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SUMMARY

Expression changes of competing endogenous RNAs
(ceRNAs) have been proposed to influencemicroRNA
(miRNA) activity and thereby regulate other tran-
scripts containing miRNA-binding sites. Here, we
find that although miRNA levels define the extent of
repression, they have little effect on the magnitude
of the ceRNA expression change required to observe
derepression. Canonical 6-nt sites, which typically
mediate modest repression, can nonetheless com-
pete for miRNA binding, with potency �20% of that
observed for canonical 8-nt sites. In aggregate, low-
affinity/background sites also contribute to competi-
tion. Sites with extensive additional complementarity
can appear as more potent, but only because they
induce miRNA degradation. Cooperative binding of
proximal sites for the same or different miRNAs does
increase potency. These results provide quantitative
insights into the stoichiometric relationship between
miRNAs and target abundance, target-site spacing,
and affinity requirements for ceRNA-mediated gene
regulation, and the unusual circumstances in which
ceRNA-mediated gene regulationmight be observed.

INTRODUCTION

MicroRNA (miRNA) levels have long been known to influence the

magnitude of target-gene repression (Bartel, 2009). More recent

studies point out that the number of predicted binding sites pre-

sent in the transcriptome also affects the activity of miRNAs (Ar-

vey et al., 2010; Garcia et al., 2011). Consistent with this concept,

strong overexpression of natural or artificial RNAs that contain

miRNA sites can titrate miRNAs away from natural targets,

thereby reducing the repression of these transcripts (Ebert
Molecular Cell 64, 1–15, N
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et al., 2007; Franco-Zorrilla et al., 2007; Mukherji et al., 2011;

Hansen et al., 2013; Memczak et al., 2013). These observations

are extended by the notion that a site-containing transcript found

naturally within cells can act as competing endogenous RNA

(ceRNA) and regulate other site-containing transcripts by

increasing or decreasing the miRNA activity (Poliseno et al.,

2010; Cesana et al., 2011; Salmena et al., 2011; Karreth et al.,

2015).

The ceRNA hypothesis remains controversial due to the lack of

a plausible explanation for how modulating the expression of a

single endogenous gene could perceptibly influence miRNA ac-

tivity across all of its target sites. Two recent studies have empir-

ically assessed the ceRNA hypothesis by quantifying the number

of miRNA response elements (MREs) that must be added to

detect ceRNA-mediated gene regulation (Bosson et al., 2014;

Denzler et al., 2014). Both studies agree that determining the

number of transcriptomic miRNA-binding sites is crucial for

evaluating the potential for ceRNA regulation and that miRNA-

binding sites are generally higher than the number of miRNA

molecules. However, they differ in two aspects: (1) the experi-

mental approaches used to determine the number of ‘‘effective’’

transcriptomic miRNA-binding sites and (2) the impact miRNA

concentrations have on the number of binding sites that must

be added to detect target gene derepression (derepression

threshold [DRT]).

The discrepancies between these studies lead to different

conclusions with respect to the likelihood of observing ceRNA

effects in natural settings. The first study concluded that

changes in ceRNAsmust approach amiRNA’s target abundance

before they can exert a detectable effect on gene regulation

(Denzler et al., 2014). Furthermore, because target abundance

for a typical miRNA is very high, regulation of gene expression

by ceRNAs is unlikely to occur in differentiated cells under phys-

iological settings or most disease settings (Denzler et al., 2014).

In addition, the study shows that the DRT remains constant when

miRNA activity is reduced. A subsequent review presents a

mathematical model that assesses binding-site occupancy and

competition at different assumed target abundances (Jens and
ovember 3, 2016 ª 2016 The Authors. Published by Elsevier Inc. 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Rajewsky, 2015). This in silico model predicts that only global

and collective changes in binding sites can produce an effect

on target abundance large enough to detectably derepress

target genes, which concurs with the results and conclusions

of Denzler et al. (2014).

The second study presents a ‘‘hierarchical affinity model,’’ in

which the miRNA abundance is proposed to determine the

respective susceptibility to ceRNA-mediated regulation (Bosson

et al., 2014). In this model, the suggestion is that, as miRNA con-

centration increases and Ago-miRNA complexes spread to

weaker and weaker sites (with affinity inferred from the site hier-

archy of 8-nt > 7-nt > 6-nt site), the effective target-site abun-

dance grows too large for physiological ranges of ceRNA

expression to influence repression. By this reasoning, physiolog-

ical ceRNA changes can nevertheless influence repression by a

more modestly expressed miRNA, with its correspondingly

lower effective target-site abundance. Moreover, the use of

high-throughput cross-linking to detect targets leads to lower

target-abundance estimates, which further increases the

plausibility of ceRNA regulation (Bosson et al., 2014). However,

experimental support for the proposed influence of miRNA

concentration is correlative and lacks direct experimental evi-

dence, such as manipulation of miRNA activity and measure-

ment of resulting DRT changes.

Denzler et al. (2014) propose that sites of all different affinities

contribute to the effective target abundance, regardless of the

miRNA concentration. Here, we call the model of Denzler et al.

(2014) the ‘‘mixed-affinity model’’ to distinguish it from the hier-

archical affinity model. The mixed-affinity model recognizes

that a high-affinity site will contribute more to effective target-

site abundance than a low-affinity site (Denzler et al., 2014).

However, in aggregate, low-affinity sites, because of their high

numbers within the transcriptome, still make a substantial contri-

bution to the effective target-site abundance for each miRNA—

even for more modestly expressed miRNAs.

Other studies suggest that the ceRNA crosstalk of two tran-

scripts is stronger and more specific when they share a large

number of sites to different miRNA seed families. This hypothesis

emerged from observations in cancer models, in which the

expression of a particular oncogene correlates with its pseudo-

gene, and both transcripts share a high sequence homology in

their 30 UTRs and are reported to co-regulate each other through

a ceRNA mechanism (Poliseno et al., 2010; Karreth et al., 2015).

Even if transcripts containing multiple sites can exert an additive

effect of independently acting binding sites, sites for each

miRNA family would still have to individually reach the high

thresholds necessary to observe target-gene derepression.

Therefore the simple presence of multiple binding sites alone

would not be expected to be sufficient to increase the likelihood

of a ceRNA effect, unless the sites acted through a cooperative

mechanism. Although the effect of cooperativity has been stud-

ied in the context of target-gene repression (Doench et al., 2003;

Grimson et al., 2007; Saetrom et al., 2007; Broderick et al., 2011),

it is unclear whether closely spaced miRNA-binding sites can

sequester miRNA in a non-independent manner and hence in-

crease the prospects of a ceRNA effect.

In this study, we examine the impact that miRNA levels have

on the DRT and thereby address a key difference between the hi-
2 Molecular Cell 64, 1–15, November 3, 2016
erarchical affinity and mixed-affinity models. We then analyze

the influence of target-site complementarity on ceRNA-medi-

ated gene regulation and examine the extent to which closely

spaced miRNA-binding sites can cooperatively influence the

potency of target-gene derepression. Finally, we develop a

mathematical model, which incorporates both the mixed-affinity

binding and the repressive activities of miRNAs to recapitulate

our results.

RESULTS

miR-294 Is Susceptible to Competition Despite High
Expression Levels
A powerful tool for studying competition among MREs is a sin-

gle-cell reporter assay that transcribes mCherry mRNA (with or

without MREs in its 30 UTR) and enhanced yellow fluorescent

protein (eYFP) mRNA as an internal measure of reporter tran-

scription (Mukherji et al., 2011; Bosson et al., 2014). Using

analytical flow cytometry, mCherry reporter readout can be

assessed over a broad range of added MREs. At high

expression levels, MREs can compete with each other for

miRNA binding, thereby causing derepression. Using this assay

in embryonic stem cells (ESCs), some miRNAs need fewer

competing MREs to mediate reporter derepression and are

therefore more susceptible to ceRNAs than other miRNAs

(Bosson et al., 2014).

To explore these different susceptibilities, we created reporter

constructs for six highly expressed ESCmiRNAs (miR-294, -293,

-92, -16, -26, and -292-5p) (Bosson et al., 2014), containing zero

(0s), or three (3s) 8-nt miRNA sites in the 30 UTR ofmCherry (Fig-

ure 1A). For the miRNA families miR-294, -293, and -92, re-

porters containing a single (1s) miRNA-binding site were also

created. Sites for miR-294, -293, -92, and -16 (Figures 1B and

1C), but not those for miR-26 and -292-5p (data not shown)

caused detectable miRNA-mediated repression of mCherry.

The extent of repression of reporters for miR-294, -293, and

-92 resembled that observed previously, as did the derepression

of mCherry constructs harboring sites for miR-293 or miR-92

(Bosson et al., 2014). However, the 3s reporter construct for

miR-294, a miRNA reported to be insensitive to competitor per-

turbations (Bosson et al., 2014), and the reporter for miR-16were

derepressed when eYFP fluorescence exceeded 2.2 3 104 or

2.8 3 104, respectively (Figure 1B). The ability to observe dere-

pression of the miR-294 reporter presumably resulted from im-

provements to the equipment and protocol that enabled more

precise measurements, as indicated by the improved SEM

values, although differences between the ESCs might have

also played a role. These results showing derepression of the

mCherry reporter at similar competitor levels for both miR-294

and miR-16, two miRNAs present at very different levels in

ESCs, and with very different miRNA:target ratios estimated by

Bosson et al. (2014), support the mixed-affinity model.

Derepression of Target mRNAs Occurs at a High
Threshold of Added Target Sites
The competition among MREs for miRNA binding is expected to

occur not only between the added MREs within the mCherry

mRNA but also between the added MREs and those of the
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Figure 1. Derepression of Target mRNAs Occurs at a High Threshold of Added Target Sites

(A) Dual-color fluorescent reporter constructs containing zero (0s), one (1s), or three (3s) 8-nt miRNA site(s) in the 30 UTR of mCherry.

(B and C) ESCs transfected with either a 3s (B), 1s (C), or 0s reporter construct (n = 3) with miRNA-binding sites for miR-294, -293, -92, or -16. Mean mCherry

fluorescence (B, left), and mCherry fluorescence normalized to the 0s control (B, right and C) across 20 bins of eYFP.

(D–I) RNA-seq results (n = 2) of sorted ESCs shown in Figure S1A. ESCs were transfected with a 3s reporter for miR-293 (D–F) or miR-92 (G–I), or a 0s control, and

gated for cells with low (eYFPlow) (D andG), intermediate (eYFPint.) (E and H), or high eYFP (eYFPhigh) (F and I) expression. Cumulative distribution function (CDF) of

mRNA changes for predicted target genes with the indicated context+ score (cs+) bins (color) or for genes with no miRNA site (black). mCherry MREs per cell

evaluated by qPCR are shown on each graph. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, one-sided Kolmogorov-Smirnov (K-S) test. Also see Figures S1B

and S1C.

(J) Relationship between reporter protein fluorescence measured by flow cytometry and RNA copies per cell evaluated by qPCR of ESCs transfected with the 0s

reporter and sorted into four different bins of eYFP-expressing cells. Line represents non-linear regression of data points; respective equations are shown.

(legend continued on next page)
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endogenous targets. To examine the effect on endogenous tar-

gets, ESCs transfected with the 0s or a 3s reporter for eithermiR-

293 or miR-92 were sorted into three bins based on their eYFP

expression (Figure S1A, available online). RNA sequencing

(RNA-seq) of each bin revealed the number of MREs added

per cell as well as differences in endogenous mRNA levels for

cells with the 3s reporter compared to those with the 0s reporter.

Endogenous mRNAs with predicted MREs were grouped based

on the strength of their predicted response to the miRNA, as

scored by the context+ model of TargetScan 6.2 (Garcia et al.,

2011). For the middle, but not the lower, bin (1.4 3 104 and

0.85 3 104 added miR-293 MREs per cell, respectively), endog-

enous miR-293 targets were derepressed, as indicated by the

significant shift in the distribution of mRNA fold-change values

of the top predicted miR-293 targets (Figures 1D–1F and S1D–

S1F; Table S1). Likewise, convincingmiR-92 target derepression

was not observed until exceeding 1.33 104 addedmiR-92MREs

(Figures 1G–1I and S1G–S1I).

Comparison of mCherry and eYFP fluorescence with the

corresponding transcript copy numbers, as measured by

qRT-PCR (qPCR), revealed that fluorescence and mRNA abun-

dance were highly correlated, although the relationship was

not one-to-one (Figure 1J). Because protein fluorescence in-

tensity is an indirect readout that is not directly relevant to

the competition that occurs on the level of mRNA and miRNA,

we transformed the fluorescence values measured by flow cy-

tometry in Figure 1B to transcript copies per cell by employing

the standard curves of Figure 1J (Figures 1K and S1J). Strik-

ingly, the DRT observed for miR-293 and miR-92 reporters

(0.9 3 104 and 1.3 3 104 sites per cell, respectively; Figures

1K and 1L) resembled those observed by RNA-seq for endog-

enous targets, thereby validating the reporter output (after

transforming fluorescence to transcript copy number) for

endogenous target derepression.

We next calculated the number of MREs that must be added

per cell to observe half-maximal derepression (termed half-

maximal inhibitory concentration, or IC50) of the different reporter

constructs (Figures 1K and 1M). The number of miRNA mole-

cules per ESC is reported to be 5.7 3 104 for miR-294, 2.6 3

103 for miR-293, 1.7 3 103 for miR-92, and 1.8 3 103 for miR-

16 (Bosson et al., 2014), which was consistent with the

relative levels of these miRNAs in our ESCs, as determined by

small-RNA-seq (Figure S1L; Table S2). Thus, as observed for

miR-122 in hepatocytes (Denzler et al., 2014), the IC50 values ex-

ceeded the number of miRNA molecules per ESC. In such a

regime, the IC50 provides an empirical measure of the effective

endogenous target-site abundance, as half-maximal derepres-

sion should be achieved when the competing sites reach an

effective concentration matching that of the endogenous sites

(Denzler et al., 2014).
(K) Protein fluorescence values shown in (B) transformed to RNA copies per cell us

IC50 (solid lines).

(L and M) Bar plot of DRT (L) and IC50 (M) shown in (K).

(N) Transcriptome TAapp of ESCs transfected with the 0s reporter and sorted for

(O) Fractional contribution of the largest potential contributors to transcriptome T

score, and the top potential contributors are plotted within each bin.

Data represent mean ± SEM for (B), (C), and (K).
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In hepatocytes, the miR-122 IC50 (4.53 105 sites per cell) hap-

pens tocorrespond to the sumof all 30 UTR6-, 7-, and8-nt sites of

the transcriptome, leading to the idea that this sum, defined as

the TAapp, can provide an estimate of the effective target-site

abundance for other miRNAs (Denzler et al., 2014). To test this

idea, we examined the correspondence between the newly

determined IC50 values and the TAapp values for the ESC tran-

scriptome. When comparing RNA-seq data with absolute copy

numbers of mCherry, eYFP, and three differently expressed

genes, a linear association was observed (Figure S1K), which

provided a standard curve to transform RNA-seq data to abso-

lute mRNA copies per cell, enabling TAapp values for eight active

ESC miRNAs to be determined (Figure 1N). For all four miRNAs

with IC50 values, the TAapp approached the IC50, ranging from

�2-fold above the IC50 (miR-16, -92, and -294), to 1.5-fold below

the IC50 (miR-293). BecauseTAvaluesestimated fromcross-link-

ing (Bosson et al., 2014) strongly correlated with TAapp values

(Figures S1Mand S1N), but were�7-fold lower, the cross-linking

immunoprecipitation (CLIP)-estimated TA values were not more

informative for the purposes of estimating the effective target-

site abundance. We conclude that summing of 30 UTR 6-, 7-,

and8-nt sites in the transcriptomeprovides a reasonable approx-

imation of effective abundance of endogenous target sites.

The DRTs ranged between 12% (miR-92) and 30% (miR-293)

of TAapp. Importantly, no endogenous transcript contributed

such a large percentage to transcriptome TAapp of the ESC miR-

NAs examined. The largest contributor was ribosomal protein

S15A (Rps15a) mRNA, which contributed 6.5% of the TAapp for

both miR-294 and miR-16 (Figure 1O). Thus in ESCs, as in hepa-

tocytes (Denzler et al., 2014), ceRNA-regulated gene expression

through upregulation or downregulation of a single transcript is

unlikely. Similar results have been reported in HEK293 cells

(Yuan et al., 2015).

Derepression Threshold Values Are Insensitive to
Changes in miRNA Activity
A key difference between the mixed-affinity and the hierarchical

affinity models is the impact that miRNA levels have on the

threshold required to detect derepression of target genes (Bos-

son et al., 2014; Denzler et al., 2014). To investigate this issue, we

examined the influence that reduced miRNA activity has on the

DRT in the single-cell assay. ESCs were transfected with either

0s or 3s miR-293 reporters, in addition to different concentra-

tions of Antagomir-293 (Ant-293). Reduction of mCherry re-

pression correlated with increasing Ant-293 concentrations,

confirming that miR-293 activity was reduced in Antagomir-

treated ESCs (Figure 2A). As observed for miR-122 in hepato-

cytes (Denzler et al., 2014), the DRTs and IC50 values did not

decrease as miR-293 activity was reduced in ESCs (Figures 2B

and S2A–S2C).
ing the equations shown in (J). Vertical lines represent the DRT (dotted lines) or

low eYFP-expressing cells (ESC 0 s eYFPlow).

Aapp of ESC 0s eYFPlow. Potential contributors were binned by their context+
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Figure 2. Derepression Threshold Values Are Insensitive toChanges

in miRNA Activity

(A–F) ESCs co-transfected with a 3s reporter for miR-293 (A–D), miR-92 (E and

F), or respective 0s reporter control, and different concentrations of Ant-293

(n = 3) (A and B), miR-293 (n = 6) (C and D), or miR-92 (n = 6) (E and F).

(A, C, and E) Mean mCherry fluorescence (left), and mCherry fluorescence

normalized to the 0s control (right) across 20 bins of eYFP.

(B, D, and F) Protein fluorescence values shown in (A), (C), and (E) were

transformed to RNA copies per cell using the equations shown in Figure 1J.

Vertical, dotted lines denote the DRT.

Data represent mean ± SEM for all panels.
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We next increased miRNA activity and examined the effect on

the DRT. ESCs were transfected with the dual-fluorescent re-

porter and different concentrations of miRNA duplex. When

quantified with respect to eYFP fluorescence or eYFP mRNA
copies, we detected an increase in the DRT as more miRNA

was transfected (Figures 2C, 2E, S2D, S2E, S2G, and S2H).

However, eYFP, unlike mCherry, is not a good measure for

MRE induction as it is not repressed by the miRNA and hence

does not inform how many MREs are actually expressed in a

cell. Indeed, when quantified with respect to mCherry transcript

abundance, the DRT of competing transcripts remained con-

stant as more miRNA was transfected (Figures 2D, 2F, S2F,

and S2I). These results monitoring DRTs after decreasing or

increasing miRNA activities supported the mixed-affinity model,

in which less abundant miRNAs should be no more susceptible

to ceRNA effects than are more abundant miRNAs (Denzler

et al., 2014).

Extensively Paired Sites Are More Potent Than 8-nt
Sites and Trigger miRNA Decay
We investigated whether the DRT was also insensitive to

increased miRNA levels in primary hepatocytes. A 4-fold in-

crease in miR-122, attained by infecting hepatocytes with a re-

combinant adenovirus expressing the miR-122 precursor

(Ad-miR-122), resulted in decreased levels of endogenous

miR-122 target mRNAs (Figures S3A–S3C). To manipulate

miR-122 MREs and measure the subsequent effects on miR-

122 target genes, we increased the levels of the miR-122 target

AldolaseA (AldoA) mRNA using an adenovirus (Ad-AldoA) that

carried either a mutated site (Mut), one (1s), or three sites (3s)

to miR-122 (Figure 3A). Hepatocytes were infected at different

multiplicities of infection (MOIs), at either basal or elevated

miR-122 levels (Figures 3B and S3D–S3G). At endogenous

miR-122 levels, we began to observe miR-122 target derepres-

sion when more than 2.1 3 105 miR-122 MREs were introduced

(Figure 3C). The DRT did not increase when endogenous miR-

122 levels were raised 4-fold (Figure 3C), which is in agreement

with our observations in ESCs. Of note, the higher DRT observed

in hepatocytes compared to ESCs is expected based on the

larger cytoplasm and number of mRNAs per cell in hepatocytes.

Our finding that derepression occurred at only high thresholds

of added target sites seemed to disagree with a study in

HeLa cells that used ‘‘bulged’’ binding sites with near-perfect

complementarity (Mukherji et al., 2011). We sought to test the

possibility that sites with perfect complementarity to the miRNA

30 region might yield different results because they mediate

miRNA degradation. Hepatocytes were infected with Ad-AldoA

containing either a mutated or a bulged (bu4) binding site (Fig-

ure 3A). Interestingly, derepression was already observed

when exceeding only 5 3 104 bulged miR-122 MREs per cell

(Figures 3D, 3E, S3H, and S3I), confirming that bulged sites are

more efficient than 8-nt sites in influencing miRNA activity. The

efficiency of target-mRNA derepression mediated by bulged

sites correlated well with a decrease of miR-122, but not miR-

16, levels (Figures 3F and S3J), suggesting that derepression

was induced by enhanced miRNA degradation rather than direct

competition between miRNA-binding sites.

Target-mediated miRNA decay is associated with tailing and

trimming of the miRNA (Ameres et al., 2010). Indeed, we

observed reduced miR-122 signal with evidence of tailing and

trimming when bulged, but not 8-nt, seed matches caused

target-gene derepression (Figures 3G and S3K). These results
Molecular Cell 64, 1–15, November 3, 2016 5
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Figure 3. Extensively Paired Sites Are More

Potent Than 8-nt Sites and Trigger miRNA

Decay

(A) Schematic overview of the different AldoA-ex-

pressing adenovirus constructs.

(B–G) Primary hepatocytes (n = 4) infected with

differentMOIs of Ad-AldoA1s (B andC), bu4 (D–G),

or respective Ad-AldoAMut controls at either basal

miR-122 levels (B–G) or with co-infected Ad-miR-

122 (B and C). Relative levels of AldoA (B and D),

miR-122 target genes and control non-target gene

(ApoM) (C and E), or miR-122 (F). Vertical, dotted

lines denote the DRT. miRNA levels are relative to

the lowest MOI of Ad-AldoA Mut at basal miR-122

levels. (G) Northern blot analysis of miR-122, miR-

16, and U6 at basal miR-122 levels.

Data represent mean ± SEM for all panels. Also

see Figure S7.
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confirmed that bulged sites with perfect complementarity to the

miR-122 30 region reduce miRNA activity primarily through

miRNA degradation rather than competition with other binding

sites. Therefore, to be effective, these bulged sites need not

approach the effective abundance of the miRNA target sites,

but need only to be sufficiently abundant that the amount of

target-mediated RNA decay substantially decreases the miRNA

abundance.
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miRNA Target Derepression for
let-7, miR-194, and miR-192 Also
Occurs at a High Threshold of
Added MREs
To consider the susceptibility of other he-

patocyte miRNAs to ceRNA-mediated

gene regulation, we first measured abso-

lute levels of miR-122 and six other

miRNA seed families highly expressed in

liver (Denzler et al., 2014). These levels

ranged from 3.83 103 to 1.43 105 copies

per cell (Figures 4A and S4A) and corre-

lated well with small-RNA-seq data (Fig-

ure S4B; Table S2). We selected four

families (let-7, miR-194, -192, and -101)

that were not influenced by control virus

expression (Figure S4C) and were ex-

pressed above 1.8 3 104 copies per

cell. To study the sensitivity of these four

miRNA families to competing RNA pertur-

bations, Ad-AldoA constructs were

generated in which the miR-122 site was

replaced with a single 8-nt site (1s) for

the respectivemiRNA (Figure 4B).We first

infected hepatocytes with different MOIs

of Ad-AldoA Mut or 1 s (let-7). Derepres-

sion of let-7 targets, which were validated

by transfection of let-7f mimics (Figures

S4D–S4G), was observed when >2.1 3

105 let-7 MREs were expressed per cell

(Figures 4C, S4H, and S4I). This DRT
was consistent with RNA-seq results (Figures 4D–4F and S4J–

S4L; Table S3). In contrast, addition of up to 106 MREs of either

miR-192, miR-194, or miR-101 through respective Ad-AldoA

infections did not result in detectable derepression of validated

targets (Figures S4M–S4P; data not shown), suggesting

that the endogenous level of 1.8 3 105 miRNA molecules

per cell did not impart sufficient repression upon which dere-

pression could act. We therefore performed the analogous
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Figure 4. miRNA Target Derepression for let-7, miR-194, and miR-192 Also Occurs at a High Threshold of Added MREs

(A) Absolute copies per cell of hepatocyte miRNAs.

(B) Schematic overview of Ad-AldoA constructs harboring a mutated site (Mut), or one (1s) 8-nt binding site for let-7, miR-194, -192, or -101.

(C–F) Primary hepatocytes infected with different MOIs of Ad-AldoA Mut or 1s (let-7).

(C) Relative expression of let-7 target genes and control non-target gene (ApoM).

(D–F) CDF of RNA-seq data (n = 2) showing mRNA changes for predicted target genes of let-7 with the indicated cs+ bins (color) or for transcripts with no miRNA

site (black).

(G–L) Hepatocytes infected with different MOIs of Ad-AldoAMut, 1s (miR-192), or 1s (miR-194), in addition toMOI 15 Ad-miR-192/194. Relative levels of miR-194

(G) or miR-192 (H) target genes, and control non-target gene (ApoM) (I). CDF of RNA-seq data (n = 2) showing mRNA changes for predicted target genes of miR-

194 (J and K) or miR-192 (L) with the indicated cs+ bins (color) or for genes with no miRNA site (black).

AldoA MREs per cell evaluated by qPCR are shown on each graph. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, one-sided K-S test. Vertical, dotted lines

denote the DRT.

Data represent mean ± SEM (n = 4) for all panels.
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Figure 5. The 6-, 7-, and 8-nt Sites

Contribute Comparably to Target Abun-

dance of miR-122

(A) Schematic overview of Ad-AldoA constructs

used in this figure.

(B–E) Primary hepatocytes infected with different

MOIs of Ad-AldoA miR-122 8-mer, miR-122 7-

mer-m8, miR-122 6-mer, or Mut. Absolute copy

numbers per cell of AldoA (B), relative gene

expression of GFP (C), and of miR-122 target

genes or control non-target gene (ApoM) (D). (E)

CDF of RNA-seq data (n = 2) showing mRNA

changes for predicted target genes of miR-122

with the indicated cs+ bins (color) or for genes

with no respective miRNA site (black). AldoA

MREs per cell evaluated by qPCR are shown on

each graph. *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001, one-sided K-S test. See also Fig-

ures S5C and S5D.

Vertical, dotted lines denote the DRT. Data

represent mean ± SEM (n = 4) for all panels.
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experiment under conditions of elevated miR-192 and miR-194

levels using recombinant adenovirus expression (Ad-miR-192/

194) (Figure S4M). Increasing miR-194 by 4.5-fold increased

repression to a level at which target derepression could be

observed, with a DRT of >3.2 3 105 added miR-194 MREs per
8 Molecular Cell 64, 1–15, November 3, 2016
cell (Figures 4G, 4I, S4Q, and S4R).

RNA-seq analysis confirmed a similar

DRT for predicted miR-194 targets (Fig-

ures 4J, 4K, S4S, and S4T). Because

repression of predicted targets was not

readily observed when increasing miR-

192 levels by 3.7-fold (Figure S4O), dere-

pression was also difficult to measure

(Figures 4H, 4I, S4Q, and S4R), although

some signal for derepression was de-

tected when 1.1 3 106 miR-192 MREs

were added (Figures 4L and S4U).

Together, these results indicated that

derepression of let-7, miR-192, and

miR-194 targets in hepatocytes occurred

at similar or higher DRTs than previously

observed for miR-122 targets.

The 6-, 7-, and 8-nt Sites Contribute
Comparably to Target Abundance
The different levels of repression efficacy

and preferential conservation observed

for 6-, 7-, and 8-nt site types (Bartel,

2009) raised the question as to the extent

to which these site types differ in their

efficacy as competitors. Accordingly, we

infected hepatocytes with different MOIs

of Ad-AldoA constructs harboring either

a mutated or one 6-, 7-, or 8-nt site to

miR-122 (Figure 5A). Derepression of

miR-122 targetswas observedwhen add-

ing each of the three site types, with a
clear relationship between competitor site type andDRT (Figures

5B–5D). This relationship, in which DRT increased as site size

decreased, was also observed when extending our analysis to

the transcriptome (Figures 5E and S5A). For example, the dere-

pression observed for the 6-nt site at MOI 63 was between that
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observed for the 8-nt site at MOI 11 and 20, suggesting that as a

competitor it was about 20% as effective as the 8-nt site. With

respect to the 7-nt site, derepression at MOI 63 exceeded that

observed for the 8-nt site at MOI 20, and derepression at MOI

20 surpassed that measured for the 8-nt site at MOI 11, suggest-

ing that as a competitor the 7-nt site was about 50% as effective

as the 8-nt site. Employing these factors to calculate a weighted

TAapp only decreased the TAapp, without affecting the relative

ranking of the respective miRNA TAapp (Figure S5B). These re-

sults indicate that, in aggregate, 7-nt sites, which are 3- to 8-

fold more abundant than 8-nt sites, contribute more to effective

target-site abundance than do 8-nt sites, and that 6-nt sites

contribute more to effective target-site abundance than might

have been expected from their marginal efficacy in target

repression.

Derepression Is Enhanced When Mediated by Closely
Spaced MREs
Although the cooperative effect of closely spaced miRNA-bind-

ing sites has been studied in the context of mRNA repression

(Doench et al., 2003; Grimson et al., 2007; Saetrom et al.,

2007; Broderick et al., 2011), the role of cooperatively spaced

miRNA-binding sites has not been investigated in the setting of

site competition. We therefore analyzed whether closely spaced

miRNA-binding sites can cooperatively sequester miRNA mole-

cules and hence reduce the number of sites required for

derepression.

Cooperatively acting MREs within endogenous 30 UTRs tend

to be between 8 and �60 nt apart (Grimson et al., 2007; Sae-

trom et al., 2007). We thus generated Ad-AldoA constructs

harboring one 8-nt site for miR-122 and one for let-7, separated

by 58 nt (Ad-AldoA 2x +58nt), or respective single-site controls

(Figure 6A), and infected hepatocytes at different MOIs. Inter-

estingly, predicted let-7 targets that lacked miR-122 sites

showed stronger derepression when let-7 MREs were added

through constructs harboring a nearby miR-122 site (Figures

6B–6D, S6A, and S6B). Analogous results were obtained for

the derepression of miR-122 targets by miR-122 MREs that

had an adjacent let-7 site, showing that competition for binding

to one miRNA family can be influenced by a nearby site of a

different family. To achieve the same level of derepression

conferred by isolated sites, the sites with nearby cooperative

sites required only 20%–50% as many molecules per cell

(Figure 6B).

To study the influence that the spacing of the miR-122 and let-

7 sites has on the ability to cause cooperative competition, we

infected hepatocytes with various MOIs of differently spaced

Ad-AldoA 2x constructs (Figure 6A). Although the cooperative ef-

fect of Ad-AldoA-2x-mediated gene regulation persisted inde-

pendently of whether the let-7–binding site was 58 nt upstream

or downstream of the miR-122 site—indicating that a specific

intervening sequence or structure was not required—no cooper-

ative effect was observed when the two sites were 255 or 997 nt

apart (Figures 6E–6G, S6C, and S6D). When changing the 8-nt

miR-122 site on Ad-AldoA 2x +58nt to a 7- or 6-nt site (Figure 6A),

a strong relationship was observed between site type and

the magnitude of the cooperative effect (Figures 6H, 6I, and

S6E–S6G). Moreover, at the transcriptome level, predicted let-
7 targets that lacked predicted miR-122 sites were significantly

more derepressed if the competing let-7 site had an adjacent

miR-122 site (Figures 6J and S6H), thereby confirming that

closely spaced binding sites of co-expressedmiRNAs can boost

the efficacy of competing sites.

We then investigated whether the DRTwas lower in conditions

in which cooperativity was present by infecting hepatocytes with

different MOIs using Ad-AldoA miR-122, let-7, and 2x +58nt.

Derepression of miR-122 and let-7 target genes was detected

when 7 3 104 AldoA copies of the 2x +58nt construct were ex-

ceeded (Figures 6K–6N, S6I, and S6J). Depending on whether

binding sites of either miR-122 or let-7 alone, or both together

are included in the cooperative DRT, the 7 3 104 AldoA copies

would correspond to a DRT of either 7 or 143 104 MREs, which

is either 3.1- or 1.5-fold lower (let-7), or 2.2- or 1.1-fold lower

(miR-122), respectively, than the previously determined DRTs.

Regardless of the DRT interpretation, these results indicate

that the cooperative action of sites can detectibly boost the pros-

pects of ceRNA-mediated gene derepression.

Mathematical Framework for the Mixed-Affinity Model
Mathematical simulations of miRNA-target interactions have

been used to evaluate the potential effects of competing MREs

(Mukherji et al., 2011; Ala et al., 2013; Bosson et al., 2014;

Jens and Rajewsky, 2015; Schmiedel et al., 2015). However,

these simulations either model only the extent to which different

site types are occupied by amiRNA without modeling repressive

effects that are needed for comparison to experimental results

(Bosson et al., 2014; Jens and Rajewsky, 2015), or they model

the repression of mRNA from one or two genes without modeling

competition of sites from other expressed transcripts (Mukherji

et al., 2011; Ala et al., 2013; Schmiedel et al., 2015). These latter

simulations also omit the bound form of the mRNA from its simu-

lated abundance. Most importantly, previous simulations also

ignore the influence of the large number of low-affinity, non-ca-

nonical/background sites.

We therefore built a mathematical framework that incorporates

site-typeoccupancy,mRNAdestabilization,and the rangeofbind-

ing-site affinities intrinsic to the mixed-affinity model. This frame-

work was used to predict the influence of both target-site abun-

dance and miRNA level on target derepression. As with previous

simulations (Mukherji et al., 2011; Bosson et al., 2014; Jens and

Rajewsky, 2015), we assumed that (1) molecular species are well

mixed within the cytosol and their concentrations are not influ-

enced by cell growth and division; (2) each mRNA and miRNA is

produced at a constant rate, and unbound mRNAs and miRNAs

undergo constant first-order decay; (3) upon association with a

miRNA, the mRNA degradation rate increases, regardless of the

site type; and (4) miRNA binding is reversible, and upon miRNA

dissociation the mRNA degradation rate reverts to its original

value. We also assumed that the Michaelis constant (KM)

describing mRNA degradation with respect to the miRNA-mRNA

complex is well approximated by the complex dissociation con-

stant (KD), and thatbothboundandunboundmRNAare translated.

We first simulated the results of adding the 1s reporter for

miR-293 to ESCs, as done in Figure 1C, setting levels of

miR-293 and its canonical 30 UTR sites to those measured by

sequencing. Binding affinities of 6-, 7-, and 8-nt sites were
Molecular Cell 64, 1–15, November 3, 2016 9
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modeled with distributions centering on their measured affin-

ities, and a distribution of low-affinity sites was added such

that the simulated IC50 reflected the experimentally determined

value of �3 3 104 copies per cell (Figure 7A). With this target-

site distribution (Figure 7A, right), the simulation recapitulated

other features of our results. For example, DRT values were

only marginally sensitive to 10-fold changes in miRNA (Fig-

ure 7A, left), and this sensitivity seemed greater when plotted

as a function of eYFP, the co-expressed mRNA lacking a

miR-293 site (Figure 7A, middle). Moreover, the mCherry IC50

values were even less sensitive to miRNA changes (Figure 7A,

left) and corresponded to the half-maximal occupancy values

(Figure 7B).

Plotting the competition in terms of site occupancy (Figure 7B)

allowed comparison to previous simulations that do not consider

mRNA repression. Reconstructing the simulation of miR-293

binding in ESCs from Bosson et al. (2014), using their values

for site affinity and abundance, showed that sensitivity to

additional 8-nt sites was much greater than that observed

in our experiments, as was the influence of miRNA levels on

half-occupancy values (Figure 7C, left). Similar results were

observed when applying the model of Jens and Rajewsky

(2015), which uses the samemathematical framework asBosson

et al. (2014) but a continuous distribution of canonical site affin-

ities (Figure 7C, right). Remarkably, after adding low-affinity sites

such that the half-maximal occupancy value matched that in-

ferred from our experimental results, both of the previous frame-

works behaved indistinguishably from ours (Figures 7B and 7D).

Thus, the fundamental difference between the mixed-affinity

model and the other models, which enables our simulation to

better match the experimental results, is the greater effective

target abundance that results from consideration of many low-

affinity sites.

DISCUSSION

Our results support the mixed-affinity model for miRNA site

competition. In agreement with this model, we found that

DRTs did not correlate with endogenous miRNA abundance

and changed only modestly with experimental manipulations

that increased or decreased miRNA levels. Because reducing

miRNA levels does not substantially reduce the very high num-

ber of added MREs that are necessary to impart detectable

derepression, changes in ceRNAs are not more likely to influ-

ence targets of miRNAs expressed at lower levels. Thus, the

previous conclusion that a ceRNA effect on miR-122 targets

in hepatocytes is unlikely to occur in normal physiological or

disease conditions (Denzler et al., 2014) can now bemore confi-
Figure 6. Derepression Is Enhanced When Mediated by Closely Space

(A) Schematic overview of Ad-AldoA constructs used in this figure.

(B–J) Primary hepatocytes infected with different MOIs of Ad-AldoA constructs sh

target genes (C and F), or control non-target gene (ApoM) (D, G, and I). (J) CDF of R

MOI 80 of Ad-AldoA let-7 +58nt or 2x +58nt for predicted target genes of let-7 (wit

genes with no let-7 or miR-122 miRNA sites (black). *p < 0.05, **p < 0.01, ***p <

(K–N) Hepatocytes infected with different MOIs of Ad-AldoA Mut, miR-122, let-7,

and miR-122 (K), let-7 target genes (L), a miR-122 target gene (M), or a control n

Data represent mean ± SEM (n = 4) for all panels.
dently extended to targets of other miRNAs in other cell types.

Indeed, using two different cell types, testing several different

miRNA families, and employing complementary single-tran-

script and high-throughput methods, we found that competing

sites must approach�10%–40%of amiRNA’s TAapp in order to

detectably influence miRNA activity. As nearly all transcripts

each contribute <5% to TAapp, ceRNA-mediated gene regula-

tion is very unlikely to occur under normal homeostatic

conditions.

In disfavoring the hierarchical affinity model for site competi-

tion, we are not questioning the biochemical fact that some sites

have more affinity than others, and thus low- and high-affinity

sites exhibit differential occupancy. Indeed, although we

disfavor the hierarchical affinity model with respect to site

competition, it is nonetheless useful for explaining miRNA-medi-

ated repression: when a miRNA is lowly expressed, only the

highest-affinity sites are sufficiently occupied to mediate repres-

sion, but as miRNA expression increases, more and more inter-

mediate- and low-affinity sites have occupancies sufficient to

mediate repression. This model for repression is consistent

with conclusions from cross-linking studies as well as those

from mRNA-profiling studies showing a strong signal for dere-

pression at 6-nt sites after loss of very highly expressed miRNAs

(Giraldez et al., 2006; Bosson et al., 2014). The difference be-

tween modeling repression and modeling competition is that

weak sites (including 6-nt, non-canonical, and background sites)

all compete for binding even if they impart marginal or negligible

repression and, importantly, this competition occurs regardless

of the miRNA level. Although occupancy at any individual weak

site is low, it cannot be discounted when modeling competition

because weak, low-occupancy sites are in vast excess over

high-affinity sites. The idea that these weak sites make a sub-

stantial contribution to effective target abundance is supported

by our mathematical modeling showing that experimental results

cannot be accurately simulated without considering the aggre-

gate contribution of low-affinity sites. Also supporting this idea

are single-molecule results showing that 6-nt sites and even

some sites with only partial seed matches associate with the

miRNA silencing complex at rates resembling those of the

higher-affinity sites (Chandradoss et al., 2015; Salomon et al.,

2015). Thus, even a miRNA expressed at a very low level, such

as one molecule per cell, is expected to sample very many

weak sites before (and after) occupying a high-affinity site.

Although miRNA levels do not affect the DRT, miRNA levels

are important insomuch as they define the magnitude at which

targets are initially repressed and hence the magnitude of effect

that could theoretically be observed upon changes in ceRNA

expression. Thus, ceRNA-regulated gene expression is
d MREs

own in (A). Relative gene expression of let-7 target genes (B, E, and H), miR-122

NA-seq results (n = 2) showing mRNA changes from hepatocytes infected with

h no predicted target sites for miR-122) with the indicated cs+ bins (color) or for

0.001, ****p < 0.0001, one-sided K-S test.

or 2x +58nt. Relative gene expression of predicted target genes for both let-7

on-target gene (ApoM) (N). Vertical, dotted lines denote the DRT.
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Previous models of site occupancy, with targets expanded to include low-affinity/background sites
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Figure 7. Mathematical Simulation of the

Mixed-Affinity Model

(A) Simulated effects of changing miR-293 con-

centrations in ESCs on 8-nt target site repression

(as performed in Figure 2), using themathematical

framework of the mixed-affinity model. Simulated

mCherry fold-changes of the 1s reporter nor-

malized to the 0s control are either plotted against

mCherry (left) or eYFP (middle), indicating the IC50

(solid lines) and DRT (dashed lines), for each of the

three simulated miR-293 levels (in copies per cell

[cpc]). Also plotted is the binding affinity distribu-

tion of all simulated target sites (right), with the KD

of each site normalized to that of an 8-nt site and

the abundance of each site scaled by its normal-

ized KD. Abundance of 8-, 7-, and 6-nt, and low-

affinity sites for miR-293 are plotted separately

(purple, blue, cyan, and gray, respectively). The

abundance of the canonical sites was determined

by sequencing and that of the low-affinity sites

was set such that the IC50 matched that observed

in Figure 1C.

(B) Site occupancy for the simulations in (A).

Plotted is the simulated free fraction of mCherry

1s reporter as a function of its expression, other-

wise as in (A).

(C) Simulated effects of changing miR-293 con-

centrations in ESCs on 8-nt target site occupancy

using the mathematical models of site competi-

tion from Bosson et al. (2014) (left) or Jens and

Rajewsky (2015) (right). Simulated free fraction of

an added 8-nt target site is plotted as a function of

its expression as in (B), using the binding-affinity

distributions of the simulated target sites of the

original studies, plotted as in (A). The IC50 inferred

from Figure 1C is indicated (dotted lines).

(D) Simulations using the models of (C) but adding

low-affinity sites to alleviate the discrepancy be-

tween the simulated and experimental results,

otherwise as in (C).
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expected to be more easily observed and more biologically rele-

vant when miRNA levels are high.

When we conclude that miRNA levels do not substantially

influence the DRT, we refer to the DRT as the number of

sites that were measured in steady-state conditions in the

presence of miRNA-mediated repression, such as those rep-

resented by the mCherry transcripts in the dual-fluorescence

reporter system. In this system, it was important to account

for the miRNA-mediated degradation of the competitor, as

our conclusions would have differed if we determined the

competitor concentration in the absence of miRNA repres-
12 Molecular Cell 64, 1–15, November 3, 2016
sion, represented by the output of

the co-transcribed eYFP reporter.

Bulged and fully complementary sites

were the first site types to be investigated

in the context of regulating miRNA activ-

ity through competition (Ebert et al.,

2007; Franco-Zorrilla et al., 2007), and

they have been widely used to inhibit or

measure miRNA activity (Doench et al.,
2003; Broderick et al., 2011; Mukherji et al., 2011; Mullokandov

et al., 2012; Xie et al., 2012). However, these sites with extensive

complementarity to the 30 region of themiRNA can trigger degra-

dation of the miRNA (Ameres et al., 2010). Indeed, we observed

target-directed miRNA degradation in hepatocytes when adding

bulged sites of miR-122. Hence, bulged sites can reduce miRNA

activity predominantly through triggering miRNA degradation

rather than by competing with other miRNA-binding sites. Like-

wise, endogenous transcripts with highly complementary bind-

ing sites might affect miRNA activity through degradation rather

than competition, especially in situations of low or intermediate
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miRNA levels, with this degradation mechanism requiring much

lower expression levels to be consequential. For example,

potent target-directed degradation has been described in

primary neurons (de la Mata et al., 2015), and a highly comple-

mentary binding site has been identified in the linc-MD1 long

non-coding RNA and implicated in muscle differentiation

through a ceRNA mechanism (Cesana et al., 2011). Whether

this complementary site can induce miRNA degradation or

whether other such sites exist remains to be shown.

We found that 7-nt sites were 50% as effective as 8-nt sites in

contributing to target abundance, and 6-nt sites were 20% as

effective. This 20% efficacy compared to 8-nt sites was much

greater than might have been expected from the marginal

repression typically imparted by 6-nt sites, again illustrating

how competition efficacy imperfectly mirrors repression effi-

cacy. Because miRNA association rates (kon values) of 6-, 7-,

or 8-nt sites are similar (Chandradoss et al., 2015; Salomon

et al., 2015), the difference between competition and repression

presumably relates to the different dissociation rates (koff
values) of these site types. Perhaps, before any repression

can begin, some time is required to remodel the target tran-

script, assembling TNRC6 (trinucleotide repeat containing 6)

and the deadenylation complexes, such that the dwell time of

themiRNA on 6-nt sites only rarely exceeds this lag time. Similar

models have been proposed to explain the poor repression ef-

ficacy of sites in the path of the ribosome (Grimson et al., 2007)

and inefficacy of non-canonical sites in 30 UTRs, despite the

compelling CLIP evidence for binding to the ineffective sites

(Agarwal et al., 2015). In this way, site types that are marginal

or ineffective with respect to repression can nonetheless

contribute meaningfully to effective target-site abundance.

Indeed, our mathematical simulations illustrate that, in aggre-

gate, low-affinity, non-canonical/background sites contribute

more to the effective target-site abundance than do the canon-

ical sites.

As the sum of 6-, 7-, and 8-nt sites in transcriptome 30 UTRs,
TAapp is a crude approximation of the effective target site abun-

dance, in that it overcounts effects of 6- and 7-nt 30 UTR sites

and misses both the sites outside of 30 UTRs and the weak but

highly abundant non-canonical sites in 30 UTRs. Nonetheless,
summing up all 6-, 7-, or 8-nt 30 UTR sites equally without weight-

ing approximated IC50 within a few fold, presumably because

overcounting the effects of some sites largely offset the failure

to count other sites.

Our competition results provided mechanistic insight into the

cooperative effect sometimes observed for adjacent sites.

Whereas two distantly spaced 30 UTR sites typically confer the

repression expected from their independent action, two more

closely spaced sites often confer more repression than expected

from independent action (Grimson et al., 2007; Saetrom et al.,

2007). Previous studies of this phenomenon using repression

as the output do not distinguish between cooperative binding

of the two sites or some other type of cooperative function in

repression. Our use of competition as the output, with the obser-

vation that transcripts containing two miRNA-binding sites

spaced 58 nt apart cooperatively sequester miRNAs corre-

sponding to each site, uniquely shows that cooperative binding

occurs.
Although the mechanism of this cooperative binding is un-

known, an attractive hypothesis is that nearby Argonaute pro-

teins might be tethered to each other through binding of the

same TNRC6 molecule, also known as glycine-tryptophan pro-

tein of 182 kDa (GW182) in flies (Huntzinger and Izaurralde,

2011; Fabian and Sonenberg, 2012). TNRC6 contains multiple

Argonaute-binding sites that might simultaneously interact with

multiple miRNA-loaded Argonaute proteins (Schirle and Ma-

cRae, 2012; Pfaff et al., 2013), thereby enabling adjacent tran-

script-bound Argonaute proteins to prolong the dwell times of

each other.

In the previous study of miR-122 site competition in hepato-

cytes, the three-site construct appears only 3-foldmore effective

than the one-site construct, as would be expected for non-coop-

erative, independent action of the three sites (Denzler et al.,

2014). Suspecting that cooperativity was not observed in this

context because the number of different MOIs examined was

insufficient to detect subtle differences, we revisited potential

cooperative binding of sites within the Ad-AldoA 3s construct

at more MOIs. Derepression started to occur at 1.1 3 105

MREs (Figure S7), a DRT about 50% lower than that observed

for the Ad-AldoA 1s construct. Thus, as expected, cooperativity

can be observed for miRNAs of the same family as well as for

miRNAs of different families.

Among the features that we analyzed, cooperative binding

of miRNAs was the only one that increased the feasibility of

regulation through changes in ceRNA levels, lowering the

number of competing sites needed to detect derepression

by �50%. However, this 50% difference does not seem large

enough to substantially improve the prospects of observing a

ceRNA effect in a physiological setting. Perhaps in unusual

cases cooperativity provides more than a 50% difference, a

good candidate for unusually strong cooperativity being the

circular RNA CDR1as/ciRS-7 with >60 closely spaced sites

to miR-7 (Hansen et al., 2013; Memczak et al., 2013). How-

ever, very few other circRNAs have more miRNA-binding sites

than expected by chance (Guo et al., 2014; Rybak-Wolf et al.,

2015), which brings the focus back to linear transcripts as a

more abundant source of potential ceRNA candidates. For co-

operativity to be a factor, such a transcript would need to be

very highly expressed and have multiple sites that fall in a

cooperative sequence context, and sites would need to corre-

spond to miRNA families that are each expressed at levels suf-

ficient to actively repress target genes. If or how frequently

such conditions occur in vivo is currently unknown, but if

such a candidate is found, recently developed gene-editing

methods offer the opportunity to introduce precise mutations

of the sites within their genomic context (without induced

overexpression) and thereby provide the first convincing evi-

dence of ceRNA regulation in vivo.

EXPERIMENTAL PROCEDURES

See Supplemental Experimental Procedures for details.

Single-Cell Reporter Assay

The fluorescent reporter plasmids are based on the pTRE-Tight-BI (Clontech)

system, inwhich a bidirectional Tet promoter expresses eYFPandmCherry (Mu-

kherji et al., 2011). The 30 UTR of mCherry contains either zero (0s), one (1s), or
Molecular Cell 64, 1–15, November 3, 2016 13
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three consecutive (3s) 48-nt-long sequence stretches, which are comprised of

one 8-mer MRE and ±20-bp flanking regions (Bosson et al., 2014). ESC line

E14 was transfected with reporter and rtTA plasmids, induced with doxycycline

6 hr post-transfection, and harvested 18 hr later. Samples were analyzed using a

FACSAria IIIu flow cytometer and eYFP and mCherry fluorescent values were

corrected for autofluorescence as described in Bosson et al. (2014).

Hepatocyte Isolation and Viral Infections

Animal experiments were approved by the Kantonale Veterin€aramt Z€urich.

Hepatocytes of 8- to 12-week-old male C57BL/6N mice (Janvier) were

counted and plated at 300,000 cells per well in surface-treated six-well plates

(Corning) in low-glucose media. Four to 6 hr after plating, cells were infected

with adenovirus constructs in Hepatozyme media (Life Technologies) and har-

vested 24 hr post-infection.

Adenoviruses

Recombinant adenoviruses generated in this study are based on the AldoA

constructs described in Denzler et al. (2014) and express GFP from an

independent promoter. See Tables S5 and S6 for the nucleotide sequences

of all Ad-AldoA constructs.

miRNA and Gene Expression Analysis

qPCRs were performed using TaqMan MicroRNA Assays (Life Technologies)

for miRNA or gene-specific primer pairs (Table S4) for gene expression,

respectively. Relative expression values were calculated using the ddCT

method employing snoRNA202 for miRNA or mouse 36b4 (Rplp0) for gene

expression normalization.
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