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Recently, a handful of intergenic long noncoding RNAs (lncRNAs) have been shown to compete with mRNAs for binding

to miRNAs and to contribute to development and disease. Beyond these reports, little is yet known of the extent and func-

tional consequences of miRNA-mediated regulation of mRNA levels by lncRNAs. To gain further insight into lncRNA-

mRNA miRNA-mediated crosstalk, we reanalyzed transcriptome-wide changes induced by the targeted knockdown of

over 100 lncRNA transcripts in mouse embryonic stem cells (mESCs). We predicted that, on average, almost one-fifth of

the transcript level changes induced by lncRNAs are dependent on miRNAs that are highly abundant in mESCs. We val-

idated these findings experimentally by temporally profiling transcriptome-wide changes in gene expression following the

loss of miRNA biogenesis in mESCs. Following the depletion of miRNAs, we found that >50% of lncRNAs and their

miRNA-dependent mRNA targets were up-regulated coordinately, consistent with their interaction being miRNA-mediat-

ed. These lncRNAs are preferentially located in the cytoplasm, and the response elements for miRNAs they share with their

targets have been preserved in mammals by purifying selection. Lastly, miRNA-dependent mRNA targets of each lncRNA

tended to share common biological functions. Post-transcriptional miRNA-mediated crosstalk between lncRNAs and

mRNA, in mESCs, is thus surprisingly prevalent, conserved in mammals, and likely to contribute to critical developmental

processes.

[Supplemental material is available for this article.]

Transcript abundance for large numbers of eukaryotic genes is

modulated post-transcriptionally by microRNAs (miRNAs, ∼22-

nt noncoding RNAs) (Stark et al. 2005). The recognition and bind-

ing of a mature miRNA to response elements (MREs) present with-

in the target transcript lead to its degradation or translational

repression (Ambros et al. 2003; Wienholds and Plasterk 2005;

Bartel 2009). When a pair of transcripts is targeted by a particular

miRNA, changes in the abundance of one can modulate the level

of the other (Franco-Zorrilla et al. 2007; Marques et al. 2011;

Salmena et al. 2011; Tay et al. 2014). Transcripts engaging in

such crosstalk are referred to as competitive endogenous RNAs

(ceRNAs) (Salmena et al. 2011). Intricate networks of crosstalking

RNAs are proposed to regulate coordinately the relative abundance

of functionally related transcripts (Sumazin et al. 2011; Ala et al.

2013; Han et al. 2013; Tan et al. 2014; Wehrspaun et al. 2014).

This suggests a layer of post-transcriptional regulation that is over-

laid upon transcriptional programs.

Changes in endogenous levels of ceRNAs can, for example,

lead to changes in cell status (Wang et al. 2013) and have been as-

sociated with disease (Poliseno et al. 2011; Tan et al. 2014).

Furthermore, some transcribed pseudogenes have preserved their

ancestral parent genes’ ceRNA function despite having lost their

ability to encode functional proteins, which argues for their sus-

tained biological roles (Marques et al. 2012). Nevertheless, the bi-

ological relevance of ceRNAs has recently been challenged

(Broderick and Zamore 2014) because the level of one transcript,

Aldoa, required to significantly alter the level of one highly abun-

dant miRNA, miR-122, and its targets in adult hepatocytes was

found to exceed the changes observed in vivo, even under extreme

physiological or disease conditions (Denzler et al. 2014). In con-

trast, recent results from genome-wide quantitative analyses sug-

gests ceRNA competition involving a number of miRNAs is

relevant in a physiological context and determined by the endog-

enousmiRNA:target pool ratio (Bosson et al. 2014). The differences

between the results of these analyses, together with discrepancies

in the conclusions of different attempts to mathematically model

miRNA-mediated interactions (Ala et al. 2013; Bosia et al. 2013;

Hausser and Zavolan 2014; Jens and Rajewsky 2015; Yuan et al.

2015), suggest that substantially more genetic and genomic evi-

dence from many ceRNAs and miRNAs in diverse cell types will
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be required to resolve this issue and to establish the general preva-

lence and physiological relevance of ceRNAs.

The miRNA-mediated crosstalk among transcripts can in-

volve coding aswell as noncoding transcripts, including intergenic

long noncoding RNAs (lncRNAs) (Franco-Zorrilla et al. 2007;

Cesana et al. 2011; Wang et al. 2013). Thousands of lncRNAs

have been annotated in eukaryotic genomes (Derrien et al. 2012;

Ulitsky and Bartel 2013), many of which are preferentially located

in the cytoplasm (van Heesch et al. 2014), where they can engage

inmiRNA-mediated interactions with other transcripts. Both com-

putational and experimental evidence support the extensive tar-

geting of lncRNAs by miRNAs (Paraskevopoulou et al. 2013).

While a small number of lncRNAs are currently known to function

as ceRNAs (Cesana et al. 2011; Fan et al. 2013; Wang et al. 2013;

Tan et al. 2014), the full extent of lncRNAs possessing miRNA-de-

pendent regulatory roles remains to be determined (Ulitsky and

Bartel 2013).

The relatively low transcript abundance of most lncRNAs

(Cabili et al. 2011; Derrien et al. 2012) might be thought to limit

their ability to effectively modulate, in a miRNA-dependent man-

ner, mRNA abundance (Ebert and Sharp 2010; Ala et al. 2013;

Figliuzzi et al. 2013; Denzler et al. 2014). Nevertheless, some estab-

lished ceRNAs neither share an unusually high number of predict-

ed MREs with their mRNA targets nor are especially abundant

(Cesana et al. 2011; Wang et al. 2013), which suggests that other

factors, such as miRNA-target affinity or miRNA turnover, might

explain their efficient crosstalk. These ceRNAs are also no different

from most other lncRNAs (Cabili et al. 2011; Derrien et al. 2012)

with respect to their highly restricted spatial and temporal expres-

sion patterns. For example, linc-MD1 is a muscle-specific ceRNA

that regulates transcript abundance of two keymyogenic transcrip-

tion factors, Maml1 and Mef2c, which are required for activating

muscle-specific gene expression (Cesana et al. 2011); in addition,

linc-RoR competes for miR-145 binding with key self-renewal tran-

scription factor transcripts, namelyNanog, Pou5f1, and Sox2, and is

expressed during induced pluripotent stem cell (iPSC) reprogram-

ming and in undifferentiated embryonic stem cells (ESCs) (Loewer

et al. 2010; Wang et al. 2013). The narrow expression profile of

these ceRNAsmight specify the cells or tissues in which their activ-

ity exerts the greatest effect. Cell-fate decisions, such as those in-

volving linc-RoR or linc-MD1, often involve switch-like responses

in the expression levels of key regulatory genes that result in coor-

dinated changes in transcription profiles driven by one or more

key transcription factors. Several miRNAs have been found to con-

tribute to the regulation of such switches (Mukherji et al. 2011),

and lncRNAs have often been implicated in the regulation of the

circuitry underlying cell-fate decisions (Jia et al. 2010; Cesana

et al. 2011; Guttman et al. 2011; Sun et al. 2013; Wang et al.

2013). These results suggest that relatively lowly abundant, yet

specifically expressed, lncRNAs might function efficiently as

ceRNAs regulating the transition between pluripotent and differ-

entiated cell states. In such bistable states, small changes in

miRNA levels induced by ceRNAsmayhave a greater impact on cel-

lular homeostasis than in fully differentiated normal cells.

In this study we sought to determine the relative prevalence

ofmiRNA-mediated changes induced by lncRNAs.We took advan-

tage of publicly available and experimentally determined expres-

sion data on the impact of knockdown, using shRNAs, of over

140 lncRNAs in mouse embryonic stem cells (mESCs) (Guttman

et al. 2011). These data previously provided support for the

notion that some lncRNAs act as protein-binding scaffolds coordi-

nating cell-type specific gene expression changes transcrip-

tionally (Guttman et al. 2011). Our analysis demonstrates that

lncRNAs can also contribute to mESC fate decisions via post-tran-

scriptional miRNA-mediated mechanisms.

Results

Extensive miRNA-mediated crosstalk among lncRNAs

and mRNAs

To investigate the extent of miRNA-dependent gene expression

regulation of mRNAs by lncRNAs, we took advantage of a large

set of experimentally determined expression profile changes in

mouse embryonic stem cells (mESCs) induced by the targeted

knockdown of 147 lncRNAs and 40 regulatory protein-coding

gene controls (Guttman et al. 2011). Throughout the manuscript,

we refer to individual lncRNAs using the names given to these

transcripts in the original study.We refer to mRNAs whose expres-

sion is differentially up- or down-regulated following knockdown,

using shRNAs, of these noncoding and coding RNAs, as their “tar-

gets” (Fig. 1A). Depletion of lncRNAs resulted in expression level

changes of an average of 163 targets, a similar number of targets

to those observed for protein-coding gene controls (on average,

197 targets) (Guttman et al. 2011).

We consideredwhether some of these gene expression chang-

es (Guttman et al. 2011) were a consequence of increased post-

transcriptional repression of transcripts sharing miRNA response

elements (MREs) with the depleted lncRNAs. In contrast to tran-

scriptional regulation by lncRNAs that can lead to either activation

or repression of their targets’ expression, the primary consequence

of competition among lncRNAs and mRNA targets for binding to

the same miRNAs is a positive correlation between their tran-

scripts’ levels. We applied this signature to predict miRNA-depen-

dent lncRNA-mRNA interactions (Fig. 1A).

To predict the extent of miRNA-mediated regulation by

lncRNAs, we first identified mESC-expressed miRNAs and then

predicted which transcripts they bind and regulate. miRNA levels

were quantified, in quadruplicate, using NanoString Technology

(Methods; Supplemental Table S1), and subsequent analysis was

performed considering only the 25% most highly expressed

miRNAs (160 from117miRNA families) (Garcia et al. 2011), except

where otherwise stated. MREs were predicted using TargetScan

(version 6.2) (Garcia et al. 2011) across the entire sequence of the

lncRNAs (Guttman et al. 2011) and within the longest annotated

3′ UTRs of mouse protein-coding genes (Ensembl build 70)

(Supplemental Table S2; Methods; Flicek et al. 2012).

We first, and as a negative control, considered the mRNA tar-

gets for each of the 40 regulatory protein-coding gene controls

(Guttman et al. 2011). For each target, we calculated the density

(number per kilobase [kb] of 3′ UTR sequence) of predicted re-

sponse elements for mESC-expressed miRNAs it shared with the

transcription factor that had been identified in the original study

as significantly altering its expression (Guttman et al. 2011).

These transcription factors’ targets were expected to be modulated

transcriptionally, not post-transcriptionally (Guttman et al. 2011),

and as predicted, no significant differences were found in the den-

sities of shared MREs between transcription factor and up- or

down-regulated targets (Supplemental Fig. S1A). We created a set

of control miRNA seeds based on shuffled dinucleotides of

mESC-expressed miRNAs that were not homologous to the seeds

of mouse mESC miRNAs (80 shuffled miRNAs) (Methods). As ex-

pected, no significant difference was found between the densities

of MREs (MREshuffled) for these shuffled miRNAs shared between
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656 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on October 22, 2020 - Published by genome.cshlp.orgDownloaded from 



down-regulated (median of 1.1 MREs/kb) or up-regulated targets

(median of 0.90 MREs/kb) (Supplemental Fig. S1B) and lncRNA.

Next, we considered the mRNA targets for each of the 147

lncRNAs and the density of MREs for mESC-expressed miRNAs

they shared. In contrast to results for regulatory transcription fac-

tor and MREshuffled controls, mRNAs that were down-regulated

upon lncRNA knockdown shared a sig-

nificantly higher number of predicted

MREs with these lncRNAs (median of

2.9MREs/kbof 3′ UTR) thanup-regulated

targets (median of 2.3 MREs/kb; P < 8 ×

10−6, two-tailed Mann-Whitney U test)

(Fig. 1B). Similar results were obtained

when MRE predictions were considered

for all miRNAs expressed in mESCs or

the 75% or 50% most highly expressed

miRNAs in mESCs (Supplemental Fig.

S1C–E). These resultswereobtainedusing

computationally predicted MREs, which

are known to have relatively high false-

positive and -negative rates (Maziere

and Enright 2007). Consequently, we

next considered a stringent set of MREs

that overlap experimentally derived

Argonaute-bound regions in mESCs

(Leung et al. 2011).With these, we found

that down-regulated mRNA targets con-

tain over twofold higher densities of

MREs shared with their lncRNA (mean

of 5.0 × 10−3MREs/kb) than up-regulated

mRNAs (mean of 2.1 × 10−3 MREs/kb;

P < 0.05, two-tailedMann-WhitneyU test).

These results are consistent with the

abundance of some lncRNAs’ mRNA tar-

gets beingmodulated through their com-

petition for binding mESC-expressed

miRNAs. On average, 19.3% (Supple-

mental Table S2) of lncRNAs’ targets ex-

hibited the two signatures of miRNA-

dependent crosstalk: (1) Depletion of

the lncRNA is associated with down-reg-

ulation of its mRNA target, and (2) cod-

ing and noncoding transcripts contain

predicted MREs for the same miRNAs

(Fig. 1A). Hereafter, we refer tomRNA tar-

gets of lncRNAs with these signatures as

competitive endogenous RNA targets

(ceRNAts) (Supplemental Table S3).

What then of mRNAs whose chang-

es in transcript abundance could not be

explained by a ceRNA mechanism (Fig.

1A)?Wehypothesized that some of these

changes might be a consequence of sec-

ondary effects of transcriptional regula-

tion mediated by transcription factors

whose transcripts are primary miRNA-

dependent targets of lncRNAs (i.e., TF

ceRNAts). To test this hypothesis, we

considered 10 lncRNAs that have TF

ceRNAts whose effects on gene expres-

sion upon knockdown were also experi-

mentally determined by Guttman et al.

(2011). Consistent with this indirect mode of mRNA regulation,

the levels of twice as many miRNA-independent targets of these

lncRNAs were affected in the same direction rather than in oppo-

site directions upon knockdown of either the lncRNA or its respec-

tive TF ceRNAt (averages 15.8% versus 7.8%, respectively; P < 0.05,

two-tailed Mann-Whitney U test). This indicates that a proportion
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down- and up-regulation, respectively. (B) Cumulative distribution plots for the density of predicted
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of gene expression changes that are not

primarily miRNA-dependent may be

explained through secondary transcrip-

tional activation by TFs whose tran-

scripts are ceRNAts.

To illustrate this phenomenon, con-

sider the proposed miRNA-mediated

crosstalk between linc1471 and the

mRNA encoding the transcription factor

POU5F1 (also known as OCT4). Two of

the five recognition elements predicted

in the 3′ UTR of Pou5f1 are for miR-421

and miR-762, for which MREs are also

predicted in linc1471, whose knockdown

(Fig. 1C), in turn, leads to a significant 21-

folddecrease inPou5f1mRNAabundance

(Guttman et al. 2011). If some of the

linc1471’s targets whose levels cannot

be explained by a ceRNA mechanism are

a secondary effect of miRNA-mediated

decrease in Pou5f1 expression, then one

would expect that the levels of these

genes would be affected upon knock-

down of either linc1471 or Pou5f1 in the

same direction. Indeed, and as expected,

miRNA-independent targets of linc1471

that are also differentially expressed

upon Pou5f1 knockdown (by 14.8-fold)

(Guttman et al. 2011) are five times

more likely to change in the same (n =

165) rather than in opposing directions

(n = 33) (P < 10−4, Fisher’s exact test)

(Fig. 1C). Furthermore, of the linc1471

targets that we hypothesized might be a

secondary effect of Pou5f1 changes,

21.2% show evidence that POU5F1 pro-

tein binds at their promoter in mESCs

(Karwacki-Neisius et al. 2013), a signifi-

cantly (P < 0.05, Fisher’s exact test) higher

proportion than foundwhenconsidering

all other linc1471 targets (13.7%).

lncRNAs and their respective ceRNAts

are coordinately up-regulated upon loss

of miRNA biogenesis

We then undertook a more direct ap-

proach to experimentally validate lncRNA

crosstalk with mRNAs via miRNAs. For

this, we took advantage of mESCs in

which a conditional mutation of a key

gene in miRNA biogenesis, Dicer1, has

been introduced. These cells contain a ta-

moxifen-inducible Cre recombinase that

drives recombination between loxP sites

flanking the Dicer1 RNase III domain

(Nesterova et al. 2008). Loss of this

domain (Supplemental Fig. S2A) and ab-

lation of miRNA biogenesis thus occur

following tamoxifen addition. The time for complete miRNA re-

moval, following Dicer1 loss-of-function, varies considerably ow-

ing to dependences on miRNA initial abundance and stability, as

illustrated in Figure 2A for three miRNAs, miR-302a, miR-124,

andmiR-290a-3p. This temporal variationofmiRNAabundance al-

lowed us to investigate the miRNA-dependency of interactions
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between transcripts. In particular, we expected the expression lev-

els over time for a lncRNA and its ceRNAts to increase coordinately

as the levels of miRNAs mediating their crosstalk diminish. No ex-

pression correlationwas expected following loss ofmiRNA biogen-

esis between lncRNAs and mRNA targets that we predicted to be

primarily regulated in amiRNA-independentmanner, in particular

for lncRNAs and mRNAs that do not share predicted MREs for

mESC-expressed miRNAs (Fig. 1A).

We determined the temporal variation ofmRNA levels by col-

lecting, in triplicate, and then sequencing poly-adenylated RNA

from mESCs prior to tamoxifen addition (day 0) and at days 4, 8,

10, and 12 thereafter (Fig. 2B). On average, 88.0% (range 87.0%–

89.6%) of RNA sequencing paired-end reads wasmapped uniquely

to the mouse genome (assembly version mm9). As expected,

mRNA and lncRNA expression levels, in general, clustered by time

point (Supplemental Fig. S2B). No significant decrease in Myc ex-

pression levels was observed (fold-change = 0.68 ± 0.17, FDR =

0.58) in our experiment, in contrast to homozygous Dgcr8−/−

(Melton et al. 2010) or Dicer1−/− (Zheng et al. 2014) mESCs, sug-

gesting that, as opposed to a recent analysis of mESC lncRNAs

(Zheng et al. 2014), transcriptional regulation by Myc does not

contribute significantly to the changes in lncRNA or mRNA levels

observed in our study.

For a subset of five miRNAs, we estimated the correlation be-

tween their abundance (measured by qPCR) and the levels of their

predicted mRNA/lncRNA targets (measured by RNA-seq). As ex-

pected,miRNAand target abundancewere significantly anti-corre-

lated (R =−0.46, P < 0.001, Pearson’s correlation) (Supplemental

Fig. S2C).

We removed from our analysis 24 of the initially considered

lncRNAs because their loci are now seen to overlap annotated pro-

tein-coding genes (Ensembl build 70). Of the remaining lncRNAs,

104 show evidence of expression in our experiment and had mul-

tiple ceRNAts and miRNA-independent targets expressed in these

cells (Supplemental Fig. S2D). As expected, lncRNA-ceRNAt pairs

exhibited greater correlation (median R = 0.35) in expression levels

over time than lncRNA and miRNA-independent targets (median

R = 0.15, P < 3.1 × 10−8, two-tailed Mann-Whitney U test) (Fig.

2C). This difference remained when we considered down- and

up-regulated miRNA-independent targets separately (Supplemen-

tal Fig. S2E). As a control, we considered the difference in correla-

tion between lncRNAs and down-regulated targets sharing MREs

for shuffled miRNAs (ceRNAt for MREshuffled) and the remaining

down- or up-regulated targets. As expected, we found no signifi-

cant difference in median correlation between these groups (Sup-

plemental Fig. 2F). These observations are consistent with the

decreased abundance of miRNAs leading to coordinated changes

in the abundance of transcripts that can regulate each other’s lev-

els via miRNA-mediated crosstalk. For example, the expression fol-

lowing loss of miRNA biogenesis of linc1510 was much better

correlated with its ceRNAts (25 targets, R = 0.66) than with its

miRNA-independent targets (86 targets, R = 0.19) (Fig. 2D).

The expression level of 51% (53 of 104) of lncRNAswas signif-

icantly (empirical P < 0.05) better correlated with the levels of their

ceRNAts than expected, following Dicer1 knockout, based on esti-

mates for 1000 sets (of the same size) of randomly selected mESC-

expressed transcripts pairs (Methods). These 53 lncRNAs, whose

miRNA dependency of ceRNAt interactions was validated, are

hereafter referred to as long noncoding competitive endogenous

RNAs or lnceRNAs (Supplemental Table S5). Only eight of 104

(8%) lncRNAswere significantly correlated followingDicer1 condi-

tional excision with its miRNA-independent targets.

Next, we sought to experimentally test our predictions. Using

siRNA, we knocked down three lnceRNAs in wild-type (Dcr+/+) and

Dicer1-null (Dcr−/−) mESCs andmeasured, using qPCR, the level of

10 of their putative ceRNAts. Genes found to be differentially ex-

pressed upon lncRNA knockdown by Guttman et al. (2011) but

that could not be replicated in our experiment, likely due to differ-

ences in experimental design,were excluded fromthe remainderof

the analysis (maximum two targets per lnceRNA) (Supplemental

Fig. S3).Consistentwith themiRNAdependencyof their regulatory

interactions, 62.5%–87.5% ceRNAts for the three lnceRNAs tested

were significantly down-regulated in Dcr+/+ but not in Dcr−/−

mESCs after multiple test corrections (Bonferroni corrected

P < 0.005, two-tailed t-test) (Fig. 2E; Supplemental Fig. S3).

The ability of a transcript to modulate another’s abundance

in amiRNA-dependentmanner depends on its relative abundance.

The median expression of lnceRNAs (1.7 FPKM) was over 10-fold

higher than that of other mESC lncRNAs (0.17 FPKM) (Supple-

mental Fig. S4A). On average, lnceRNA expression was higher

than 48%of ceRNAts with 91%of lnceRNAs beingmore highly ex-

pressed than at least one of their predicted ceRNAts (Supplemental

Fig. S4B).

In summary, our results are consistent with over half of the

mESC-expressed lncRNAs investigated here interacting with their

mRNA targets in a miRNA-dependent manner.

lnceRNAs are enriched in the cytoplasm

We expected lnceRNAs to be enriched in the cytoplasm because

post-transcriptional regulation of gene expression by miRNAs oc-

curs preferentially in this subcellular compartment (Bartel 2004).

Gene expression in cytoplasmic and nuclear mESC fractions was

determined by extracting and sequencing poly(A)-selected RNA

in triplicate (Methods) before (day 0) and after (day 12) loss of

Dicer1 function. Expression data from the different experimental

conditions were clearly separated using multidimensional scaling

analysis (Supplemental Fig. S5A). We estimated the expression in

the cytosol relative to the nucleus as r = expressioncytosol/

expressionnucleus for each mESC expressed locus.

The 104mESC-expressed lncRNAs considered were less abun-

dant in the cytoplasmic fraction (median r = 0.529) than mRNAs

(median r = 0.917, P < 2.2 × 10−16, two-tailed Mann-Whitney

U test) (Supplemental Fig. S5B) as was seen previously for a large

set of human lncRNAs (Derrien et al. 2012). However, relative to

the set of all Ensembl-annotated lncRNAs expressed in mESCs,

they were more abundant in the cytoplasm (median r = 0.438, P

< 0.04, two-tailed Mann-Whitney U test) (Supplemental Fig. S5B).

This differencemay reflect, at least in part, the increased efficiency

of RNAi targetingof transcripts in the cytosolwhich, in the original

study (Guttman et al. 2011), would have favored selection of cyto-

sol-enriched lncRNAs for transcriptome-wide profiling. The subset

of lncRNAspreviously reported to physically interactwith chroma-

tin (26considered inouranalysis) (Guttmanet al. 2011)were found

to be more abundant in the nucleus of mESC (median r = 0.406)

than the remainder of the lncRNAs tested (median r = 0.563),

which is consistentwith their chromatin association andproposed

transcriptional roles that take place in the nucleus. Of these, 50%

(13 out of 26) were predicted to be lnceRNAs. A subset of these

may be bifunctional lncRNAs that shuttle between the nucleus

and the cytoplasm and regulate gene expression at both tran-

scriptional and post-transcriptional levels. Further work will be re-

quired to establish the biological or otherwise relevance of this

observation.
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As expected, and relative to the remaining 51 lncRNAs with

no evidence for miRNA-mediated regulatory roles (median r =

0.397), the 53 lnceRNAs were significantly enriched in the cytosol

(median r = 0.555, P < 0.03, two-tailed Mann-Whitney U test) (Fig.

3A; Supplemental Table S6).

Loss of miRNA biogenesis and release frommiRNA-mediated

regulation are expected to lead to increases in the cytoplasmic

abundance of ceRNAts. Indeed, while their median nuclear abun-

dances decreased (by 4.7% over 12 d), their cytoplasmic levels in-

creased by 7.2% (P < 2.0 × 10−6, two-tailed Mann-Whitney U test)

(Fig. 3B; Methods). A small yet not statistically significant change

was also observed between the levels in the cytoplasmic (median r

= 1.03) and nuclear (median r = 0.98) subcellular fractions (P =

0.06, two-tailed Mann-Whitney U test) of putative ceRNAts of

the 53 non-lnceRNAs following loss of miRNA biogenesis. No sig-

nificant change in relative levels, following Dicer1 loss-of-func-

tion, in the cytoplasm or the nucleus was detected for miRNA-

independent targets of both lnceRNAs and non-lnceRNAs follow-

ing loss of miRNA biogenesis (Supplemental Fig. S5C,D).

Recognition elements for miRNAs shared between lnceRNAs

and ceRNAts have evolved under constraint in mammals

We reasoned that if the proposed miRNA-mediated regulation by

lnceRNAs adds an important layer of gene expression regulation,

then their MRE sequences, in particular those shared between

lnceRNAs and their ceRNAts, would show signatures of purifying

selection consistentwith the action of natural selection to preserve

this regulatory layer. Using publicly available poly(A)-selected

RNA sequencing data for human H1 embryonic stem cells

(Bernstein et al. 2012), we found evidence of conserved transcrip-

tion (Methods) for 29 of the 104 lncRNAs (28.0%). Of these, 66%

(19) are lnceRNAs that we hereafter refer to as conserved lnceRNAs

(Supplemental Table S7). We estimated the nucleotide substitu-

tion rate (dMRE), between mouse and human, across response ele-

ments for mESC expressed and mammalian conserved miRNAs

(57 miRNA families) predicted within the sequence of conserved

lnceRNAs (dMRE = 0.376) (Fig. 4A; Methods). This rate was signifi-

cantly and substantially suppressed compared with random

samples of putatively neutrally evolving sequence (P < 10−4, em-

pirical P-value) (Fig. 4A). In contrast, no significant difference (P

= 0.247, empirical test) in nucleotide substitution rate was ob-

served between MREshuffled (dMRE-shuffled = 0.429) and putatively

neutral sequence (Supplemental Fig. S6). Next, we compared the

rate estimated for MREs to what would be expected for non-MRE

in conserved lnceRNA sequence that has been matched in length

(Methods). We also accounted for the observed difference in G +

C content in predicted MREs (%G+C = 42.0%) and non-MRE se-

quence (%G+C= 48.6%, two-tailed Mann-Whitney U test, P <

6 × 10−4) (Supplemental Fig. S7). The MRE nucleotide substitution

rate normalized to a neutral rate (dMRE/dAR = 0.872) was signifi-

cantly lower (P < 2.2 × 10−16, two-tailed Mann-Whitney U test)

than the rate for non-MRE sequence (dnonMRE/dAR = 0.977) (Fig.

4B). This implies that MREs within conserved lnceRNAs evolved

under stronger selective constraint than other lnceRNA regions.

Consequently, despite the known low sensitivity of MRE pre-

diction algorithms (Maziere and Enright 2007), this signature of

purifying selection suggests that a fraction of the predictedMRE se-

quences are functional and conserved between mouse lnceRNAs

and their human orthologs.

Finally, the nucleotide substitution rates of lnceRNAMREs for

miRNAs that are shared (median dMRE-shared/dAR = 0.831) with their

respective ceRNAts evolved under significantly greater constraint

(P < 2.2 × 10−16, two-tailedMann-WhitneyU test) thanMREswith-

in lnceRNAs that were not shared with their ceRNAts (median

dMRE-nonshared/dAR = 0.900) (Fig. 4C).

ceRNAts of individual lnceRNAs tend to be functionally related

Finally, we investigated whether miRNA-dependent regulation

by each one of the 53 lnceRNAs preferentially affects transcripts

of functionally related genes. For this, we took advantage of an in-

tegrative phenotypic-linkage network of mouse protein-coding

genes (Honti et al. 2014). This network integrates gene–gene link-

age information from diverse and complementary sources includ-

ing gene coexpression, protein physical interaction, co-citation,

and gene functional annotation data and, relative to networks

built using individual data types, exhibits improved coverage

and accuracy (Honti et al. 2014). For each lnceRNA, we estimated

the average link weight between genes classified as either ceRNAts

ormiRNA-independent targets; a higher linkweight reflects the in-

creasing likelihood of two genes in the network being functionally

related (Honti et al. 2014).

Strikingly, lnceRNAs’ ceRNAts were found to be substantially

more closely related to each other (median of average link weights

= 0.534) thanweremiRNA-independent transcripts (median of av-

erage link weights = 0.205, two-tailed

Mann-Whitney U test, P < 0.026) (Fig.

5A). This result was unaltered when we

considered separately miRNA-indepen-

dent targets that were either down- (me-

dian of average link weights = 0.236,

two-tailed Mann-Whitney U test, P <

0.046)orup-regulated (medianof average

link weights = 0.189, two-tailed Mann-

Whitney U test, P < 0.012) upon lncRNA

knockdown (Supplemental Fig. S8A).

Similar results were obtained using an-

other measure of functional relatedness,

the sum of the linkage weights, after sub-

sampling to the same target group size

(Supplemental Fig. S8B; Methods). As a

control, we tested differences in func-

tional clustering between down-regulat-

ed genes sharing shuffled MREs (median
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of average linkweights = 0.151) and the remaining lnceRNA targets

(median of average link weights = 0.183 and 0.177 for down- and

up-regulated miRNAshuffled-independent targets) and as expected

found no significant difference (P = 0.10 and P = 0.28 for down-

and up-regulated miRNA-independent targets, two-tailed Mann-

Whitney U test) (Supplemental Fig. S8C). These results argue that

coordinated miRNA-mediated modulation of gene expression lev-

els by lnceRNAs tends to affect predominantly functionally related

protein-coding genes. This finding, togetherwith the evolutionary

constraint observed for sharedMREs, argues thatmiRNA-mediated

crosstalk between lncRNAs andmRNAs is required for normal bio-

logical processes.

On average, mESC-expressed lnceRNAs have 18.9 predicted

MREs per kb of transcript that are specific to 12 different mESC-

expressed miRNAs. This MRE density is over 1.5-fold higher than

the density in 3′ UTRs of ceRNAts (11.3 MREs predicted per kb;

P < 5.9 × 10−12, two-tailed Mann-Whitney U test) (Supplemental

Fig. S9; Supplemental Table S8). A single lncRNA might, there-

fore, be more likely than an mRNA to post-transcriptionally regu-

late the abundance of its targets via crosstalk with different

miRNAs.

We next sought to identify lnce-

RNAs that post-transcriptionally regulate

the abundance of functionally related

mRNAs. To do so, for each lnceRNA we

compared the mean of link weights for

all its target transcripts to that expected

from simulated data (Methods). For 28

of 53 (53%) lnceRNAs, we found that

their ceRNAts were significantly more

functionally related (empirical P < 0.05)

than expected.

These mRNA targets were enriched

in genes involved in the regulation of

the cell cycle, developmental process,

cell signaling/communication or regu-

lation of differentiation (Supplemental

Table S9) which is consistent with the

originally proposed roles of these

lncRNAs in regulating the circuitry un-

derlying cell-state decision in mESCs

(Guttman et al. 2011). For example,

depletion of linc1316 led to changes in

the levels of 62 ceRNAts and 57 miRNA-

independent targets. These lnceRNAs’

ceRNAts are strongly functionally in-

terrelated (Fig. 5B) and are enriched in

genes involved in the regulation of cellu-

lar differentiation and developmental

process (Fig. 5C). In contrast, miRNA-in-

dependent targets of linc1316 are neither

functionally related nor are their anno-

tations enriched in any particular GO bi-

ological process (Supplemental Fig. S10;

Ashburner et al. 2000). Interestingly,

linc1316 harbors predicted binding sites

for well-known miRNAs involved in

the maintenance of ESC pluripotency,

including miR-290-295 and miR-200

families (Peter 2009; Melton et al. 2010;

Lichner et al. 2011), and is likely to

post-transcriptionally regulate transcrip-

tional factors that promote stem cell self-renewal, such as Hmga2

(Nishino et al. 2008) and Myc (Singh and Dalton 2009) that are

down-regulated upon its knockdown.

Discussion

Here we used experimental and computational genomics ap-

proaches to investigate the prevalence and properties of lnceRNAs.

We focused our analysis on lncRNAswith proposed roles in the cir-

cuitry underlying pluripotent and differentiated cell states. Not

only havemost lnceRNAs beendescribed in the context of this crit-

ical cellular transition but their impact on gene expression profiles,

when pools of miRNAs are limited and changes in their repertoires

can lead to repression or activation of transcriptional programs, is

likely to be greater than in fully differentiated cells or in homeosta-

sis. Environmental or cellular stress, for example upon starvation

or infection (Ebert et al. 2007; Franco-Zorrilla et al. 2007), may

also offer similar opportunities for strong effects of small changes

in target gene expression.

We integrated publicly available data on the transcriptome-

wide impact of depletion of over 140 lncRNAs, in mESCs
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(Guttman et al. 2011) with in-house RNA sequencing profiles of

mESCs following conditional loss of Dicer1, a key component of

the miRNA biogenesis pathway. Our analysis indicates that over

50% of these lncRNAs induce changes in their targets in a

miRNA-dependent manner. Furthermore, we predict that 88% of

lncRNAs share miRNA binding sites with transcription factor en-

coding mRNAs (Zhang et al. 2012) that are also down-regulated

upon lncRNA knockdown, suggesting that the changes induced

via this miRNA-mediated mechanism can lead to secondary tran-

scriptionally regulated effects.

The properties of lnceRNAs and their interactions with their

mRNA targets are consistent with established rules of post-tran-

scriptional regulation by miRNAs. More specifically, lnceRNAs

are enriched in the cytoplasm and their interactions with their

functionally related mRNA targets are dependent on the presence

of miRNAs. The almost twofold higher density, relative to 3′ UTRs,

of predicted MREs within lnceRNAs, together with their relative

high expression, argues for these transcripts’ enhanced ability to

modulate their target levels post-transcriptionally. The increased

evolutionary sequence constraint withinMREs, in particular those

shared between lnceRNAs and their ceRNAts, supports the conser-

vation of these transcripts’ regulatory roles, suggesting their bio-

logical relevance.

Considered together, our results are consistent with a high

prevalence of miRNA-mediated interactions between lncRNAs,

particularly those enriched in the cytoplasm, and their mRNA tar-

gets and furthermore suggest that thismechanismof lncRNA func-

tion, which hitherto has been relatively poorly studied, deserves

further scrutiny, particularly in the context of the regulation of

cell-fate decisions.

Methods

Mouse embryonic stem cell tissue

culture

Feeder-free mouse DTCM23/49 XY em-

bryonic stem cells were obtained as fol-

lows: mESC cultured in a feeder layer of

irradiated MEFs as described by Nester-

ova et al. (2008) were passaged every

2 d (for 20 d) onto 0.1% gelatin-coated

tissue culture dishes. The feeder-inde-

pendent line was characterized by ana-

lyzing cells, mRNA expression levels of

Dicer1, and key pluripotency markers

and levels ofMEF-specific and ES-specific

miRNAs (data not shown but available

upon request).

Mouse DTCM23/49 XY embryonic

stem cells (Nesterova et al. 2008) were

grown on 0.1% gelatin-coated plates in

a culturemediumat 37°C in a humidified

atmosphere supplementedwith 5%CO2,

in Knockout Dulbecco’s Modified Eagle

Medium (D-MEM, Invitrogen, #10829-

018) containing 1% antibiotic penicil-

lin/streptomycin (Invitrogen, #15140-

122), supplemented with 10% fetal bo-

vine serum (FBS, Invitrogen, #10108-

165), 100 μM nonessential amino acids

(Invitrogen, #11140-076), 100 μM

L-glutamine (Invitrogen, #25030-024),

60 μM β-mercaptoethanol (Invitrogen,

#31350-010), and 0.01% leukemia inhib-

itory factor (LIF, Millipore #ESG1106).

mESC cells were seeded at a density of 8.0 × 105 cells/dish in

10-cm2 dishes and grown for 24 h prior to tamoxifen treatment.

In triplicate, deletion of Dicer1’s RNAse III domain was induced

by culturing the cells in the presence of 800 nM tamoxifen

([Z]-4-Hydroxytamoxifen [4-OHT], Sigma, #H7904). Cells treated

with 0.1% ethanol were used as a control (three replicates).

Dicer1-deficient colonies were selected and expanded from 10-

cm2 to 75-cm2 tissue culture flasks (T-75). Cells were passaged at

70%–80% confluence (every 2–3 d) for 12 d.

RNA extraction

Subcellular fractionation ofmESCswas carried out using the PARIS

kit (Ambion, #AM1921) following themanufacturer’s instructions

before (day 0) and 12 d after treatment with tamoxifen. RNA from

total cell extracts and subcellular fractions was extracted using the

miRNeasy kit (Qiagen, #217004), and genomic DNAwas removed

from all RNA extractions using the DNA-free kit (Ambion,

#AM1906).

Quantification of miRNA abundance

Mouse ESCs were harvested and total RNAwas extracted using the

miRNeasy kit (Qiagen, #217004) in quadruplicate. A total of 611

mouse andmurine virus-associatedmiRNAs were quantified using

the nCountermiRNAExpressionAssay (NanoString Technologies)

(Geiss et al. 2008) according to the manufacturer’s instructions.

Briefly, input RNA (105 ng) and miRtag linkers were ligated prior

to hybridization with barcoded reporter and biotinylated capture

probes at 65°C for 16 h. Samples were prepared for analysis on

the nCounter Prep Station before data were collected at 555 FOV
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on the nCounter Digital Analyzer. Data were analyzed using the

NanoString Differential Expression (NanoStriDE) interface

(Brumbaugh et al. 2011). Genome-wide miRNA abundance was

normalized using a set of housekeeping mRNAs (Supplemental

Table S10). Unique miRNAs were grouped into miRNA families

(as annotated by TargetScan, v6.2) (Garcia et al. 2011) and their ex-

pression levels (normalized counts) combined.

RNA sequencing, mapping, and quantification of gene expression

Directional poly(A)-selected RNA sequencing libraries were pre-

pared and sequenced (Illumina HiSeq 2000) by BGI Tech

Solutions. Total cellular poly(A)-selected RNA samples at day 0

and day 12 after tamoxifen treatment were sequenced to a depth

of ∼100 million (minimum 93 million; maximum 123 million)

100-bp paired-end reads per sample. Approximately 33 million

(minimum 27 million; maximum 41 million) 50-bp paired-end

reads per total cellular RNA extracts at days 4, 8, and 10 were se-

quenced. Cytosolic and nuclear RNA extracts were multiplexed

and sequenced on one lane, yielding, on average, ∼51 million

(minimum 45 million; maximum 69 million) 50-bp paired-end

reads.

Reads were aligned to themouse reference genome (mm9) us-

ing TopHat (version 2.0.9) (Trapnell et al. 2009). Splice junctions

from Ensembl build 70 (Flicek et al. 2012) were provided to facili-

tate read mapping across known splice junctions. Reads with

paired mates mapping to distinct chromosomes were discarded.

On average, 91.0% (minimum 78%; maximum 99%) of RNA se-

quencing reads was successfully mapped to the mouse genome

(mm9). To account for differences in RNA sequencing depth across

the five time points following Dicer1 loss-of-function (day 0, 4, 8,

10, and 12), we considered the smallest number of mapped reads

(27 million, day 10), and randomly sampled the same number of

mapped reads from the remaining samples collected at the five

time points. The number of subsampled RNA sequencing reads

covering constitutively expressed nucleotides of lncRNAs

(Guttman et al. 2011) and Ensembl build 70 protein-coding gene

and lncRNA annotations (Flicek et al. 2012) were estimated using

HTSeq (version 0.6.1) (Quinlan and Hall 2010) using default pa-

rameters with a minimum 1 aligned read to the respective genes.

Expression levels were estimated as total fragments per kilobase

of exon per million fragments mapped (FPKM) across the different

libraries at each of the five time points and for each of the

replicates.

To compare the abundance in the nuclear and cytoplasmic

fraction of lncRNAs and their mRNAs targets before and after

Dicer1 loss-of-function (day 0 and day 12), locus expression level

was determined in each of the compartments independently as

previously described, and this was used to calculate the ratio be-

tween expression levels in the cytoplasm and nucleus.

Multidimensional scaling (MDS) analysis was performed us-

ing the edgeR package (Robinson et al. 2010).

Quantitative PCR

RNA (1 µg per 20 µL sample reaction) was reverse-transcribed into

cDNA using the QuantiTect Reverse Transcription kit (Qiagen,

#205313) according to the manufacturer’s instructions. For

miRNA quantification, RNA was reverse-transcribed using the

NCode VILO miRNA cDNA Synthesis Kit (Invitrogen, #A11193-

050). Expression levels were estimated by real-time quantitative

PCR (qRT-PCR) on a StepOneReal-Time PCR thermocycler (ABI)

using SYBR greenMaster PCRmix (ABI, #4309155) and loci-specif-

ic primers for mRNAs of interest and for the following miRNAs:

miR-124, miR-16, miR-200a, miR-290a-3p, miR-302a in triplicate

(Supplemental Table S10). The expression levels of quantified ma-

ture miRNAs, lncRNAs, and mRNAs were normalized to that of

Gapdh. Non-reverse-transcribed RNAwas used as negative amplifi-

cation control.

Prediction of miRNA response elements

TargetScan (version 6.2) (Garcia et al. 2011) was used to predict

miRNA response elements in sequences of mouse lncRNAs

(Guttman et al. 2011) and the longest 3′ UTRs of protein-coding

mRNAs expressed in mouse ESCs (Ensembl build 70) (Flicek et al.

2012). As controls, a set of shuffled miRNA seed sequences was

generated using uShuffle (Jiang et al. 2008). For each seed of the

top 25%most highly expressedmiRNAs, all possible shuffled com-

binations were generated (153 random seeds) using default param-

eters and with a shuffling size of 2 to maintain the dinucleotide

frequencies of the shuffled sequences. After removing those ho-

mologous to all mESC-expressed miRNAs, a set of 80 shuffled

MREs (MREshuffle) were obtained.

A conservative set of experimentally validated MREs was ob-

tained by considering computationally predicted MREs overlap-

ping (100% coverage) regions of the mouse genome enriched in

Argonaute binding according to high-throughput CLIP-sequenc-

ing analysis inmESCs (Leung et al. 2011).We considered the peaks

as annotated in the original study (Leung et al. 2011).

Coexpression between lncRNAs and mRNA targets

For each lncRNA,we calculated its pairwise Pearson’s correlation in

expression across 12 d following Dicer1 loss-of-function, with all

itsmRNAs targets, defined as genes that are differentially expressed

in the lncRNA loss-of-function experiment conducted by

Guttman et al. (2011).We considered only lncRNAs with evidence

of expression across the 12-d time point (110 lncRNAs) and with

more than two ceRNAts or miRNA-independent targets. For these

lncRNAs (104), we calculated the median correlation coefficient

for their ceRNAts and for their miRNA-independent targets and

compared these values to what would be expected based on the

median pairwise correlation between the lncRNAs and 1000 ran-

domly selected groups of mESC-expressed genes sampled to the

same size as ceRNAts or miRNA-independent sets. As a control,

we repeated the analysis above for sets of putative ceRNAts and

up- and down-regulated targets, defined using shuffled MREs.

Experimental validation of miRNA-dependent lncRNA

and ceRNAt interaction

We selected the most efficient small interference RNA (siRNA)

oligo targeting linc1582, linc1405, and linc1283 reported by

Guttman et al. (2011) (Supplemental Table S9). One day prior to

transfection, mESCs (1.0 × 105 cells/mL) were seeded in six-well

dishes. Knockdown siRNA and negative control oligos (Qiagen,

#1027280) were transfected in triplicate into Dcr+/+ (5 nM/

well) and in Dcr−/− (10 nM/well) mESCs using Lipofectamine

RNAiMAX Reagent (Invitrogen) according to the manufacturer’s

guidelines. Cells were grown under standard conditions for 48 h

post-transfection and RNA extracted and reverse-transcribed as de-

scribed above.

For each of the following three lncRNAs, linc1253, linc1405,

and linc1582, we selected 10 putative ceRNAts and measured their

expression by qPCR following lncRNA siRNA in Dcr−/− and Dcr+/+

mESCs. Gene expression estimates were normalized to Gadph. We

excluded from this analysis five targets whose levels were not sig-

nificantly changed following lncRNA knockdown in Dcr+/+. For

each putative ceRNAt, we estimated its fold-change in expression

following lncRNA depletion in Dcr−/− relative to Dcr+/+ as follows:

miRNA-mediated crosstalk between lncRNAs and mRNAs
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fold difference in expression = (expression of ceRNAt Dcr−/−− ex-

pression of ceRNAt Dcr+/+)/(expression of ceRNAt Dcr+/+). Targets

whose levels were significantly depleted (after Bonferroni multiple

test correction, P < 0.005) following lncRNA knockdown in Dcr+/+

mESC but remained unchanged in Dcr−/− mESC were classified as

true positives. The remaining targets whose levels changed signifi-

cantly upon lncRNA knockdown in Dcr+/+ and Dcr−/− mESC were

classified as false positives.

Transcription factor analysis

We considered the 179 genes represented in the microarray used

by Guttman and colleagues annotated as transcription factors

(TFs) in AnimalTFDB (Zhang et al. 2012). We found that for 88%

(91 of 104) of lncRNAs, their knockdown was associated with sig-

nificant down-regulation of mESC-expressed transcription factors

with whom they share MREs.

Conservation of mouse lncRNA expression in humans

Poly(A)-selected RNA sequencing data from human embryonic

stem cell (H1hESC) (Bernstein et al. 2012)weremapped to the syn-

tenic regions, in humans, of the 104 mouse lncRNAs that did not

overlap annotated mouse protein-coding and showed expression

evidence in our data set (obtained using liftOver [Meyer et al.

2013] with parameters: -minMatch = 0.2 -minBlocks = 0.01). A

mouse lncRNA with at least five sequencing reads covering 20%

or more of the syntenic region in humans was considered to be

conserved in expression. The number of aligned reads was estimat-

ed using HTSeq (version 0.6.1) (Quinlan and Hall 2010) using de-

fault parameters, and read coverage was assessed using

coverageBed (BEDTools version 2.17.0) (Quinlan and Hall 2010)

with the –split option. At this cutoff, both the median depth

(0%) and coverage (0 reads) of the human syntenic regions by

hESCs RNA sequencing reads for 10,000 randomly selected sets

of intervals in the mouse genome with the same length as the

lncRNAs considered but with no evidence of transcriptional activ-

ity in mESCs (no reads across the entire region) are zero.

Nucleotide substitution rates

Pairwise alignments of the different sequence features (all, shared,

and nonshared MREs and non-MREs), between mouse (mm9) and

human (hg19), were concatenated: shared MREs = 553 (3318 bp),

nonshared MREs = 95 (570 bp), non-MREs = (23.346 bp), and

MREshuffled = 207 (1242 bp). Mouse and human alignments be-

tween neighboring (within 1 Mb) and nonoverlapping ancestral

repeats (ARs), a good proxy for neutrally evolving sequence

(Lunter et al. 2006), were used to simulate (1000 times) sequence

alignments with similar G +C content and size, in mouse, of

each of the considered sequences. Nucleotide substitution rates

were estimated using the REV substitution model in baseml from

the PAML package (Yang 1997).

To obtain empirical P-values, the estimated nucleotide substi-

tution rate across the concatenated alignment of the sequences of

interest was compared to the estimates obtained for the respective

simulated putatively neutral sequence alignments.

Integrated functional linkage network analysis

Functional similarity between ceRNAts or miRNA-independent

target sets for each lnceRNA was estimated using an integrative

phenotypic-linkage network of mouse protein-coding genes

(Honti et al. 2014). For each lnceRNA, the median of functional

linkages (measure of functional similarity) between lnceRNA tar-

gets in each group was calculated. These were then compared to

a distribution of the same measures obtained from 1000 random

bootstrapped gene sets, which were gene length-matched and

mESC-expressed, containing the same number of genes as that

in the gene set of interest. Functional linkages between lnceRNA

targets (nodes) are represented as edges connecting the nodes us-

ing Cytoscape (Shannon et al. 2003).

Gene Ontology (GO) enrichment analysis was performed us-

ing the functional classification tool Database for Annotation,

Visualization, and Integrated Discovered (DAVID, default parame-

ters) (Huang et al. 2009) using default parameters and all mESC ex-

pressed genes (FPKM> 0) as background. The list of significantly

enriched GO terms (after Benjamini-Hochberg correction) was

summarized using REVIGO with default parameters (Supek et al.

2011), and only nonredundant common ancestral terms were

reported.

Statistics

All statistical analyses were done using the R package (R Core Team

2011). Asterisks indicate significance in the level of the compari-

son between the expressions of target transcripts ([∗] P < 0.05; [∗∗]

P < 0.01; [∗∗∗] P < 0.001; NS [not significant] P > 0.05). For each ex-

perimental analysis, statistical values were calculated using data

collected from three or more independent experiments.

Data access

The raw sequencing data and estimated transcript expression for

the temporal profiling of mouse mESCs following loss of Dicer1

function have been submitted to the NCBI Gene Expression

Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/) under acces-

sion number GSE58757.
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Genome Research 25: 655–666 (2015)

Corrigendum: Extensive microRNA-mediated crosstalk between lncRNAs and mRNAs
in mouse embryonic stem cells
Jennifer Y. Tan, Tamara Sirey, Frantisek Honti, Bryony Graham, Allison Piovesan, Matthias Merkenschlager,
Caleb Webber, Chris P. Ponting, and Ana C. Marques

In the above-mentioned article, one result reported in the third paragraph of the Results subsection “ceRNAts
of individual lnceRNAs tend to be functionally related”was in error. This paragraph should now read: “On av-
erage, mESC-expressed lnceRNAs have 20.2 predictedMREs per kb of transcript that are specific to 12 different
mESC-expressed miRNAs. This MRE density is similar to the density within 3′ UTRs of ceRNAts (20.4 MREs
predicted per kb; P = 0.34, two-tailed Mann-Whitney U test) (Supplemental Fig. S9; Supplemental Table S8).
A single lnceRNA might, therefore, be as likely as an mRNA to regulate post-transcriptionally the transcript
abundance of many mRNAs via crosstalk with many miRNAs.” Corrected versions of Supplemental Figure
S9 and Supplemental Table S8 are also now provided online.

This correction does not affect any of the conclusions of the paper. The authors apologize for any confusion
caused by this error.

doi: 10.1101/gr.196568.115

Genome Research 25: 1018–1029 (2015)

Corrigendum: Unraveling determinants of transcription factor binding outside the core
binding site
Michal Levo, Einat Zalckvar, Eilon Sharon, Ana Carolina Dantas Machado, Yael Kalma, Maya Lotan-Pompan,
Adina Weinberger, Zohar Yakhini, Remo Rohs, and Eran Segal

The name of the sixth author was originally misspelled in the author line of this article. Please note the correct
spelling as Maya Lotan-Pompan. The file has already been corrected online.

doi: 10.1101/gr.196725.115
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