 primers.
Peak heights at the polymorphic site were quantified using the
PeakPicker software (Ge et al. 2005). Allelic imbalance was esti-
mated as the ratio of peak height of the A allele (Texel mutant) over
the G allele (wild type). When indicated, it was normalized with the
input sample ratio. To quantify the allelic imbalance more rigor-
ously, a hot-stop PCR-RFLP method was performed as previously
described by Clop et al. (2006) with some modifications. Briefly, the
PCR product from the ovine MSTN 3"UTR (253 bp) was labeled by
adding a 5’ fluorescent FAM-Mstn-3UTR-DN1 primer at the final
cycle of the PCR, purified using a QIAquick PCR Purification kit
(Qiagen), digested with a restriction enzyme HpyCHA4IV cleaving
the wild-type G allele into a 98-bp fragment, but not the Texel A
allele, and intensities of the 253-bp (Texel allele) and 98-bp (wild-
type allele) fragments were detected using the GeneScan system and
the 3730 DNA Analyzer (Applied Biosystems). Peak height and area
were quantified using the Peak Scanner software (Applied Bio-
systems). Calibration curves were made using data obtained by
mixing varying amounts of either plasmid DNAs (pRL-TK-4xA
and -4xG, pRL-TK-3'A and -3'G) or genomic DNAs from AA and
GG animals.
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Western blotting

Samples were mixed with an equal volume of 2X Laemmli SDS
buffer, heated for 3 min at 100°C, separated on a 3%-8% Tris
acetate NuPAGE gel with 1X TA SDS running buffer (Invitrogen).
Proteins were transferred onto a PDVF membrane (Invitrogen),
incubated with the 2A8 monoclonal antibody (1:300), and detected
with horseradish peroxidase-coupled anti-mouse IgG antidbody
(1:50000, Amersham) using the ECL Advance Western Blotting
Detection kit (Amersham).

SUPPLEMENTAL MATERIAL

Supplemental material can be found at http://www.rnajournal.org.
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