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Identifying targets is critical for understanding the biological
effects of microRNA (miRNA) expression. The challenge lies in char-
acterizing the cohort of targets for a specific miRNA, especially
when targets are being actively down-regulated in miRNA– RNA-
induced silencing complex (RISC)–messengerRNA (mRNA) com-
plexes. We have developed a robust and versatile strategy called
RISCtrap to stabilize and purify targets from this transient interac-
tion. Its utility was demonstrated by determining specific high-
confidence target datasets for miR-124, miR-132, and miR-181 that
contained known and previously unknown transcripts. Two pre-
viously unknown miR-132 targets identified with RISCtrap, adap-
tor protein CT10 regulator of kinase 1 (CRK1) and tight junction-
associated protein 1 (TJAP1), were shown to be endogenously
regulated by miR-132 in adult mouse forebrain. The datasets,
moreover, differed in the number of targets and in the types and
frequency of microRNA recognition element (MRE) motifs, thus re-
vealing a previously underappreciated level of specificity in the
target sets regulated by individual miRNAs.

GW182 | argonaute

Understanding how microRNAs (miRNAs) regulate cellular
pathways is necessary for appreciating how signaling networks

contribute to biology and disease. Typically, mature microRNAs
target specific transcripts for down-regulation through trans-
lational silencing and messenger RNA (mRNA) destabilization.
MicroRNAs are incorporated into the multimeric protein–RNA
complex, RNA-induced silencing complex (RISC), for target
recognition, and cellular effectors are recruited to silence and
degrade the targeted transcripts (1). Each miRNA can potentially
target hundreds of mRNA transcripts, thus one of the most im-
portant challenges is to identify the cohort of directmRNA targets
for a particular microRNA in a cell.
Global analyses have demonstrated that individual miRNAs

can have substantial impact on regulated targets at the tran-
scriptome level (2–7). Thus, many highly regulated miRNA tar-
get transcripts—which may be present at low abundance due to
mRNA destabilization—are likely missed or underrepresented
with current methods to detect miRNA–mRNA interactions,
e.g., Ago2 immunoprecipitations or crosslinking immunoprecip-
itation (CLIP)-Seq approaches (8–10). To overcome this chal-
lenge, we have developed an approach called RISCtrap that
couples stabilization of actively degraded targets with the purifi-
cation of RISC–miRNA–mRNA intermediates. Multiple studies
have cumulated to identify a conserved mechanism for RISC-
dependent mRNA destabilization through the actions of GW182/
trinucleotide repeat-containing (TNRC) 6 family members. GW182
is recruited to targeted transcripts as a core component of RISC
through a direct interaction between its N-terminal domain and
Argonaute (11–16). GW182 then binds to polyadenylate-binding
protein 1 (PABP) and recruits cytoplasmic deadenylase com-
plexes that destabilize the transcript through deadenylation (16–24).
Moreover, several studies have provided evidence that transla-
tional repression is often coupled to and precedes mRNA de-
stabilization (5, 20, 25, 26).
The RISCtrap approach uses a C-terminal truncation of GW182

(dnGW182) that acts as a dominant negative by retaining its ability
to bind Argonaute but can no longer recruit effectors to silence

and degrade the targeted mRNA (11, 13, 15, 24, 27). Transcripts
are thus “trapped” in this intermediary protein–RNA complex,
easily copurified with a tagged dnGW182, and targets are identified
with gene-specific primers, cloning, microarray, or deep sequencing.
Stabilization of actively down-regulated targets provides significant
robustness to target identification; the high signal-to-noise ratio
following purification of a direct target eliminated the need to
account for varying input levels of transcripts or enrichment of
canonical seed sites. Moreover, a single RISCtrap experiment can
capture miRNA targets mediated by multiple Argonaute family
members and is not limited specifically to associations with Ago2.
To identify transcripts corresponding to a particular microRNA,
we expressed the microRNA of interest so that the total cellular
pool of microRNA–RISC is preferentially programmed toward
desired complexes. We then compared the enriched transcripts to
those obtained using a different microRNA to identify differen-
tially enriched candidate targets.
To demonstrate the utility of RISCtrap, we screened for tar-

gets of three well-studied microRNAs. MicroRNA-124 expres-
sion is limited to neuronal cells where it contributes to the
differentiation of neural progenitors by targeting nonneuronal
transcripts (28). MicroRNA-132 was first discovered by our
laboratory as an activity-dependent miRNA in excitatory neu-
rons (29), but its roles have now expanded to activity-dependent
processes in a variety of nonneuronal cell types (30–36). We also
examined targets of miR-181 whose functions have been char-
acterized primarily in nonneural cells (2, 37–40).
Combining the RISCtrap approach with RNA-seq permitted

identification of unique and characteristic target datasets for all
three miRNAs that differed from each other with regard to
number of targets and microRNA recognition element (MRE)
motifs. Moreover, we identified previously unrecognized miR-132
targets—adaptor protein CT10 regulator of kinase (CRK) and
tight junction associated protein 1 (TJAP1)—and established that
they were functionally regulated in adult mouse forebrain.

Results
Validation of the RISCtrap Assay. We initially generated and tested
dominant-negative versions of all three human GW182 paralogs—
hTNRC6A1-1213, hTNRC6B1-1223, and hTNRC6C1-1215

—and found
that each acted similarly in a dose-dependent and dominant
manner with no additive effects. Ultimately, hTNRC6A1-1213

(dnGW182) was chosen for subsequent use. Without its C-terminal
silencing domain, hTNRC6A1-1213 was surmised to act as a
dominant negative by binding Argonaute but not being able to
recruit the necessary effectors for transcript silencing and desta-
biliziation (11, 13, 15, 24, 27).
To confirm that dnGW182 properly incorporated into RISC,

we examined its ability to associate with the other RISC subunits,
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particularly the integral Argonaute proteins. Flag–dnGW182 was
immunoprecipitated from HEK293T cells and associated proteins
were assayed by Western blot (Fig. 1A). A specific interaction was
detected with both endogenous Argonaute proteins 1 and 2 (Ago1
and Ago2, Fig. 1A), suggesting that the RISCtrap approach can
capture targets from these different versions of RISC (41–43).
Moreover, dnGW182 associated with Ago2 with similar efficien-
cies in the presence of different microRNAs (Fig. 1B).
We next tested the ability of dnGW182 to stabilize synthetic

transcripts that represented ideal positive and negative control
targets for miR-132. A stable HEK293T cell line was created that
constitutively expressed two synthetic transcripts cotranscribed
from a bidirectional promoter (Fig. 1C). As the positive control
target for miR-132, one transcript encoded green fluorescent
protein (GFP) with three reiterated bulged MREs in its 3′ un-
translated region (3′UTR). The other transcript encoded DsRed-
Express1 but lacked any MREs in its 3′UTR. Coexpression of
these two transcripts allowed the use of quantitative measure-
ments, such as flow cytometry analysis, to obtain ratiometric

values in individual cells that reflected miR-132 activity (44).
Expression of miR-132 decreased levels of the GFP transcript
compared with a scrambled microRNA (miR-Scrm), without
changing the abundance of the red transcript (Fig. 1C). Intro-
duction of dnGW182 stabilized the GFP transcript in the pres-
ence of miR-132. We also observed an increase in basal GFP
transcript levels upon addition of dnGW182, likely due to a block
of endogenous miR-132 activity in these cells (Fig. S1). To con-
firm that the stabilized GFP transcript correlated with increased
GFP expression in individual cells, we analyzed 10,000 cells from
each condition with flow cytometry and plotted the cumulative
frequency of the green/red ratio (Fig. 1D). Ectopic expression of
miR-132 caused a leftward shift of the plot compared with miR-
Scrm, representing a decrease of green fluorescence compared
with red. Introduction of dnGW182 partially rescued the ratio to
control levels. Together, the data demonstrated that dnGW182
could stabilize targeted transcripts.
To determine whether dnGW182 could facilitate the enrich-

ment of targets, we expressed Flag–dnGW182 with either miR-
132 or miR-124 in the cell line that constitutively expressed

Fig. 1. microRNA targets were stabilized by dnGW182, facilitating their
enrichment by immunoprecipitation. (A and B) Flag–dnGW182 associated
with endogenous Argonaute family members, and this association was
similar with different microRNAs. Flag–PTBP2 is an unrelated control. (C,
Upper) Schematic of the cassette encoding synthetic targets to monitor miR-
132–RISC. (Lower) Relative abundance of transcripts in the presence of miR-
132 and dnGW182, assessed by qPCR (2-ΔCt, normalized to Gapdh). (D)
Ratiometic analysis using flow cytometry revealed that dnGW182 stabilized
GFP target transcripts and increased expression in individual cells. (E) En-
dogenous miR-124 targets (Plod3, Vamp3, and Ctdsp1) were specifically
copurified with Flag–dnGW182 and miR-124. Similarly, the mRNA for GFP–
132MRE was specifically enriched with Flag–dnGW182 in the miR-132 IP
condition. In contrast, transcripts for negative control DsRed (Red) were not
enriched. qPCR was used to analyze relative enrichment and abundance of
transcripts in both IP and input samples, normalized to Gapdh.

Fig. 2. Use of RISCtrap as an unbiased screen for microRNA targets. This
workflow depicts steps associated with the RISCtrap screen, including
preparation of RISCtrap samples (Left) and our bioinformatic methodology
to analyze differentially enriched targets (Right).

Fig. 3. RISCtrap screens in HEK293T cells for miR-124, mir-132, and miR-181
identified known and unique targets. All targets identified from the RISC-
trap screens with miR-124, miR-132, and miR-181 are organized in a heatmap
by biological replicates. (FDR < 0.15, fold enrichment ≥2.) Selected known
miRNA targets are labeled and examples of previously unknown miR-132
targets are highlighted in yellow.
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GFP–132MRE and red transcripts. Following a Flag immuno-
precipitation (IP), co-enriched mRNAs were examined with
qPCR. We observed a robust enrichment of GFP transcript
specifically in the miR-132 IP sample and not in the miR-124 IP
sample (Fig. 1E). Moreover, we saw a specific enrichment of
previously reported endogenous miR-124 targets in the miR-124
IP sample. The red and Gapdh transcripts, neither of which were
expected to be targets of either microRNA, were not enriched in
either miR-132 or miR-124 IP conditions. Most notably, the fold
enrichment we observed using RISCtrap was easily discernible
over background by simply comparing the IP samples without
having to normalize to input levels or identify canonical MREs.

Unbiased Screen for miR-124, miR-132, and miR-181 Targets. To de-
velop the RISCtrap assay into an unbiased screen for targets, we
coupled it with deep sequencing (Fig. 2). The screen was per-
formed as biological triplicates in HEK293T cells. We hypoth-
esized that this cell line expressed many neuronal microRNA
targets (45, 46). Illumina TruSeq libraries were prepared from
enriched mRNAs and sequenced using a HiSeq v3 platform. We
obtained ∼40–50 million reads per sample; on average, 75%
uniquely mapped to the RefSeq annotation and >90% of
those to exonic regions (Fig. S2). Our RISCtrap datasets were
composed of unique and variably sized datasets, so we developed
a normalization strategy that would ensure retention of these
distinct properties that likely reflected the specific targeting
of each miRNA, while still allowing application of statistical
methods for cross-comparison of current and future datasets

(Figs. S3–S5 and SI Materials and Methods). This would allow us
to compare datasets from different experiments (i.e., replicates
and different miRNAs) and even incorporate future RISCtrap
datasets with previously obtained datasets. Significantly enriched
transcripts for each microRNA were determined with pairwise
comparisons among the triplicates using ANOVA (FDR < 0.15)
and combined with an experimentally determined twofold en-
richment cutoff. Our high confidence lists of targets for each
miRNA (Dataset S1) were finalized by requiring more than one
pairwise comparison indicating enrichment for the target (e.g.,
for miR-124: miR-124 vs. miR-181 and miR-124 vs. miR-132).
Ultimately, some of the filtered candidates may be actual targets;
however, candidates that demonstrated enrichment in only
a single pairwise comparison validated at ∼50%, which was not
sufficiently rigorous for us to include in our high-confidence list
but they are included in Dataset S2.
Among our high-confidence miRNA targets, we found many

published and also unknown hits (Fig. 3). Overall, we obtained
281 miR-124 targets, 262 miR-181 targets, and 94 miR-132 tar-
gets. Analysis of miR-124 targets revealed substantial overlap
between our dataset and previously published miR-124 datasets,
despite the assays being performed in different cell types using
different strategies. Comparison with related Ago2-immuno-
precipitation approaches (9, 10) revealed 86 and 99 overlapping
targets, respectively, and comparison with high-throughput se-
quencing (HITS)-CLIP biological complexity (BC) 4 (8) revealed
53. The latter is particularly notable considering that the HITS-
CLIP dataset was obtained from murine brain. Moreover, many

Fig. 4. Validation of identified candidate targets confirmed microRNA-specific enrichment. Approximately 150 candidate targets from the three microRNA
RISCtrap screens—representing candidates that were classified as highly enriched (A), moderately enriched (B), and modestly enriched (C)—were tested in an
independent experiment for their copurification with RISCtrap using qPCR. Overall validation rate was 96%. Also included were three negative controls
GAPDH, DHHC9, and DHHC17 (orange box). Y axes represent relative fold enrichment.
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targets also overlapped with microarray (6) and proteomic
datasets (2) from HeLa cells (45 and 64 targets, respectively).
This further supported the ability of RISCtrap to enrich targets
that are actively down-regulated. Of particular interest was our
miR-181 dataset in which we observed that almost half of the
targets (125/262) were C2H2 class zinc-finger proteins. Moreover,
95 of these 125 targets shared the specific domain architecture of
having an N-terminal KRAB domain followed by multiple tandem
C2H2 motifs. Data from several recent papers using microarray
and luciferase assays to study miR-181 similarly reported the
regulation of this unusual cohort of targets (2, 38, 40).
Examination of the target datasets revealed several interesting

features (Fig. 3). First, grouping of targets by biological repli-
cates produced an enrichment profile for each transcript that
was extremely reproducible (Fig. S4) and the cohorts of candidate
targets clearly segregated depending on the particular microRNA.
Second, the number of targets for each microRNA depended on
the identity of the microRNA, ranging from ∼100–300. Third, we
found surprisingly minimal overlap among the target sets, sug-
gesting that each miRNA may have its own characteristic set of
targets (Fig. 3).
We selected candidate targets from the top, middle, and bottom

of each microRNA target list, sorted by fold enrichment—repre-
senting highly, moderately, and modestly enriched candidates—
for validation of binding using qPCR from an independent
RISCtrap experiment (Fig. 4). Overall, we examined 149 targets
and the validation rate was 96%, i.e., 143 targets ≥twofold en-
richment. In particular, the observed fold enrichment of a target
correlated with that detected by the RISCtrap screens (note
different scales of the y axes). Analysis of RISCtrap miR-124
candidate targets with available microarray data from HeLa cells
(6) suggested a trend where fold enrichment generally correlated
with fold repression; however, it was not statistically significant.
Importantly, we additionally examined three transcripts that did
not enrich in any of our RISCtrap screens to test as negative
controls, Gapdh, Asp-His-His-Cys (DHHC)9, and DHHC17;
none of these transcripts showed any enrichment in the miR-181,
mir-124, or miR-132 RISCtrap screens (Fig. 4).

Characterization of MREs. Using directed searches, we examined
whether the target datasets obtained by RISCtrap contained
expected microRNA binding motifs. Both canonical MREs and
the recently described pivot or hinged MREs were examined
(47). Approximately 90% of all targets contained an MRE cor-
responding to the targeting microRNA: 91.5% of miR-124 tar-
gets, 87.2% of miR-132 targets, and 92.4% miR-181 targets (Fig.
5A). The majority of targets contained at least an 8-mer, 7-mer-
m8, or 7mer-a1 type motifs; fewer had only a 6-mer or pivot
MRE (7% miR-124, 20% miR-132, and 2% miR-181). More-
over, the frequency of 7mer-m8 motifs among nontargeted
transcript pools was low, suggesting that the appropriate MRE
motifs were specifically enriched among targeted transcripts.
Appropriately, we also found that 82% of targets predicted to be
coregulated by at least two miRNAs examined here contained
MRE motifs for both microRNAs (Fig. S6A). We next examined
the distribution of canonical 7mer-m8 sites among the miR-124
and miR-132 targets and discovered that the majority of MREs
(60–80%) were located in the 3′UTR, with ∼20–30% in ORFs
(Fig. 5B). In these cases, the relative position of MRE motifs
along 3′UTRs appeared evenly dispersed (Fig. S6B). Conversely,
the majority of miR-181 targets contained MREs in the ORFs
and, in agreement with previously published reports, were spe-
cifically encoded within the C2H2 motif repeats (38, 40). Targets
of miR-124 and miR-132 averaged ∼1 MRE per target; in con-
trast, miR-181 targets averaged 5.5 MREs per target (Fig. 5C).
Lastly, we performed de novo multiple expectation maximization
for motif elicitation (MEME) analyses to identify overly repre-
sented sequences. This identified motifs that corresponded to
canonical MREs for both miR-124 and miR-181 in the 3′UTRs
of their respective targets, as well as many more in the ORFs of
miR-181 targets (Fig. 5D). We did not identify the miR-132
motif with our de novo analysis, despite its high representation
when performing a directed search. Most likely, this is due to
a relatively higher reliance on 6-mer motifs compared with miR-
124 and miR-181 (Fig. 5A) and this shorter motif is not easily
distinguished by de novo analysis.

Identification of Previously Unrecognized miR-132 Targets, CRK and
TJAP1. RISCtrap identified many previously known targets.
However, our datasets also identified previously unrecognized
targets, many of which exhibited fold enrichments exceeding
those of known targets. We selected two putative miR-132 tar-
gets, CRK and TJAP1, for further investigation. CRK is an
adaptor protein for receptor tyrosine kinases and TJAP1 asso-

Fig. 5. Identification of microRNA recognition element (MRE) motifs
enriched among RISCtrap targets. (A) Percentages of transcripts in each
dataset were classified by inclusion of at least 1 MRE motif and distribution
of motif types. Each transcript is counted only once and classified according
to inclusion of the following motifs in this order: 8-mer > 7mer-m8 > 7mer-
a1 > 6-mer > pivot. (B) Distribution of candidate MREs is shown for each
microRNA target dataset, based on its position in the target’s 5′UTR, ORF, or
3′UTR. (C) The mean number of 7mer-m8 MRE motifs per target is depicted
for each microRNA dataset. (D) De novo MEME analysis using all targets
from the miR-124 and miR-181 target datasets revealed canonical MRE
motifs in the 3′UTR of miR-124 targets (296 motifs, P = 2.6 × 10−108), in the 3′
UTR of miR-181 targets (151 motifs, P = 1.3 × 10−54), and in the ORF of miR-
181 targets (1,000 motifs, P = 9.4 × 10−1488)

Fig. 6. Two previously unknown miR-132 targets are regulated by miR-132
in mouse brain. (A) Conserved miR-132 MRE sequences were identified in the
3′UTR of both unique candidate targets CRK and TJAP1 (Top). Luciferase
assays in HEK293T cells demonstrated that each of their 3′UTR sequences
conferred regulation by miR-132. Mutation of the predicted MRE (mutated
sequences are bold and underlined) blocked miR-132 regulation. (B) Whole
cell lysates from forebrains of litter-matched siblings of miR-132(+/+) and
miR-132(−/−) mice were probed for endogenous protein levels of previously
unknown targets, CRK (isoforms I and II) and TJAP1, as well as known target
Hb-EGF, and negative controls DHHC9, α-tubulin, and GAPDH.
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ciates with tight junctions. Both candidates validated for specific
enrichment in the miR-132 RISCtrap screen (Fig. 4) and avail-
able microarray data indicated that both were expressed at high
levels in brain (48, 49). Moreover, each has a well-conserved
MRE site in their 3′UTR (Fig. 6A). Incorporation of the 3′UTR
sequence for either CRK or TJAP1 downstream of renilla lu-
ciferase in a dual luciferase assay conferred miR-132 regulation
(WT) and mutation of the putative MRE (mut) caused it to be
refractory to this regulation (Fig. 6A). We next asked whether
these targets were stabilized in a miR-132 knockout mouse model.
Examination of endogenous protein from whole cell lysates from
the forebrain of litter-matched male siblings revealed an accu-
mulation of CRK and TJAP1 in the miR-132 knockout animal
(Fig. 6B). The abundance of negative controls DHHC9 (Fig. 4),
α-tubulin, and Gapdh remained equivalent between wild-type
and knockout samples. These data demonstrated that RISCtrap
analysis of a nonneuronal cell type can identify previously un-
recognized targets that are functionally regulated in the brain.

Discussion
RISCtrap provides a robust strategy for the unbiased identifi-
cation of specific microRNA–mRNA target interactions and may
be adaptable for in vivo studies through viral induction or gen-
eration of inducible animal models. For this proof-of-principle
screen, we chose HEK293T cells to identify targets of miR-132,
miR-124, and miR-181 that turned out to be relevant in a variety
of cell types. We were able to identify published miR-132 targets,
e.g., p120RasGAP (30) and Hb-EGF (33), as well as previously
unknown targets CRK and TJAP1 that were regulated both in
HEK293T cells and murine forebrain. Of note, these two tran-
scripts were not identified as miR-132 targets by HITS-CLIP in
murine brain (8). MicroRNA-124 targets Ctdsp1 and PTBP1—
both identified in this screen—have known roles in the embry-
onic development of the central nervous system in chick and
mouse, as well as the nervous system development in Ciona
intestinalis (50–52). The top candidate target in our miR-124
screen was RhoG, which showed an ∼20-fold enrichment. It was
recently reported that miR-124–dependent regulation of RhoG
significantly contributed to dendritic and axonal complexity in
hippocampal neurons (53).
The bioinformatic strategy used here for RISCtrap provides

a platform for comparison of current and future datasets under
identical experimental conditions. It also limited false positives,
preventing an overestimation of the number of identified targets.
Our high confidence lists of targets overall validated at 96% for
binding and appropriateMREmotifs were overrepresented among
the identified targets. Additional analyses may be able to identify
novel factors contributing to target recognition, possibly accounting
for the∼10%of targets that did not contain canonicalMREmotifs.
Any screen is subject to the possible omission of a few actual

microRNA targets. A technical reason why a target may have
been missed with this particular screen is if the transcript is not
expressed in HEK293T cells, e.g., miR-132 targets p250GAP
(29) and acetylcholinesterase (34). Another possibility is if the
specific regulation of targets depended on cellular context, such
as organism, tissue, activity, timing, or age, suggesting an addi-
tional level of regulation. One example of this is methyl CpG
binding protein MeCP2, which is a miR-132 target in neural cells
(54). The neural-specific isoform of MeCP2 encodes a long
3′UTR that contains the miR-132 MRE. The isoform found in
HEK293T cells, however, has a shorter 3′UTR that excludes this
MRE (55). Thus, MeCP2 escapes miR-132 regulation in non-
neural cells and did not register as a hit in our current screen.
Another reason for missing targets is if there was too much
variability among biological replicates, e.g., miR-124 target,

Baf53A (56), and miR-132 target, p300 (31), or if the enrichment
was just under twofold, e.g., miR-181 target, KLF6 (57). Despite
these specific occurrences, the substantial overlap with the miR-
124 HITS-CLIP dataset and our studies of the forebrain of the
miR-132 knockout mouse (Fig. 6B) lead us to conclude that
RISCtrap can yield substantial information about target recog-
nition that is applicable across cell types and species.
Another potential concernmight be false positives resulting from

having to ectopically express the microRNA to preprogram the
dnRISCs. In actuality, our datasets contain fewer targets than
several others. Importantly, a previous comparison of mouse brain
and HeLa cells using HITS-CLIP demonstrated no spurious bind-
ing interactions after miR-124 ectopic expression (8). To test
whether addition of exogenous miRNA caused spurious inter-
actions, we selected 13 miR-124 candidate targets identified in
HITS-CLIP (BC = 5) that were also expressed in HEK293T cells
but absent from themiR-124RISCtrap dataset, to assay whether we
could detect their binding to dnGW182–RISC with qPCR (Fig. S7).
None of these candidate targets demonstrated enrichment despite
ectopic miR-124 expression, suggesting that we were not forcing
illegitimate interactions. Although cross-linking approaches have
the theoretical advantage of not requiring addition of exogenous
miRNAs, this did not appear to be a limitation of our approach.

Materials and Methods
RISCtrap screens were performed by cotransfecting 6 × 106 HEK293T cells in
a 10-cm dish with 20 μg of expression plasmid for Flag–dnGW182 and 50 nM
miRNA mimics, using either Lipofectamine 2000 (Invitrogen) or a standard
calcium phosphate method. Twenty-four hours posttransfection, cells were
rinsed with cold PBS and harvested in cold lysis buffer (20 mM Tris pH 7.5,
200 mM NaCl, 1 mM DTT, 0.05% Nonidet P-40, 2.5 mM MgCl2, 60 units/mL
RNase inhibitor, and EDTA-free protease inhibitor). Cleared lysates were
incubated for 2 h at 4 °C with 10 μL of preblocked Flag–M2 agarose (2 h with
1 mg/mL yeast tRNA and 1 mg/mL BSA). After washing the beads with lysis
buffer, bound RNA was eluted by Trizol extraction following the manu-
facturer’s protocol (Invitrogen). Messenger RNA was enriched from 200 ng
of total RNA by generation of double-stranded cDNA using an oligo-dT-T7
primer (GGCCAGTGAATTGTAATACGACTCACTATAGGGAGGCGGT24) during
first-strand synthesis and a standard second strand synthesis. This was fol-
lowed by a 16-h T7 IVT reaction to linearly enrich for mRNAs. The TruSeq v2
library protocol was used on 200 ng of mRNA-enriched material from each
sample to generate Illumina-compatible indexed libraries. Samples were
pooled into three lanes, with each biological replicate sequenced in a sepa-
rate lane on a HiSeq v3 platform using a single-read 100-bp protocol. Reads
were then uniquely mapped using TopHat v1.4.0 to a human GRCh37/hg19
reference genome and RefSeq gene annotation guidance (as of Oct. 9,
2011). We determined a baseline for the dataset (minimum of 200 counts
per target), bioinformatically removed nonpolyadenylated transcripts, and
normalized to the median of geometric ratios broadly following the DESeq
approach (58). At each step, we analyzed the distribution and evaluated
the effects of our normalization using violin plots, as well as principal
components analyses (PCA) to evaluate the retention of clustering among
conditions (Fig. S3). Transcript-specific variance estimates were obtained by
fitting the negative binomial model implemented in DESEq (58) (Fig. S5),
and significantly enriched targets were determined with ANOVA among the
biological replicates.
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