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ABSTRACT
MicroRNAs are small non-coding RNAs acting as posttranscriptional repressors of gene expression.
Identifying mRNA targets of a given miRNA remains an outstanding challenge in the field. We have
developed a new experimental approach, TargetLink, that applied locked nucleic acid (LNA) as the affinity
probe to enrich target genes of a specific microRNA in intact cells. TargetLink also consists a rigorous and
systematic data analysis pipeline to identify target genes by comparing LNA-enriched sequences between
experimental and control samples. Using miR-21 as a test microRNA, we identified 12 target genes of miR-
21 in a human colorectal cancer cell by this approach. The majority of the identified targets interacted
with miR-21 via imperfect seed pairing. Target validation confirmed that miR-21 repressed the expression
of the identified targets. The cellular abundance of the identified miR-21 target transcripts varied over a
wide range, with some targets expressed at a rather low level, confirming that both abundant and rare
transcripts are susceptible to regulation by microRNAs, and that TargetLink is an efficient approach for
identifying the target set of a specific microRNA in intact cells. C20orf111, one of the novel targets
identified by TargetLink, was found to reside in the nuclear speckle and to be reliably repressed by miR-21
through the interaction at its coding sequence.

Abbreviations: LNA, locked nucleic acid; miRNA, microRNA; Ago, Argonaute protein; SEC-HPLC, size exclusion chro-
matography – high pressure liquid chromatography; GT buffer, guanidinium thiocyanate buffer; KO, knockout; WT,
wild type; UV, ultraviolet; WTX, wild type cells UV-crosslinked; WTnX, wild type cells not UV-crosslinked; KOX, miR-21
knockout cells UV crosslinked; 30-UTR, 30-untranslated region
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Introduction

microRNAs are small noncoding RNAs that play important roles
in regulating gene expression. A specific microRNA can target
multiple genes, and can perform diverse roles in development,
physiology and/or disease of different cell types.1 Because of their
complex involvement in numerous pathways and in different cell
types, it is important to identify targets of a given microRNA in
specific cell types and under specific conditions. Despite extensive
efforts to develop both computational and experimental
approaches to predict or identify miRNA targets, target identifica-
tion of a given miRNA remains an outstanding challenge in the
field.2 A number of bioinformatics programs predict miRNA tar-
gets on a genomic scale exploiting the rule of “seed matching” –
conserved Watson-Crick pairing to the 50 region of miRNA cen-
tered on nucleotides 2–7, which is called the miRNA “seed”.3,4

The various algorithms developed thus far, however, often yield
different sets of predictions that do not overlap.3,5 (Fig. S1). Fur-
ther, computational methods rarely take into the consideration of
how the variation in biologic contexts may affect RNA conforma-
tion or RNA-protein interaction, both of which can influence the

accessibility of RNAs and hence their engagement with themicro-
RNA/Argonaute silencing complex6-11 Established genome-wide
experimental methods for identifying targets of endogenous
microRNAs include high-throughput sequencing of RNA iso-
lated by crosslinking immunoprecipitation (CLIP).12-14 In this
method, the isolated Argonaute protein (Ago) binding sites are
analyzed computationally to infer the possible microRNA(s) that
could have been responsible for tethering Ago to those binding
sites. However, at the miRNome level, it is not always straightfor-
ward to pair the isolated Ago-binding sequences with a specific
microRNA based on seed matching, especially when considering
that non-canonical microRNA::target interactions represent a
rather frequent feature of microRNA targeting.2,15-22 More
recently, a crosslinking and ligation approach termed CLASH
was reported in which crosslinked miRNA-target sequence are
ligated to generate chimeras for sequencing.22 This method
should overcome the ambiguity in assigning the Ago-bound
sequence to the microRNA responsible for recruiting the target
gene to the RISC complex.21 A drawback of the method, however,
is its relatively low efficiency of chimera generation and
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capture.23,24 In addition to the aforementioned techniques for
identifying the native targets of endogenous microRNAs, target
discovery based on affinity pulldown after cellular delivery of
exogenous microRNA mimetics has also been reported.25-28 A
potential caveat of these methods is that exogenously delivered
miRNAs do not necessarily engage with the same set of targets as
the endogenousmiRNAs.

Despite these important advances in target identification on
a miRNome level, there are still pressing needs to develop new
experimental methods to improve the efficiency and accuracy
of target identification. Moreover, since the majority of studies
on microRNA focus on functional analysis of a single micro-
RNA of interest, methods designed to recover the sequences
directly bound by a specific endogenous microRNA in intact
living cells should greatly facilitate such investigations.

We have developed a new approach, TargetLink, for identify-
ing target genes directly bound by a specific microRNA. Target-
Link involves crosslinking microRNA and its target genes in
intact live cells by UV illumination. Cell lysates containing the
crosslinked microRNA-Argonaute-mRNA ternary complexes
were prepared and subjected to affinity purification using locked
nucleic acid (LNA) as the capture probe to pull down comple-
mentary microRNA and its crosslinked target genes. The affin-
ity-purified RNAs were then deproteinized, converted to cDNAs,
and sequenced. Using miR-21 as a test microRNA, we have also
developed a data analysis pipeline by comparing the sequenced
reads of the crosslinked sample with the control sample without
UV illumination, as well as with the crosslinked sample from an
isogenic cell line lacking miR-21. Our analysis identified 12 target
genes of miR-21 in a human colorectal cancer cell. Remarkably,
the expression level of these 12 target genes varied over a wide
range, confirming that both abundant and rare transcripts are
susceptible to regulation by microRNAs. Among several novel
miR-21 targets identified by TargetLink, C20orf111 was reliably
repressed by miR-21 through the interaction at its coding region.

Results

TargetLink exploits LNA affinity purification to enrich
microRNA and its associated target RNAs

To develop TargetLink, we chose miR-21 as a testing micro-
RNA. miR-21 has emerged as an important microRNA
involved in tumorigenesis. A large-scale survey to determine
the miRNA signature of 540 tumor samples—including lung,
breast, stomach, prostate, colon, and pancreatic tumors and
their respective normal adjacent tissues— revealed miR-21 was
the only miRNA upregulated in all these tumors.29 miR-21 dys-
regulation is now recognized as a rather general feature in a
variety of tumors. In a mouse model, overexpression of miR-21
led to a pre-B-cell lymphoma whose maintenance was also
dependent on miR-21, demonstrating that mir-21 was a genu-
ine oncogene.30

We chose RKO cells, a human colorectal cancer cell line express-
ing miR-21,31 as a model system for developing TargetLink.
Another reason for choosing this cell was that a miR-21 knockout
cell line, RKOmiR-21(¡/¡), has been generated by the targeted deletion
of mature miR-21 sequence in the primary miR-21 locus31

(Fig. S2A). The RKOmiR-21(¡/¡) cell line hence served as a good

control for evaluating the quality and specificity of affinity purifica-
tion against miR-21.

We devised TargetLink based on the principles of RNA
photo crosslinking and antisense purification of crosslinked
RNA complexes. Since microRNAs are only »22 nt long, we
applied locked nucleic acid (LNA) as the affinity probe to pull
down microRNA and associated protein complexes. LNA oli-
gonucleotides bind to complementary RNA with very high
affinity and specificity to yield remarkably stable LNA/RNA
duplexes,32 and antisense LNA oligonucleotides as short as 8-
mer have been successfully used to knock down miRNA.33 The
high stability of LNA::miR-21 duplex would allow us to per-
form the hybridization and LNA bead washes at high strin-
gency to remove non-specifically bound RNAs. The workflow
of TargetLink consists of 5 major steps (Fig. 1A). In the first
step, cells were irradiated at 254 nm to induce RNA-protein
crosslink to form covalently linked ternary complexes contain-
ing microRNA/Argonaute/target12. After digesting the cell
lysate with DNase and limited RNase, we homogenized the
resulting lysate in a potent chaotropic buffer (4 M guanidinium
thiocyanate containing 10 mM DTT, or GT buffer) to denature
proteins and to disrupt non-covalent protein-RNA complexes.
Since UV illumination generated protein-RNA crosslinks with
only modest efficiency, we expected that a sizable portion of
microRNAs in the cell lysate remained to be uncrosslinked.
Anticipating that these free microRNAs would likely lower the
efficiency of the subsequent LNA affinity purification of cross-
linked miR-21/Ago/target complexes, we devised a 2-step pro-
cedure to remove free microRNAs including miR-21: first, the
homogenized sample was filtered by membrane diafiltration
(molecular weight cutoff of 50 KDa) to enrich materials with
molecular weight higher than 50 KDa; second, we applied size
exclusion HPLC (SEC-HPLC) to deplete free microRNAs and
to enrich high molecular weight proteins and protein-RNA
complexes. Samples of each SEC-HPLC fraction were deprotei-
nated using proteinase K and analyzed by Northern blot analy-
sis. miR-21 crosslinked to larger molecules was eluted off from
the column very early (8–10 minutes), whereas free miR-21
eluted much later (13–15 minutes)(Fig. 1B, C; and Fig. S2B).
This separation efficiently enriched the crosslinked miR-21
complexes by removing a sizable amount of small RNA frag-
ments (Fig. S3).

In the second step of TargetLink, we added a biotinylated
LNA probe to the SEC-HPLC purified sample to perform affin-
ity purification. This step is the key to TargetLink and distin-
guishes it from previous CLIP approaches: by using an LNA
probe that is complementary to a specific miRNA, we specifi-
cally recover target RNAs of that particular miRNA. Since the
LNA::miR-21 duplex is expected to be very stable, we per-
formed the hybridization at high stringency (4M GT buffer,
95�C to 43�C in 1.5 h) to reduce non-specifically bound RNAs.
Next, we washed the captured miR-21 complexes thoroughly
(4M GT buffer, 43�C for 1 min, 5 repetitions) before eluting it
off the bead. The unbound (“wash”) and bound (“eluent”) frac-
tions were deproteinated by proteinase K, and analyzed by
denaturing gel electrophoresis and Northern blot. The results
(Fig. 1D) showed that the TargetLink affinity step efficiently
enriched for miR-21 (crosslinked) compared with a scramble
control LNA oligonucleotide.
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Finally, we performed deep sequencing using the amplified
cDNA library of the affinity purified RNAs. Sequenced reads with
exactly the same sequence were collapsed to a single read and
mapped to the NCBI Refseq human transcriptome using

NovoAlign.We then removed the potential PCR duplicates by con-
densing reads that were aligned to the same position on the RefSeq
transcriptome. The resulting file containing the unique mapped
reads reflected the distribution of affinity purified RNA fragments

Figure 1. Development of TargetLink for identifying the target genes of a specific microRNA. (A) Workflow of TargetLink illustrated with miR-21 as an example. Key steps
include removal of free (uncrosslinked) small RNAs by SEC-HPLC and affinity purification of crosslinked ternary complexes with a biotinylated LNA probe antisense to
miR-21. See text for details. (B) Removal of free miR-21 by SEC-HPLC. HPLC eluents (top, monitored at UV absorbance at 280 nm) were fractionated, de-proteinated and
analyzed by Northern blot (bottom) using a biotinylated probe against miR-21. Cross-linked products were eluted between 8 min and 10 min; whereas free miR-21 was
eluted out after 13 min. (C) Northern blot of the HPLC fraction (8 – 9 min, B) detected the crosslinked miR-21 bands only when using the UV-illuminated and deprotei-
nated sample (proteinase K, or PK). (D) Purification of cross-linked miR-21 (and its associated Ago and mRNA targets) via LNA affinity purification using either a miR-21
antisense LNA (AS) or a scramble control LNA (SC). The majority of crosslinked miR-21 was detected in the bound-and-eluted fraction (lane 4) when using AS LNA but not
SC LNA. (E) An example of RNA-Seq reads mapped to a miR-21 target gene (MKNK2) using LNA (miR-21 antisense) affinity purified samples from wild type RKO cell (WT)
or miR-21 knockout RKOcell (KO). The highlighted region contained RNA-Seq reads that were selectively enriched in crosslinked WT cells.
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across the transcriptome, and it was used for detecting the enrich-
ment of sequences resulting from LNA affinity purification. Fig. 1E
shows an example of the reads mapped to a candidate miR-21 tar-
get gene MKNK2 (vide infra). Compared to the control samples
such as uncrosslinked wild type cells (WTnX) or crosslinked miR-
21 knockout cells (KOX), crosslinked wild type RKO cells (WTX)
contained RNA-Seq reads that were selectively enriched in a seg-
ment ofMKNK2 transcript over the 2 controls.

Data analysis to identify miR-21 targets from the enriched
sequences

To identify miR-21 target genes using the deep sequencing data
from the affinity purified WTX sample, we devised a data analy-
sis pipeline containing the following steps: (1) First, we divided
each of the annotated human RefSeq transcripts into 200-nt bins
and summed the number of mapped reads falling within each
bins. Bins containing few mapped read were filtered and only
bins containing 2 or more unique mapped reads in at least 2
thirds of the biologic replicates were kept (Filter 1, Fig. S4A). (2)
Second, to detect the enrichment of the remaining bins resulting
from the affinity purification, we compared the number of
mapped reads within each bin between the LNA-purified WTX
sample and the input sample (HPLC fractions eluted between
8 min and 10 min and contained the crosslinked miR-21,
Fig. 1B), or between the LNA-purified WTX sample and the
LNA-purified WTnX control. The detail statistics model can be
found in the Methods. In brief, for each of the 6 biologic repli-
cates of affinity purified WTX samples, we calculated the P-value
of reads enrichment in LNA-purified WTX sample by using the
Poisson distribution. The λ values used in Poisson were derived
either from the input sample (for calculating the P-value of
enrichment against the input, PWTX vs. Input) or from the WTnX
control by taking the maximal value out of all replicates (for cal-
culating the P-value of enrichment against the affinity purified
uncrosslinked control, PWTX vs. WTnX). Fisher combination
method was used to combine P-values of 6 biologic replicates for
input or WTnX control separately to obtain the combined P-val-
ues of enrichment for each bin (Fig. S4B). (3) Finally, to filter
sequences that were enriched through the direct binding to the
miR-21 antisense LNA, we similarly calculated the P-values of
read enrichment in all the bins from the affinity purified WTnX
control against the corresponding input sample (PWTnX vs. Input).
Bins with PWTnX vs. Input � 0.05 were considered to be enriched
and were filtered (Filter 2, Fig. S4A), as such bins from the
uncrosslinked samples were likely enriched through the direct
binding between mRNAs and the LNA antisense probe.

From the 6 biologic replicates of the affinity purifiedWTX sam-
ple, we obtained a total of 3,497 bins after the above 2 filtering steps.
Their P-values of enrichment against the input (PWTX vs. Input) or
against theWTnX control (PWTX vs. WTnX) were graphed as a quan-
tile-quantile plot (Fig. 2A, left plot). We set a threshold of P< 1.23
£ 10¡7 for the significant enrichment on the transcriptome scale
(based on a conservative family wise error rate (FWER) of 0.05 for
all bins in the RefSeq transcripts) and detected 131 bins containing
uniquelymapped reads that were significantly enriched when com-
pared with both the input and with the WTnX control (bins in the
top right quadrant, left plot, Fig. 2A). When we processed the
RNA-Seq data from the WTnX control samples following the

same procedure, we obtained a total of 2,915 bins after the 2 filter-
ing steps. However, in striking contrast with theWTX sample, only
3 of the filtered bins were found to be significantly enriched when
compared with the input and with the WTX sample using the
same criteria (left plot, Fig. 2B). This confirmed that the LNA affin-
ity probe selectively pulled down more transcripts in UV cross-
linked samples, presumably through the crosslinked ternary
complexes containingmiR-21/Ago/targets (cf. Fig. 1A).

To examine the effect of UV crosslinking per se on the out-
come of LNA affinity pulldown, we similarly purified cell
lysates from UV crosslinked RKOmiR-21(¡/¡) cells (miR-21
knockout crosslink, or KOX) and sequenced the purified
RNAs. We then analyzed the RNA-Seq data following the same
procedure as before and obtained 4,250 filtered bins. When the
non-crosslinked samples (WTnX) were used as the control, 45
bins were found to be significantly enriched, as judged by both
PKOX vs. Input and PKOX vs. WTnX to be less than 1.23 £ 10¡7 (left
plot, Fig. 2C). Since RKOmiR-21(¡/¡) cells contained no mature
miR-21 or pre-miR-21 (Fig. S2A), this result suggested that UV
crosslinking could generate RNA-protein complexes that were
more amenable to LNA affinity pulldown than the correspond-
ing uncrosslinked RNA sequences, and hence led to the recov-
ery of more enriched transcripts.

To eliminate such false positives resulting from the non-spe-
cific interaction between the LNA probe and the crosslinked
RNA-protein complex, we included the crosslinked samples of
miR-21 knockout cells as another control (in addition to
WTnX control) in our data analysis. Thus, when analyzing the
WTX sample, we added KOX as a control: the initially identi-
fied 3,497 bins (left plot, Fig. 2A) were further filtered to
remove those bins showing enrichment over the input in the
KOX sample, i.e., bins with PKOX vs. Input � 0.05 were filtered
(Filter 3, Fig. S4A). This left us with 2,692 bins (right plot,
Fig. 2A). We then recalculated the enrichment P value of each
of these 2,692 bins against their corresponding uniquely
mapped read counts from both WTnX and KOX samples using
the Poisson distribution. The λ used in Poisson was estimated
by taking the maximal value from all control libraries, includ-
ing those using KOX and those using WTnX. Expression levels
of each transcript measured by RNA-seq in KOX and WTX
samples were used to adjust the λ estimation. We found a total
of 13 bins that are significantly enriched over the input and the
2 control samples (bins in the top right quadrant, right plot,
Fig. 2A). We identified their corresponding genes as the candi-
date miR-21 targets.

To estimate the false discovery rate of this data analysis
pipeline, we applied the same procedure to look for bins that
were significantly enriched in either WTnX or KOX sample,
using the other 2 groups of samples as the control. For the
WTnX sample, we compared uniquely mapped reads within
each bin to the corresponding mapped reads found in WTX
and KOX samples. This yielded 2,593 filtered bins by removing
bins with PWTX vs. Input � 0.05 or PKOX vs. Input � 0.05. Among
them, 2 bins were found to be significantly enriched over the
other 2 samples (right plot, Fig. 2B). For the KOX control sam-
ple, we found only one bin to be significantly enriched when
compared against the WTnX and WTX samples (right plot,
Fig. 2C). Judging from the number of significantly enriched
bins found in the experimental group (WTX) and in the other
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2 controls (WTnX and KOX, Fig. 2D), we estimated that the
upper bound of the false discovery rate to be 16%.

Validation of identified miR-21 targets

The miR-21 target sequences identified from WTX sample con-
sisted of 13 bins from 12 genes (Fig. 3A). One gene, MKNK2,
was found to contain 3 miR-21 target sites in its 30 UTR over 2
adjacent bins (a stretch of 400 nucleotides). The rest of the
genes appeared to contain a single target site in their respective
enriched bins. Among all the identified target sites, only one

was mapped to the coding sequence (CDS) and another to 50
UTR, with the rest of the target sites residing at 30 UTR
(Fig. 3A). Sequence alignment of the identified target sites with
miR-21 revealed that less than 30% of the target sites interacted
with miR-21 via the canonical seed pairing. The majority of the
target sites, however, interacted with miR-21 non-canonically
(Fig. 3B). To address whether the observed prevalence of non-
canonical pairing was due to difference in the thermodynamic
stabilities between canonical and non-canonical interactions,
we computed the minimal free energy (MFE) of each miR-21::
target site duplex using the program RNA-Hybrid.34 The result

Figure 2. Identification of miR-21 target bins through differential enrichment analyses. (A– C) The -log10(P values of enrichment) of filtered bins were calculated against
the corresponding inputs (x-axis), or against control samples (y-axis). Bins selectively enriched in WTX samples (A), WTnX samples (B), and KOX samples (C) were plotted.
The vertical and horizontal lines marked the threshold for the significant enrichment (P D 1.23 £ 10¡7. See text). (D) Number of identified candidate target bins from 3
samples (WTX, WTnX, and KOX) following the same data analysis pipeline.
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showed that there was not a significant difference in the mean
MFE between the canonical and non-canonical pairings identi-
fied by TargetLink (Fig. 3C). Moreover, MFE values of all 12
duplexes except one (miR-21::ZNF382, Table S1) were below
¡12 Kcal/mol, a cutoff value of MFE previously used for the
computational identification of microRNA targets.35 Of the 4

canonical sites that we identified, they all contain adenosine at
the 30-terminus to complement with miR-21 at position 1 (A-U
pairing, Fig. 3B). For the non-canonical sites, all except 2 also
contained adenosine at the 30-termini, reflecting a strong bias
of having adenosine at this position.36 This adenosine prefer-
ence was explained by the recent structural and biochemical

Figure 3. miR-21 target genes and target sites identified by TargetLink in RKO cells. (A) List of target genes and the location of the enriched bins for each gene. ORC6 is
annotated to have a non-coding and a coding transcript isoforms in RefSeq. NC: non-canonical; C: canonical. Pie charts showed the distribution of enriched bins (top) and
the canonical/noncanonical sites (bottom). (B) Sequence complementarity of the identified target sites with miR-21. The seed sequence of miR-21 is highlighted in red.
Vertical dots indicate Watson-Crick pairing or G-U wobble pairing. (C) Comparison of minimal free energies of miR-21::target site hybrids shown in (B).
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study showing that Ago2 binds adenosine at this position with
3-fold higher affinity than other nucleotides.37

To validate the identified targets, we examined their regula-
tion by miR-21 using qRT-PCR to quantify their changes in
expression upon manipulating miR-21 level. Inhibiting miR-21
in RKO cells (WT) caused significant increases (P < 0.05) in the
expression of 8 out of 12 targets (Fig. 4A). The remaining 4 tar-
gets were found to be expressed at about the same level between
cells treated with a miR-21 inhibitor or with a control oligonu-
cleotide. Conversely, restoring miR-21 level in RKOmiR-21(¡/¡)

cells by using a miR-21 mimic led to significant downregulation
(P < 0.05) of nearly 70% of the identified targets (Fig. 4B). The
remaining targets, with the exception of ZNF382, were found to

be refractory to the exogenous miR-21 mimetic. This inverse cor-
relation of miR-21 and its bound transcripts confirmed that a
large portion of the identified interactions from UV crosslinking
were indeed functional. The remaining 3 or 4 of the identified
targets showing marginal or no response under the conditions
tested probably reflected the posited role of microRNA in fine
tuning gene expression.38 Further, in addition to promoting tran-
script degradation, microRNA also regulates gene expression
through translational repression. To evaluate the effect of miR-
21 on these targets more thoroughly, we used the luciferase
reporter assay after fusing the miR-21 target sequences to 30
UTR of firefly luciferase. Among the 12 identified targets, we
focused on the protein coding transcripts with miR-21 target

Figure 4. Validation of candidate miR-21 targets. (A) Comparison of the target expression (normalized to GAPDH) by qRT-PCR in RKO cells (WT) treated with a miR-21
inhibitor or a control oligonucleotide. (B) Comparison of the normalized target expression in RKOmiR-21(¡/¡) cells (KO) either treated with a miR-21 mimetic or a control.
The expression level of each gene in the control sample was arbitrarily set to 1. (C) Luciferase reporter assay of the identified miR-21 target sequences. Reporter vectors
were constructed by inserting miR-21 target sequences to 30 UTR of Firefly luciferase, whose expression was normalized against the co-transfected Renilla luciferase. The
expression ratios of the reporters between KO and WT cells were further normalized against a control reporter (pMIR) lacking miR-21 target site at 30 UTR. Mean § SEM is
plotted (N D 3). �P < 0.05; �� p < 0.005; ���p < 0.0005.

RNA BIOLOGY 265



sites localized at their 30 UTRs (Fig. 3A). This led to 9 luciferase
reporters corresponding to this sub-set of targets (Fig. S5). Seven
of these reporters showed a significant (P < 0.05) de-repression
of luciferase expression in the absence of miR-21, and the
remaining 2 reporters were found to be expressed at about the
same level between WT and KO cells (Fig. 4C). The results con-
firmed that the majority of the identified target sites conferred
potent inhibitory effect on the expression of their host genes
through miR-21, providing further evidence validating the identi-
fied target sites.

Among the 12 identified targets, C20orf111 (also named as
OSER1) encodes a protein of unknown function and was the
only gene whose miR-21 target site was mapped to the coding
region (Fig. 3A). To further validate that the identified interac-
tion at the coding region was functional, we compared the
expression of C20orf111 between wild type RKO cells and the
isogenic miR-21 knockout RKO cells. At both the transcript and
protein level, the expression of C20orf111 was repressed by miR-
21 (Fig. 5), confirming that the target site of miR-21 located in
the coding region of C20orf111 was indeed functional. Interest-
ingly, staining of OSER1 by immunofluorescence revealed that

the protein was localized exclusively in the cell nucleus, and fur-
ther analysis by dual-color immunofluorescence confirmed that
OSER1 was colocalized with SC35, a nuclear speckle marker pro-
tein.63 Nuclear speckles are sub-nuclear structures important for
RNA splicing and RNA processing. The localization of
C20orf111 to this organelle suggests its potential role in the for-
mation/maintenance of nuclear speckles and/or in RNA process-
ing. Since our result provided unequivocal evidence showing that
miR-21 directly repressed C20orf111 at both transcript and pro-
tein levels, it raised the interesting hypothesis for future investi-
gation concerning the possible involvement of miR-21 in RNA
processing through C20orf111.

Discussion

We have developed a new technique, TargetLink, for identify-
ing the direct target sequences of a specific microRNA (miR-
21) in fully intact living cells. Distinguishing features of Target-
Link include: (1) Employing LNA oligonucleotides as the affin-
ity probe to pull down crosslinked protein-RNA complexes.
The high binding affinity and stability of LNA::RNA duplex

Figure 5. Repression of C20orf111 by miR-21. (A) Quantification of C20orf111 expression by qPCR in WT or miR-21 knockout RKO cells (N D 3, normalized against
GAPDH). Expression in wild type cells was arbitrarily set to 1. (B) Quantification of protein abundance by Western blot. (C) C20orf111 is colocalized with SC35 in the
nuclear speckle. The cell nucleus is marked with DAPI in overlay.
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allowed us to use a potent denaturing buffer (4 M guanidinium
thiocyanate) to wash off non-specific binding events. (2) The
technique identifies targets of an endogenous microRNA and
does not require infecting cells with tagged proteins or exoge-
nous microRNA mimetics. (3) TargetLink consists of a rigorous
and unbiased data processing pipeline to systematically analyze
and compare sequencing data between the experimental group
and controls. The inclusion of 2 control samples, non-cross-
linked wild type cells expressing miR-21 (WTnX) and cross-
linked cells devoid of miR-21 (KOX), turned out to be critical
for eliminating false positives and for identifying the bona fide
target sequences of miR-21 (Fig. 2).

Combining these unique features, we developed TargetLink
as a systematic and unbiased approach for identifying the direct
targets a specific microRNA in intact cells. Target identification
using this approach does not rely on the assumption of seed
matching or the location of the target site at 30-UTR. Using
miR-21 as a testing microRNA, we successfully identified 12
target genes (or 13 target sites) of miR-21 in a human colorectal
cancer cell (RKO). A number of evidences supported that these
sequences were enriched through the specific LNA affinity
purification of miR-21/Ago/target ternary complex (compare
Fig. 1A): (1) These 14 target sites were only identified in cross-
linked cells expressing miR-21, but not in control samples. (2)
The expression levels of most identified target genes, measured
from RNA-Seq, were fairly close between wild type RKO cells
and miR-21 knockout cells (Table S2), arguing that these target
sequences are unlikely enriched through the direct interaction
with LNA. (3) In fact, by performing local sequence alignment,
we found that the sequence similarity of the identified target
sites with miR-21 was significantly lower (p < 0.0001) than
those highly enriched sequences found in both experimental
and control samples (Fig. 6).

A somewhat unexpected finding from this study was that a large
portion of the identified miR-21 targets interacted with miR-21
through imperfect seed matching (Fig. 3). We considered a few
possible explanations that might account for the outcome. First, in
the case of RKO colorectal cancer cells, we cannot formally exclude
the possibility that imperfect seed pairing could represent a major
type of interaction between miR-21 and its targets. In fact, most of
our identified non-canonical sites start with adenosine, a nucleotide
known to preferentially engage with the RISC complex during the
initial matching process when a microRNA is interrogating its
potential targets.37 Further, a comparison of the thermodynamic
stabilities of the canonical and non-canonical duplexes of our target
set revealed no significant difference (Fig. 3C). In addition, we also
calculated the minimal free energies of miR-21 duplexes of several
reported miR-21 targets, most of which were derived from compu-
tational prediction and contained canonical sites (Fig. S6). Again,
the result showed a rather comparable thermodynamic stability of
our target set and the reported miR-21 targets. Together, these
results provided no evidence to persuade us to expect that perfect
seed pairing ought to be the dominant determinant of target
engagement, at least in the case of miR-21. Since the 50 region of
microRNAs is more conserved than the rest of the sequence, seed
pairing has become a popular filter for selecting candidate targets
in several target prediction programs. However, the presence of a
seed site in 30 UTR does not necessarily ensure engagement of a
miRNA,39 and other factors such as mRNA folding and

accessibility of binding sites, sub-cellular localization etc, will deter-
mine whether amRNA is engaged with amicroRNA or not. More-
over, since evolution conservation of a candidate miRNA binding
site is not expected to be a feature that can be assessed by the RISC
complex in situ,2 potential miR-21 binding sites with either perfect
or imperfect seed matching are equally likely to become occupied
by the RISC complex as long as the target sites are accessible and
can form stable duplexes withmicroRNAs.

An alternative explanation is that our current version of
TargetLink may turn out to be more efficient in recovering
non-canonical sequences due to, for example, differential UV
crosslinking efficiencies of RNA duplexes containing either per-
fect or imperfect seed pairing. While we cannot formally
exclude this possibility at the moment, we are not aware of a
systematic study comparing the efficiency of UV crosslinking
between RNA duplexes with different degree of complementary
and the protein to which they bind. In fact, a careful examina-
tion of miR-21 duplexes with either canonical or non-canonical
sites in our target set (Fig. 3), or in the reported miR-21 targets
(Fig. S6), revealed no obvious difference in either the extent or
the pattern of overall base complementarity or in the thermo-
dynamic stability of the miR-21::target hybrids.

microRNAs may regulate gene expression by inhibiting
translation and/or by inducing degradation of their target
genes. At the transcript level, the majority of the identified
miR-21 targets exhibited an inverse correlation with miR-21
level when the expression of miR-21 was acutely altered
(Fig. 4). In most cases, the magnitude of change in miR-21 tar-
get expression was modest yet statistically significant, consis-
tent with the notion that microRNAs play a major role in fine
tuning gene expression.38 Compared to the acute inhibition of
miR-21, miR-21 deletion in RKO cells resulted in less pro-
nounced effect of de-repressing miR-21 targets, as judged from
RNA-Seq data and DeSeq analysis (Table S2). Presumably this
reflected the difference in cells’ responses to permanent dele-
tion versus acute inhibition of a gene, whereas adaptation and/
or compensation in the knockout model may dampen the effect
of miR-21 deletion on its target expression. In support of this
possibility, we compared the expression levels of several previ-
ously reported miR-21 targets in RKO wild type or miR-21
knockout cells. The result was similar to that of our own target
set, with few reported targets showing statistically significant
(Padj < 0.05) difference (Table S3). Compared to qRT-PCR or
RNA-Seq data, the luciferase reporter assay using the 30-UTR
harboring miR-21 target sites showed a relatively higher magni-
tude of de-repression when miR-21 was deleted (Fig. 4C). This
robust de-repression liekly resulted from a combined relief
from translational inhibition and mRNA degradation.

Among a dozen novel targets identified by TargetLink,
C20orf111 harbored a target site at its coding sequence (CDS).
The identified target site was functional as C20orf111 was
repressed by miR-21 by several assays (Fig. 4A, B and Fig. 5).
Despite the fact that 30-UTR represents a primary location for
microRNA targeting, there have been increasing reports of
CDS targeting by different miRs.6,40-44 Similar to our result on
C20orf111, these reports also confirmed that microRNA bind-
ing sites within CDS were functional in controlling gene
expression, and the repression could be mediated by mRNA
degradation and/or translational inhibition. Moreover,
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transcriptome wide CLIP data has revealed that sequences at
both CDS and 50-UTR could be occupied by the Argonaute
silencing complex.12,13 and, at least in Drosophila, preferentially
conserved miRNA targeting in the open reading frame
appeared to be as widespread as in 30-UTRs.45 Together, these
observations suggest that functional microRNA targeting in the
open reading frame can be widespread and may well represent
an underappreciated mode of action of microRNA mediated
repression. Future optimization and application of TargetLink
should accelerate the pace of identifying such CDS targets in
mammalian cells, which in turn will facilitate addressing their
functional roles and modes of action in regulating gene
expression.

Of the 12 miR-21 targets identified in this study, the expres-
sion level of these genes varied over a wide range, from less
than 1 RPKM (ZNF382) to over 100 RPKM (CCND2,
CYR61and YBX1, Fig. 3A and Table S2). The fact that LNA
affinity purification used here was able to pulldown miR-21 tar-
gets of relatively low abundance lends support to the efficiency
of target enrichment using this technique. However, it was also
thought that a specific microRNA could potentially be involved
in interacting with more than tens if not hundreds of mRNAs
in situ,38 so it is quite likely that our current procedure may
have missed some of the bona fide miR-21 targets. We envision
optimizing several experimental variables for the future
improvement on the sensitivity of target discovery using this
approach. First, there should be room for dialing down the

stringency of affinity purification to increase the yield of RNA
recovery, which should help recovering more target sequences.
Of course, lowering the stringency of affinity purification is
expected to pull down more non-specific RNAs. However, we
do not expect to see a rise in false positives as our data analysis
pipeline detects targets through a series of cross comparisons
between experimental group (WTX) and controls (WTnX and
KOX). Non-specifically recovered RNAs or RNAs that bind to
LNA probe directly (instead of through crosslinked miR-21/
Ago complex)) will be filtered off because they would be
enriched in all the samples after affinity purification (Fig. 6).
Second, we plan to test and adopt some recent advancements
in cDNA library preparation tailored for UV-crosslinked
RNAs.46,47 and/or for low input RNA samples 48 So far we have
been using the commercial library preparation kit intended for
the standard RNA-Seq, which is likely to be sub-optimal for
sequencing crosslinked and affinity purified RNAs. By applying
these very recent procedures tailored for processing UV-cross-
linked RNAs, we anticipate major improvements in the effi-
ciency of library preparation. Last but not least, to increase the
yield of RNA-protein crosslinking, we may attempt other
means such as chemical crosslinking 49 or using photoactive
nucleoside analogs.13 Our current version of TargetLink has
already yielded a dozen targets of miR-21, and hence represents
a major advancement in the efficiency of target discovery com-
pared with numerous previous studies in which only one or a
few miR-21 targets were reported in each case (Fig. S6).31,50-53

Figure 6. (A) The identified miR-21 target sites showed much lower sequence similarity to miR-21 (measured by the Smith-Waterman algorithm, http://www.ebi.ac.uk/
Tools/psa/lalign/nucleotide.html) compared with those sequences highly enriched in both experimental (WTX) and control samples (WTnX and KOX) (p value, unpaired t-
test). (B) miR-21 target sequences were enriched through the crosslinked ternary complex consisting of miR-21::Ago::target. In contrast, RNAs with sequence homology
to miR-21 were enriched through the direct binding to the antisense LNA.
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Moreover, the 12 target genes identified here should provide a
valuable reference for benchmarking the efficiency and specific-
ity of future optimization and improvement.

As it currently stands, the workflow of TargetLink includes iso-
genic RKO cells devoid of miR-21 as an important control during
data analysis to effectively filter off false positives (Fig. 2). Com-
paring the enriched reads between the un-crosslinked sample

(WTnX) and the crosslinked sample from miR-21 knockout
cells (KOX) revealed that UV-crosslinking by itself was able to
generate RNA::protein complexes that were amenable to LNA
affinity pulldown, and such an enrichment occurred indepen-
dent of miR-21 (Fig. 2B, C, left). When analyzing bins selec-
tively enriched in KOX samples, nearly all the false positives
(Fig. 2C, left) were eliminated by using WTX as the control
(Fig. 2C, right). Likewise, when analyzing bins selectively
enriched in WTX samples, adding KOX to the control group
reduced the number of selectively enriched bins by roughly
90% (Fig. 2A). With the recent rapid advancements in genetic
engineering technologies including TALEN and CRISPR-Cas9,
it is becoming increasingly straightforward to delete small
non-coding RNAs in animal cells.54-56 Moreover, as transgenic
animals devoid of specific microRNAs are becoming increas-
ingly accessible from different species including mouse,57 Dro-
sophila 58 and nematode,59 we anticipate that TargetLink will
gain broad applications for defining the target set of a specific
microRNA in different biologic systems including cultured
cells and freshly dissected primary tissues. Finally, as discussed
earlier, as we continue to optimize the experimental proce-
dures of TargetLink to increase RNA recovery from affinity
purification, to adjust processing crosslinked RNA for library
preparation and to enhance crosslinking efficiency, we specu-
late that we ought to be able to further broaden the applica-
tion of TargetLink by omitting knockout cells as a future
enhancement of this method.

Material and methods

A. Preparation of locked nucleic acid (LNA) probes for
affinity purification

Monomers of LNA phosphoramidites were purchased from
Exiqon. DNA phosphoramidites and 30-protected Biotin Seri-
nol CPG were purchased from Glen Research. DMT-hexaethy-
loxy-glycol phosphoramidite was purchased from ChemGenes
Corporation. Anhydrous solvents and common reagents were
purchased from Aldrich or VWR. LNA probes were synthe-
sized in-house by the standard solid phase phosphoramidite
chemistry from 30- to 50-end on an ASM 800 DNA Synthesizer
(Biosset).60 The synthesized LNA probes were purified by
PAGE as described in the Supplement.

The miR-21 antisense LNA probe used for the affinity puri-
fication contained (from 30- to 50-end) the biotin affinity label,
2 repeats of hydrophilic hexaethyloxy glycol linker, and an
18mer-oligonucleotide complementary to the last 18 nucleoti-
des of miR-21 (UUAUCAGACUGAUGUUGA). The LNA had
the following composition (LNAs are represented by CA, CG,
CC, and CT; and DNAs are represented by A, G, C, T):

TargetLink protocol

Materials and reagents

UV cross-linking.
(a) Cold PBS, Stratalinker (Stratagene, Model 1800), 15 cm

tissue culture dishes.

RNA digestion (partial) and DNA digestion.
(a) Cell lysis buffer: 50 mM Tris-HCl, pH 7.4; 100 mM NaCl;

1 mM MgCl2; 0.1 mM CaCl2; 1% NP-40; 0.5% sodium
deoxycholate; 0.1% SDS; protease inhibitor and ANTI-
RNase (both added fresh).

(b) ANTI-RNase (Ambion, AM2692), RNase I (Ambion,
AM2295), Turbo DNase (Ambion, AM2239), protein-
ase inhibitor cocktail (Calbiochem, 535140), 1M DTT,
Thermomixer R (Eppendorf).

Diafiltration and HPLC-SEC.
(a) Ultracel-10K (Millipore, UFC901024) and 50K centrifu-

gal filters (Millipore, UFC905024).
(b) Regenerated cellulose membrane 0.22 mm (Corning, Cat.

# 431222).
(c) Agilent Technologies 1200 series HPLC system; BioSep-

SEC-s2000 column (Phenomenex).
(d) HPLC running buffer: 4 M guanidinium thiocyanate

(GT) and 25 mM Nacitrate, pH 7.0.

LNA affinity purification.
(a) 1X GT buffer: 4 M guanidinium thiocyanate; 25 mM

Nacitrate, pH 7.0; 0.5%(w/v) sodium N-lauroyl
sarcosinate.

(b) LNA antisense probe against miR-21.
(c) NanoLink Streptavidin Magnetic beads (Solulink,

M10178), Magnetic stand (Invitrogen), Heating block
(BenchMark).

(d) TE buffer, yeast tRNA (Roche, Cat # 14042122).
(e) Elution buffer: 0.1 M NaOH.
(f) Neutralizing buffer: 1 M glacial acetic acid.

Protein digestion and RNA isolation.
(a) Proteinase K (Roche, 14724600).
(b) 1X PK buffer a: 100 mM Tris-HCl, pH 7.4; 50 mM NaCl;

10 mM EDTA.

LNA Probe Composition

miR-21 antisense (Used for affinity purification) 50 CTCCACACCACTCCAGCTCCTGCACTCACA-(EG6)2-biotin 30
Scramble LNA (Used as a control for affinity purification) 50 CTCCTCACTCTCTCGCACTCTCAGGCAGCA-(EG6)2-biotin 30
miR-21 antisense (Used for Northern blot) 50 CTCCACACCACTCCAGCTCCTGCACTCACAGCCTCA-EG6-biotin 30
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(c) 1X PK buffer b: PK buffer 1 C 7 M urea.
(d) RNA extraction: Saturated phenol pH 6.6 (Ambion,

AM9712), chloroform, glycoblue (Ambion, AM9515),
linear acrylamide (Ambion, AM9520), 3M sodium ace-
tate pH 5.5 (Ambion, AM9740), isopropanol, 75% etha-
nol, 100% ethanol.

Library preparation.
(a) Superscript� III Reverse Transcriptase (Invitrogen,

18080).
(b) KAPA Library Amplification Kit (Kapa Biosystems,

KK2611)
(c) Agencourt AMPure XP(Beckman, A63881)
(d) TruSeq stranded mRNA Library Prep Kit (Illumina, RS-

122–2101).

RKO Cell. Wild type human colorectal RKO cells (WT, catalog
# HD PAR-059) and isogenic miR-21 knockout RKO cells
(RKOmiR-21(¡/¡) or KO, catalog # HD R05–013) were pur-
chased from Horizon Discovery Ltd (www.horizondiscovery.
com). Cells were cultured in RPMI 1640 including 2mM L-glu-
tamine, 10% FBS, penicillin (100 U/mL) and streptomycin
(100 mg/mL). Cells were cultured as a monolayer at 37�C in a
humidified atmosphere with 5% CO2, and passaged every 3–5
d when reaching »80% confluence.

Experimental procedure
The whole procedure takes about 5 d to complete and consists
of 3 major steps:

Cell lysate preparation. Cells are irradiated with UV to cross-
link proteins and nucleic acids. Cells are then lysed and the
lysate is digested with RNase and DNase. The digested cell
lysate is subjected to diafiltration and SEC-HPLC purification
to remove uncrosslinked small RNAs.

LNA affinity purification and RNA extraction. The above cell
lysate is then affinity purified by LNA. The eluent containing
crosslinked ternary complexes (miR-21/protein/mRNA) are
deproteinated and extracted with phenol/chloroform to yield
RNAs.

Library preparation for deep sequencing. We prepared cDNA
library of the purified RNAs using the commercial library prep-
aration kit with modifications.

A step-by-step description of the experimental procedure is
included in the Supplement.

TargetLink analyses

Mapping of sequenced reads

Filtering and pre-processing of raw reads. The sequenced
reads from each library were first processed by CIMS package
(http://zhanglab.c2b2.columbia.edu/index.php/CIMS_Docu
mentation) to filter the low quality reads and to collapse identi-
cal copies.61 We then used cutadapt (version 1.3) to trim

residual (if any) Illumina sequencing adapters. Only reads at
least 20 nt long are kept for further analysis.

Mapping. The pre-processed reads were mapped to NCBI
human Refseq transcriptome using novoalign with the setting
of –t 85 –l 25 -s. The longest isoform of each transcript was
used for base numeration. To further remove PCR duplicates,
we applied SAMtools to collapse multiple reads that have been
aligned to start at the same position on the RefSeq to a single
read. The final unique mapped reads were used to calculate the
read counts within 200-nt bins of individual Refseq transcripts.
For reads spanning the junction of adjacent bins, we only count
the number of reads in a bin if those reads have their 50-end
mapped inside the bin. So when a read overlaps 2 adjacent
bins, only one bin will be counted.

Detecting significantly enriched bins and miR-21 target sites
We split each transcript into consecutive 200-nt bins, and counted
the number of uniquemapped reads falling into each bin. For the 6
biologic replicates using crosslinked wild-type RKO cells (WTX),
only bins containing 2 or more unique mapped reads in at least 2
thirds of the biologic replicates were kept. we then calculated the p-
value of seeing the observed count in each remaining bin by using
Poisson distribution. The λ used in Poisson was estimated from all
control libraries, including those using crosslinked miR-21 knock-
out RKO cells (KOX) and those using wild-type RKO cells without
crosslinking (WTnX) by using the following formula:

λiw DNi � max

j D 1; 2; . . . ; J

cjw
nj

� �
;

Whereas Ni is the total number of uniquely mapped reads in the
ith WTX experiment, nj is the total number of uniquely mapped
reads in the jth control experiment (total 6 control replicates, 3
from KOX, and 3 from WTnX), and cjw is the number of reads in
wth bin from the jth control experiment. Since we took the maxi-
mal value from all the control samples, λ iw is a very conservative
estimation of the background count for the wth bin. After obtain-
ing the p-values from all WTX replicates, we combined them by
using Fisher combination method to calculate the statistic xw
which follows chi-square distribution with degree of freedom 12
(for 6 replicates of WTX samples):

xw D ¡ 2ð Þ �
X

i

ln.piw/

The Bonferroni correction was applied to chi-square p-val-
ues to achieve the list of candidate target bins (Fig. 3A).

To evaluate the false discovery rate of applying this data anal-
ysis pipeline, we applied the same procedure to examine the
number of bins selectively enriched in the control samples
(Fig. 3B, 3C). When processing WTnX replicates, only bins con-
taining 2 or more unique mapped reads in at least 2 thirds of
the WTnX replicates were kept. We then compared the remain-
ing bins in each of WTnX replicates with all the replicates from
WTX and KOX (Fig. 3B, WTX and KOX serving as controls for
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WTnX). The same procedure was applied to KOX replicates
(Fig. 3C, WTX and WTnX serving as controls for KOX).

Aligning target sites with miRNA
To align the identified target bins with miR-21 (Fig. 4B), we
developed a dynamic programming method by modifying
Smith-Waterman algorithm (Lalign) with no penalty for gaps
outside of miRNA alignment, and score 5 for match, ¡4 for
mismatch, ¡8 for gap-opening and ¡2 for gap-extension in
the alignment.

Northern blot of HPLC fractions to detect crosslinked
miR-21

After running SEC-HPLC to separate the crosslinked miR-21
from free miR-21, we concentrated the collected fractions about
10-fold by diafiltration (Ultracel-10K centrifugal filter, 4�C,
4000 g). Take 25 mL of concentrate and dilute it to 200 mL with
1X PK buffer a containing 2 mg/mL proteinase K. Shake the
mixture at 1,100 rpm, 37�C for 3 h. Add 400 mL of 1X PK
buffer b and shake the mixture at 37�C, 1100 rpm for another
20 min. To extract the RNA, add 400 mL phenol and 133 mL of
CHCl3 to the mixture and shake it at 37�C, 1100 rpm for
20 min. Spin the mixture at 4�C and 14,800 rpm for 15 min.
Transfer the top aqueous phase to a 1.5 mL tube. Add 2 mL of
linear acrylamide (5 mg/mL) and 0.25 mL glycoblue (15 mg/
mL) and vortex briefly. Add 3-volume of isopropanol to precip-
itate the RNA by leaving the tube at ¡20�C overnight. Collect
the RNA pellet by centrifugation at 4�C and 14,800 rpm for
15 min. Wash the pellet with 1 mL of 75% ethanol. Spin down
the pellet again at 4�C and 14,800 rpm for 5 min. Air-dry the
pellet for 5 min and add 10 mL of RNase-free water to dissolve
RNA. Add 10 mL of RNA loading buffer (Ambion, Cat. No.
AM8547) and boil the mixture at 95�C for 5 min.

The above RNA mixture was fractionated by PAGE using a
15% denaturing polyacrylamide gel containing 8 M urea and
20% formamide. RNA was then transferred to the nitrocellulose
membrane and fixed to the membrane by UV crosslinking.
Membranes were probed with 2 nM of biotin-labeled LNA-
modified oligonucleotides: 50-CTCCACACCACTCCAGCTC
CTGCACTCACAGCCTCA-biotin-(PEG6)-30 (C denotes
LNA). We then detected the biotinylated probe on the mem-
brane using the Chemiluminescent Nucleic Acid Detection
Module (Thermo Scientific, Cat. No. 89880).

RNA-Seq

RNA was isolated with Trizol (Invitrogen, 15596–018) by a
chloroform extraction, assisted by phase lock tubes. The
extracted RNA was precipitated by isopropanol and redissolved
in 20 mL of RNase free water. After digesting the sample with
TURBOTM DNase (Ambion, AM2239), we extracted RNA (in
100 mL water) with chloroform/phenol and precipitated RNA
with 250 mL of 100% ethanol and 10 mL of 3M NaOAc at
¡80�C overnight.

We used the Ribo-ZeroTM rRNA removal kit (Epicenter,
MRZH116) to remove the ribosome RNA following the
instructions from the manufacturer. The purified RNA was
used for the cDNA library preparation using the TruSeq

Stranded mRNA Library Prep Kit (Illumina, RS-122–1201).
The sample was sequenced at 50 cycles, single read on an Illu-
mina HiSeq 2000 platform.

Sequencing reads from 3 wild type RKO cell populations
and 2 RKOmir-21(¡/¡) cell populations were mapped using
TopHat2 (Version 2.0.10) to the human genome version 19
(hg19). The average mappability was 78 § 3%. Cufflinks2
(Trapnell 2010, Version 2.2.1) was used to calculate expression
level (Read Per Kilo basepairPer Million, RPKM) of each tran-
script and gene. DESeq 62 was used to test significance of tran-
scripts with differential expression between wild-type and mir-
21 knockout cells.

Luciferase reporter constructs and dual-luciferase assay

Firefly luciferase reporters of the miR-21 targets were con-
structed by inserting the sequences near the identified miR-21
target sites (Fig. S5) into pMIR-REPORTTM miRNA Expression
Reporter Vector System (LifeTechnologies). The primers used
for the amplifying these sequences were listed in Table S3. The
amplified fragments were digested with appropriate restriction
enzymes (Table S3) and inserted into the 30 UTR of pMIR-
REPORT.

The firefly luciferase reporter was transfected into RKO (WT)
or RKOmiR-21(¡/¡) cell using Lipofectamine 2000 (Invitrogen,
11668019). Another expression vector encoding Renilla luciferase
was co-infected for normalization of transfection efficiency. Fire-
fly and Renilla luciferase activities were measured using the
Dual-Luciferase� Reporter assay system (Promega, E1960) in a
Fluoroskan AscentTM Microplate Fluorometer (Thermo Fisher
Scientific, 5210470). The expression ratios of the reporters
between KO and WT cells were normalized against a control
reporter (pMIR) lacking miR-21 target site at 3 UTR.

Measuring target transcripts after infecting cells with miR-
21 mimic or inhibitor

To acutely manipulate miR-21 level in cells and to measure its
effect on the expression level of its target transcripts, we either
infected RKO cells with a miR-21 inhibitor (Ambion, 4464084) or
transfected RKOmiR-21(¡/¡) cells with a miR-21 mimic (Dharma-
con, C-300492–03). Both agents were used at a dose of 40 pico-
moles per well in a 24�well microtiter plate. The miR-21 inhibitor
or mimic was mixed with 120 mL of serum free medium in a well.
A total of 79.2ml of serum freemedium containing 0.8ml of RNAi-
MAX (Invitrogen, 1641636) was then added to each well. After
10�min incubation at room temperature,»40,000 cells in suspen-
sion were then added to each well in 400 mL of culture medium
(15% FBS) to a final total volume of 600 mL. Cells were then cul-
tured at 37�C/5% CO2 for 72 hours. The total RNA from each well
was isolated with Trizol, and cDNA was generated by the Quanti-
Tect Reverse Transcription Kit (Qiagen, 205311). qPCR was per-
formed using iTaqTM Universal SYBR Green Supermix (Bio-rad,
172–5121) according to the manufacturer’s protocol. Relative
expression was evaluated by the comparative CT method and nor-
malized to the expression of GAPDH. The expression levels of the
target transcripts after miR-21 inhibition (in RKO cells) or overex-
pression (in RKOmiR-21(¡/¡) cells)were normalized against values
from the corresponding cells infected with control oligos supplied
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by the vendors. Primers were listed in Table S3 (Supplementary
Information).

Western blot analysis of C20orf111 (OSER1) expression

WT or miR-21 knockout RKO cells were washed once in phos-
phate-buffered saline, and lysed in radioimmuno-precipitation
buffer (150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxy-
cholate, 0.1% SDS, 50 mM Tris-HCl, pH 8, 2 mM EDTA). The
cell lysate containing 5 mg of protein was loaded to a 12% SDS-
PAGE gel, separated by electrophoresis, and transferred to a
PVDF membrane. Primary antibody: Rabbit anti- C20orf111
(Novus, NBP1–91725) was diluted 1:200; Mouse anti-b-tubulin
(DSHB, E7) was diluted 1:1000. Secondary antibody: HRP Goat
Anti-rabbit (Bio-rad, 170–6515) was diluted 1:3000; HPR Goat
Anti-mouse (Bio-rad, 170–6516) was diluted 1:3000.

Cellular localization of C20orf111 by immunofluorescence

RKO cells were washed with cold phosphate-buffered saline
(PBS), fixed with 4% PFA at room temperature for 15 min, per-
meabilized with 0.1% Triton X-100 for 10 min, and washed
3 times with PBS. Cells were blocked with 10% donkey serum,
incubated sequentially with primary antibody (Ab) and second-
ary Ab for 1 hour each. Cell nuclei were marked with DAPI
(1 mg/mL) for 20 min before imaging on a confocal microscope
(Zeiss LSM780). Primary Ab for C20orf11: Rabbit Anti-
C20orf111 (1:50, Novus Cat # NBP1–91725); Secondary Ab:
Alexa Fluor 488 labeled donkey anti-rabbit (1:100, Jackson Cat
# 711–545–152). Primary Ab for SC35: Mouse anti-SC35
(1:500, Abcam Cat # ab11826); Secondary Ab: Cy3-labeled
donkey anti-mouse (1:100, Jackson Cat # 715–165–151).
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