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ABSTRACT
Control of gene and protein expression is required for cellular homeostasis and is disrupted in
disease. Following transcription, mRNA turnover and translation is modulated, most notably by
microRNAs (miRNAs). This modulation is controlled by transcriptional and post-transcriptional
events that alter the availability of miRNAs for target binding. Recent studies have proposed that
some transcripts – termed competitive endogenous RNAs (ceRNAs) – sequester a miRNA and
diminish its repressive effects on other transcripts. Such ceRNAs thus mutually alter each other’s
abundance by competing for binding to a common set of miRNAs. Some question the relevance
of ceRNA crosstalk, arguing that an individual transcript, when its abundance lies within a physio-
logical range of gene expression, will fail to compete for miRNA binding due to the high abun-
dance of other miRNA binding sites across the transcriptome. Despite this, some experimental
evidence is consistent with the ceRNA hypothesis. In this review, we draw upon existing data to
highlight mechanistic and theoretical aspects of ceRNA crosstalk. Our intent is to propose how
understanding of ceRNA crosstalk mechanisms can be improved and what evidence is required
to demonstrate a ceRNA mechanism. A greater understanding of factors affecting ceRNA crosstalk
should shed light on its relevance in physiological states.
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Introduction

RNA and protein abundance is regulated by transcrip-
tion and translation, as well as by the turnover and
processing of both messenger RNA (mRNAs) and pro-
teins. Although most studies focus on the transcrip-
tional control of gene expression, the importance of
post-transcriptional regulation in cellular homeostasis is
becoming increasingly clear. MicroRNAs (miRNAs) are
key modulators of post-transcriptional regulation and
have been implicated in stress responses and human
disease (Leung and Sharp 2010; Mendell and Olson
2012). These are small, �22 nucleotide, non-coding
RNAs (Bartel 2004) that when incorporated into a mem-
ber of the Argonaute (AGO) family of proteins, as part
of the RNA-induced silencing complex (RISC), bind to
transcripts at sites sharing partial complementarity to
that of the miRNA, and down-regulate expression
(Figure 1) via a mechanism of mRNA degradation and/
or translational inhibition (Valencia-Sanchez 2006).
Approximately 60% of all human protein-coding tran-
scripts are evolutionarily conserved targets of miRNAs

(Friedman et al. 2008), suggesting that the role of
miRNAs in post-transcriptional regulation is important,
ancient, and widespread.

Recently, it was proposed that the repressive actions
of miRNAs are themselves modulated by the pool of
mRNAs that contain miRNA binding sites. Here, each
additional miRNA binding site reduces the availability of
the miRNA to other binding site containing transcripts,
thereby reducing the extent to which these latter tran-
scripts could be repressed. This mechanism is supported
by evidence that artificially expressed mRNAs contain-
ing a high number of high affinity miRNA binding sites
are indeed able to alter miRNA-mediated gene repres-
sion (Ebert et al. 2007). Furthermore in Arabidopsis
thaliana a non-coding RNA, ISP1, was shown to seques-
ter miR-399 thereby increasing the accumulation of
other miR-399 target transcripts (Franco-Zorrilla et al.
2007). Such early evidence eventually led to the com-
petitive endogenous RNA (ceRNA) hypothesis. This pro-
poses that mRNAs that share binding sites for the same
set of miRNAs can indirectly regulate one another’s cel-
lular abundance through their competition for miRNA
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binding (Marques et al. 2011; Salmena et al. 2011). The
ceRNA hypothesis, however, is controversial. The critical
unresolved issue is whether physiological changes
in the abundance of a miRNA’s target transcript are suf-
ficient to substantially alter the abundance of other miRNA
targets, particularly owing to the high abundance and
diversity of target transcripts expected for each miRNA.

Here we focus on aspects of miRNA targeting and
ceRNA crosstalk that we believe deserve further

investigation, how they relate to our current under-
standing of the ceRNA mechanism, and how modeling
of these molecular mechanisms could be improved. Our
view is that, on balance, the experimental evidence is in
favor of the notion that ceRNA crosstalk can be physio-
logically relevant. Further experimental evidence,
however, clearly is required to enhance our understand-
ing and to demonstrate the prevalence of such
ceRNA crosstalk.

Current models of ceRNA crosstalk

The stoichiometry between miRNAs and their target sites
that is able to promote ceRNA crosstalk has been investi-
gated using mathematical models. These were created
assuming a titration reaction among: (i) a transcript
defined as the ceRNA, (ii) the mediating miRNA, and (iii)
one or more other mRNAs targeted by the miRNA. Some
studies conclude that ceRNA crosstalk has greatest effect
when the ceRNA and miRNA target transcripts are
expressed at equimolar concentrations, and when miRNAs
are neither lowly nor highly abundant (Ala et al. 2013;
Figliuzzi et al. 2013). Others conclude that ceRNA crosstalk
is maximal when the abundances of the ceRNA and medi-
ating miRNA are equimolar (Hausser and Zavolan 2014) or
when the ceRNA effectively doubles the number of
miRNA target sites (Jens and Rajewsky 2014). These con-
trasting conclusions appear to depend on the model
used, and include variables such as the numbers of
ceRNAs, miRNAs, and miRNA targets that are considered,
and whether the miRNA is released intact or degraded fol-
lowing target repression. Importantly, most of these math-
ematical models assume that the number of miRNA
molecules exceeds the number of target sites, which is
counter to what has been shown experimentally (Bosson
et al. 2014). These mathematical models thus have not
resolved the question of the relative abundances of
various RNA species required to permit physiological
ceRNA crosstalk.

The stoichiometric relationships among miRNAs and
their targets have also been investigated experimentally
although with contrasting results (Figure 2). Bosson
et al. (2014) suggested that miRNAs bind their target
mRNAs hierarchically, preferentially binding to rare high
affinity target sites over the more abundant, lower affin-
ity sites. This hierarchy effectively reduces the pool of
available miRNA target sites with the consequence that
a ceRNA with high affinity miRNA binding sites has to
contribute fewer such sites in order to cause derepres-
sion of other miRNA-targeted transcripts. Through the
use of reporter genes, the study then showed that a
ceRNA can contribute sufficient miRNA binding sites to
derepress other miRNA targets when its abundance lies

Figure 1. Pathway of miRNA biogenesis. The canonical path-
way of miRNA biogenesis initiates with transcription of the
miRNA sequence to form the pri-miRNA. The pri-miRNA is
then cleaved by the microprocessor complex (Drosha-DGCR8)
to form a hairpin precursor termed the pre-miRNA. Exportin-5-
Ran-GTP exports the pre-miRNA from the nucleus into the
cytoplasm where it is further cleaved by Dicer. The functional
strand of the mature miRNA is then incorporated into an
Argonaute protein as part of the RNA-induced silencing com-
plex. This complex is then able to target mRNAs and repress
them via a mechanism of mRNA degradation or transla-
tional inhibition.
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Figure 2. A comparison of models of miRNA targeting and how each relates to the potential for ceRNA crosstalk. In the nonhier-
archical model, miRNA molecules bind target transcripts independently of their affinity for their miRNA binding sites. As a result,
a ceRNA has to contribute an equivalent number of miRNA binding sites to those already present in the transcriptome before sig-
nificant derepression of endogenous miRNA target transcripts will be observed. Due to such a high requirement for additional
miRNA binding sites, the potential for ceRNA crosstalk is low. In the hierarchical model, miRNA molecules preferentially bind
higher affinity sites (8mers) before spreading across low affinity sites. A ceRNA with a high affinity miRNA binding site therefore
only has to contribute miRNA binding sites at a number similar to the miRNA molecule count before significant derepression of
targets will be observed. Therefore, there is potential for ceRNA crosstalk provided that the miRNA is not highly abundant in com-
parison to the number of its high affinity binding sites. In the preferential targeting model, certain transcripts are preferentially
targeted and repressed by miRNA molecules. In this model, the potential for ceRNA crosstalk is high if the ceRNA is a preferen-
tially targeted transcript. However, it is currently unclear what factors may contribute to preferential targeting (see color version
of this figure at www.tandfonline.com/ibmg).

CRITICAL REVIEWS IN BIOCHEMISTRY AND MOLECULAR BIOLOGY 233

http://www.tandfonline.com/ibmg


within a physiological range, but only for miRNAs with
a low or intermediate miRNA:target ratio.

A contrasting model was proposed by Denzler et al.
(2014, 2016), which suggests that the spread of miRNA
binding across target transcripts is independent of the
affinity of the miRNA binding sites. They show that a
ceRNA has to contribute a similar, and thus very large,
number of miRNA binding sites to those already present
in the transcriptome if it is to alter the repression of
miRNA targets. The authors focused on miR-122, the
most abundant liver miRNA (Tang et al. 2011; Ludwig
et al. 2016), to show that no transcript, or collective
changes in transcript abundance, could contribute a
sufficiently high number of additional binding sites to
alter miR-122 target repression (Denzler et al. 2014).
They then extrapolated from these findings to conclude
that ceRNA crosstalk is not possible within a physio-
logical range of transcript abundance.

Mathematical models and experimental results thus
provide no consensus as to whether ceRNA crosstalk
can occur under physiological cellular conditions.

Evidence supporting the ceRNA hypothesis

Despite the controversy over the physiological relevance
of ceRNA crosstalk, there are a growing number of tran-
scripts that have been proposed to act as ceRNAs. The
first experimentally supported mammalian ceRNA was
that of PTENP1, a transcribed pseudogene which regu-
lates the mRNA and protein abundance of the tumor
suppressor gene PTEN (Poliseno et al. 2010). It does this
in a miRNA-dependent manner owing to its sharing of
multiple conserved miRNA binding sites with PTEN.
PTENP1 was further shown to have a suppressive role
in cell proliferation and is selectively lost in human can-
cer (Poliseno et al. 2010). Since then, many mRNAs
(Jeyapalan et al. 2011; Sumazin et al. 2011; Tay et al.
2011; Gao et al. 2016), lncRNAs (Wang et al. 2010; Cesana
et al. 2011; Johnsson et al. 2013; Wang et al. 2013; Tan
et al. 2014, 2015), pseudogene transcripts (Marques et al.
2012; Karreth et al. 2015; Ye et al. 2015; Straniero et al.
2017), and circular RNAs (Hansen et al. 2013; Memczak
et al. 2013) have been suggested to act as ceRNAs. Many
of these diverse transcripts have proposed roles in
human disease including in various types of cancer
(Wang et al. 2010; Jeyapalan et al. 2011; Sumazin et al.
2011; Tay et al. 2011; Johnsson et al. 2013; Karreth et al.
2015; Ye et al. 2015; Gao et al. 2016) and in neurodege-
nerative diseases (Tan et al. 2014; Straniero et al. 2017). It
is also proposed that ceRNAs modulate the differenti-
ation of embryonic stem cells (Wang et al. 2013; Tan
et al. 2015). Unfortunately, many of these studies fail to
provide substantial evidence of physiological effects that

are explicable by a ceRNA mechanism. For example,
some studies do not demonstrate that the effects of a
potential ceRNA are miRNA-dependent, or else fail to
address whether the number of additional binding sites
provided by the ex vivo overexpression of a ceRNA
exceeds the number achievable under physiological
levels of gene expression. An exception is a recent inves-
tigation of CDR1as, a circular RNA which is highly
expressed in the mouse brain and contains >70 binding
sites for miR-7. Removal of this locus in mice disrupted
miR-7-mediated gene repression, altering mRNA abun-
dance by up to 2-fold and leading to dysfunction of
neuronal activity (Piwecka et al. 2017). This study pro-
vided the first in vivo evidence of a functional circular
RNA and of a physiologically relevant ceRNA mechanism
in mammals.

Formation and activity of the miRNA:RISC complex

Resolution of the ceRNA controversy requires a better
understanding of the molecular specificity and dynam-
ics of miRNA-mediated target repression. Several math-
ematical models of ceRNA action (as introduced above)
require miRNA molecules to outnumber target sites.
Furthermore, both mathematical and experimental
models additionally assume that cells contain an aque-
ous solution wherein all miRNA, RISC, and target
transcript molecules diffuse freely, are active and are
fully available for interaction. However experimental
observations imply that these assumptions are violated.
In particular, the repressive effect of a miRNA cannot be
accurately predicted from its cellular abundance alone
(Mullokandov et al. 2012). A miRNA’s association with
RISC is a better indicator of miRNA activity (Flores et al.
2014) yet only a small proportion of miRNA:RISC com-
plexes have been shown to be actively engaged in tar-
get repression in adult tissues (La Rocca et al. 2015).
Conversely, in cell lines the majority of miRNA:RISC
complexes are involved in target repression, which
highlights an important distinction between cell lines
and the adult tissues that they represent (Figure 3) (La
Rocca et al. 2015). Finally, models of ceRNA crosstalk do
not account for recent unexpected observations that
the association of a miRNA to RISC can be modulated
by the number of high affinity mRNA targets of this
miRNA:RISC complex (Flores et al. 2014). These findings
indicate, first, that not all miRNA molecules within a cell
are involved in active repression of target transcripts
and, second, that the repressive action of a miRNA can
be altered through its activity, independent of changes
in miRNA abundance.

Such discoveries have an important implication for
ceRNA models: if the proportion of active miRNA
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molecules in a cell is small then there is an increased
likelihood that changes in the abundance of a ceRNA
transcript will alter its interaction with sufficient miRNA
molecules to affect the extent of repression of other tar-
get transcripts.

Heterogeneity of miRNA targets, target sites,
and binding

Modelling ceRNA crosstalk becomes increasingly com-
plex in light of the fact that ceRNAs will bind and seques-
ter miRNAs with unequal efficiency. Any investigation of
how the number of additional miRNA binding sites con-
tributed by a ceRNA influences the repression of other
miRNA targets will therefore be relevant to that ceRNA
only. Here we discuss processes that alter the efficiency
of miRNA targeting and repression, thereby altering the
potential effectiveness of a ceRNA.

An important factor in determining the recognition
of miRNA targets, the efficacy of repression and the
potential for a transcript to act as a ceRNA, is the extent
of base pairing between the 30-UTR of a mRNA and
nucleotides 2–8 at the 50 end of the miRNA, termed the
miRNA seed region (Lewis et al. 2005). The most effect-
ive canonical site types are the 8mer site (base pairing
to nucleotides 2–8 of the miRNA with an A opposite
nucleotide 1), followed by 7mer sites (base pairing to
nucleotides 2–8 of the miRNA or nucleotides 2–7 with
an A opposite nucleotide 1) and the much weaker effi-
cacy 6mer sites (base pairing to nucleotides 2–7 of the
miRNA) (Lewis et al. 2005) (Figure 4). As these site types
determine the effectiveness of miRNA repression, they

are also expected to determine the effectiveness of a
miRNA binding site containing transcript to act as a
competitor (Figure 5(A)). The number of additional
binding sites that a ceRNA needs to contribute before
derepression is observed for other miRNA target tran-
scripts is variable, differing by site type. One study
reported that 7mer sites are 50% as effective, and 6mer
sites are 20% as effective, as 8mer sites (Denzler et al.
2016). ceRNAs containing high affinity miRNA binding
sites should thus be more efficient at crosstalk.

miRNA binding sites with extensive complementarity
to the miRNA are the most effective, of the site types
currently tested, in causing derepression of miRNA
targets, being approximately 4-fold more effective than
8mer sites (Denzler et al. 2016). Binding to such highly
complementary sites tends to trigger miRNA degrad-
ation (Ameres et al. 2010), implying that this causes
derepression of miRNA target genes primarily through a
reduction in miRNA activity rather than competition for
binding. Interestingly, the effectiveness of any ceRNA
containing such highly complementary miRNA binding
sites depends on the initial abundance of the miRNA,
and not on the abundance of competing miRNA bind-
ing sites, in contrast to the model of competition pro-
posed for canonical 8–6mer miRNA binding sites
(Denzler et al. 2016). Although transcripts containing
such an extensively paired miRNA binding site have an
increased potential as a ceRNA, such sites are thought
to be rare in mammals (Bartel 2009) and therefore are
unlikely to contribute substantially to ceRNA crosstalk.

In addition to miRNA binding site complementarity,
the number and location of miRNA binding sites are also

Figure 3. Availability and activity of miRNA molecules. Not all miRNA molecules present within a cell are active and available for
target gene repression. (A) In cell lines, for example, the majority of AGO:miRNA complexes are actively involved in targeting and
repression (La Rocca et al. 2015). (B) In contrast, within tissues, the majority of AGO:miRNA complexes are inactive (La Rocca
et al. 2015). The effect of a ceRNA will depend on the number of active AGO:miRNA complexes, with greater crosstalk predicted
when a smaller number of AGO:miRNA complexes are active (see color version of this figure at www.tandfonline.com/ibmg).
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important factors for explaining the variable efficacy of
miRNA-mediated repression (Doench et al. 2003; Grimson
et al. 2007) and the potential for a miRNA target tran-
script to act as a ceRNA (Figure 5(B)) (Denzler et al. 2016).
A miRNA target transcript that contains more miRNA
binding sites will cause a larger change in total site count
when its abundance is altered, and thus it will have a
greater potential to act as a ceRNA when expressed
within a physiological range of gene expression. The
effectiveness of these multiple sites can also be altered
by their spacing. Conserved miRNA binding sites tend to
be separated by 10–130 nucleotides (Saetrom et al.
2007), with 8–40 nucleotides demonstrated experimen-
tally to be optimal (Grimson et al. 2007; Saetrom et al.
2007). It is expected that miRNA binding sites separated
by fewer than 8 nucleotides are less likely to be simultan-
eously occupied due to steric hindrance between adja-
cent miRNA:RISC complexes. Why sites within 40

nucleotides of each other act more cooperatively is, how-
ever, less clear perhaps being due to complex formation
at one site either actively recruiting or aiding in the stabil-
ization of another.

Proximal miRNA binding sites have been shown to act
cooperatively in ceRNA crosstalk. A reporter gene was
created containing a miRNA binding site for let-7 and a
miRNA binding site for miR-122 separated by 58 nucleo-
tides. Derepression of endogenous targets of these
miRNAs was then shown to require the addition of
20–50% fewer reporter transcripts than when separated
miRNA binding sites were tested (Denzler et al. 2016).
Interestingly, this effect was observed for endogenous
transcripts targeted by both of these miRNAs, as well
as endogenous transcripts targeted by only one. Two
observations are of particular note here. First, a transcript
with multiple cooperatively spaced miRNA binding sites
appears to have a greater potential as a ceRNA. Second,
binding of multiple miRNA species to a ceRNA could
occur synergistically, so that the presence of a coopera-
tive binding site for one miRNA can influence competi-
tion for binding of an alternate miRNA. Thus, the
potential of a transcript to act as a ceRNA may depend
on the total number and identity of all miRNA binding
sites not just the number of binding sites present for a
particular miRNA.

These are the currently known factors that affect not
just the efficacy of repression of a miRNA target but
also the potential for that target to act as a ceRNA.
Transcripts that are most effective at competing for

Figure 5. The relative efficacy of miRNA-mediated repression of various site types. It is hypothesized that sites with a greater effi-
cacy of miRNA binding and repression also show a greater efficacy for ceRNA crosstalk. (A) Relative efficacy of canonical site
types. (B) Relative efficacy of a single site, versus two sites or two cooperatively spaced sites. (C) Hypothesized efficacy of unstud-
ied site types (e.g. preferential binding sites and additional sub-seed sites) versus a canonical 7mer site (see color version of this
figure at www.tandfonline.com/ibmg).

Figure 4. Alternate types of miRNA binding sites. Each site
type has a different affinity based upon the extent of base
pairing to the miRNA (see color version of this figure at www.
tandfonline.com/ibmg).
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miRNA binding are expected to contain a large number
of high affinity miRNA binding sites with some degree
of optimal spacing. The potential for ceRNA crosstalk
has been tested for only a relatively small number
of reporter transcripts, each typically containing 1–3
cooperatively spaced high affinity miRNA binding sites
(Bosson et al. 2014; Denzler et al. 2014, 2016), and
hence these may not represent the most effective
ceRNAs. Similarly, as endogenous targets of miRNAs are
unequal in their efficacy of repression, studies that
employ an endogenous miRNA target may not be inves-
tigating an effective ceRNA. Consequently, despite the
conclusions of others (Denzler et al. 2016), it remains
plausible that ceRNA crosstalk occurs within a physio-
logical range of gene expression but only for a subset
of transcripts that are distinguished by their efficiency
at recruiting and binding miRNAs. In support of such
effective transcripts, Werfel et al. (2017) demonstrated
that some miRNA target transcripts are preferentially
bound and repressed by miRNAs. Furthermore, they
found that these targets are neither enriched for a
higher number of miRNA binding sites, nor have par-
ticularly high expression levels, suggesting that there
are unstudied factors that enhance miRNA binding
(Figure 5(C)). For future studies of ceRNA crosstalk, it
may therefore be more instructive to utilize either
endogenous transcripts that have already been pro-
posed to act as a ceRNA, or a reporter transcript based
on such a ceRNA. Alternatively, the approach used in
Werfel et al. (2017), using RNA-seq following miRNA
inhibition and Argonaute-2 (AGO2)-RNA immunopreci-
pitation (RIP), could be used to determine the miRNA
target transcripts with the greatest level of miRNA
binding, and thus the greatest potential as a ceRNA.
Derepression of endogenous targets should also be
studied on a target-by-target basis, because some tar-
gets are likely to be more susceptible than others to
ceRNA-mediated derepression.

Dynamics of miRNA targeting and repression

In order to repress miRNA target genes the miRNA:RISC
complex has first to be efficient at encountering miRNA
targets from among the complex pool of cellular RNAs,
and then to bind these targets with sufficient affinity
to mediate repression. The mechanisms by which
miRNA:RISC complexes are able to efficiently engage
with target sites are poorly understood, but are thought
to involve both diffusion through the cytoplasm and lat-
eral diffusion along RNA transcripts, similar to the facili-
tated diffusion mechanism initially proposed for
transcription factors searching for DNA target sites (Berg
et al. 1981). Diffusion of a miRNA:RISC complex through

the cytoplasm is slower than lateral diffusion across
an RNA transcript, yet would allow miRNA:RISC com-
plexes to sample a greater proportion of binding sites.
Therefore, a mixture of these two diffusion processes
appears to be vital for efficient miRNA targeting. Single
molecule fluorescence studies show that miRNA:RISC
complexes use lateral diffusion to sample multiple bind-
ing sites along the length of a target RNA with greater
than 90% of initial miRNA:RISC binding events being
resolved by shuttling to an alternate target site
(Chandradoss et al. 2015). Although the target search is
more effective using both long distance and local diffu-
sion, the speed of the search process is in conflict with
the specificity of binding: the more stable the binding of
the miRNA:RISC complex to a target, the more stable the
binding will be to similar off-target sequences thus slow-
ing the target search. To be efficient, a miRNA:RISC com-
plex should therefore initiate its search for a target using
a low affinity binding strategy before switching to a
repressive mode in which binding to the target site is of
higher affinity (Klein et al. 2017).

Recent evidence in support of this hypothesis
suggests that human AGO2 recognizes target sites in
a step-wise manner: nucleotides 2–5 (the sub-seed
region) of the miRNA are first exposed for base pairing
with the target before a conformational change permits
further bonds to form between the miRNA seed region
and the target site (Schirle et al. 2014). It is this sub-
seed region of the miRNA that is used for initial screen-
ing of target sites (Chandradoss et al. 2015; Salomon
et al. 2015). Only when additional nucleotides of the
miRNA are exposed for base pairing with the target is
the level of stability sufficient to permit repression of its
target transcript.

Consequently, an increased density of sub-seed sites
on a miRNA target site-containing transcript may
increase the efficiency by which that transcript is tar-
geted and may modulate the efficacy of a ceRNA inde-
pendently of its number of full seed-matching target
sites. If so, then this would alter how we currently assess
the potential of a transcript to act as a ceRNA because,
in one model, for a ceRNA to exhibit effective crosstalk
it needs to contribute an equivalent number of seed-
matched target sites to those already present within
the transcriptome (Denzler et al. 2016).

Binding affinity is not the only factor determining
miRNA-mediated target repression. The distribution of
miRNA:RISC across target sites is also regulated by phos-
phorylation of AGO2 (Golden et al. 2017). Binding of
AGO2 and an associated miRNA to a target site induces
AGO2 phosphorylation which then promotes its dissoci-
ation from the target site. Loss of AGO2 phosphorylation
impairs miRNA-mediated gene repression and
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dramatically expands the number of target sites bound to
AGO2:miRNA under steady-state conditions, showing that
under normal conditions AGO2:miRNA complexes target
only a subset of the potential target pool. Interestingly,
some target transcripts retain the ability to be bound by
AGO2 when it is unable to be phosphorylated, despite
the greatly expanded target pool. It is possible that these
preferentially bound targets could represent transcripts
that are highly efficient at recruiting and binding miRNAs
and would make good candidate ceRNAs. These targets
contain a mixture of higher affinity 8mer sites, as well as
lower affinity 7mer and 6mer target sites. Thus, it is not
affinity of the miRNA binding site that determines the
ability of a transcript to retain miRNA binding upon
expansion of the target pool. Indeed, the only difference
observed between transcripts that retained miRNA
binding upon loss of AGO2 phosphorylation and tran-
scripts that lose both miRNA binding and repression was
the rate of transcript decay, with slower decay rates asso-
ciated with the preferentially bound transcripts. This
result suggests that the AGO2 phosphorylation cycle is a
timing mechanism that limits the residency time of
AGO:miRNA:target interactions.

Nevertheless, how this AGO2 phosphorylation cycle
promotes efficient miRNA-mediated repression remains
unclear. It is possible that conformational changes of
AGO2 upon target binding trigger AGO2 phosphorylation
thereby limiting the residency time of the AGO2:target
interaction. Alternatively, additional transcript features,
such as sites for RNA binding proteins, may specifically
promote AGO2 phosphorylation, and thus AGO2:target
dissociation (Golden et al. 2017). Whatever the mechan-
ism, it now appears that AGO2:miRNA complexes typically
target only a subset of all possible targets in the transcrip-
tome. An important consequence of such a reduction in
effective miRNA binding site number is that, theoretically,
it enhances the potential for ceRNA crosstalk, provided
that the ceRNA is one of the subset of transcripts that are
efficiently targeted by the miRNA.

Subcellular localization

Efficient miRNA-mediated repression requires cellular
co-localization of the interacting components of the
silencing pathway: miRNAs, components of the RISC
and miRNA target transcripts (Figure 6). As pre-miRNAs
are processed into mature miRNAs within the cytoplasm
it is likely that the majority of miRNA:target interactions
also occur there, although whether these interactions
typically occur diffusely throughout the cytoplasm or
within specific cytoplasmic locales remains unclear.
Here we discuss evidence that miRNAs localize to many
of the subcellular compartments of the cytoplasm, such

as processing bodies and several cellular organelles,
as well as the potential functions of this subcellular
compartmentalization.

AGO2 is localized to discrete cytoplasmic foci termed
cytoplasmic bodies or processing bodies (P-bodies;
Sen and Blau 2005) that contain factors involved in the
RNA decay process (Cougot et al. 2004) including many
components of the miRNA silencing pathway such as
miRNAs (Liu et al. 2005), their target transcripts (Liu et al.
2005) and the AGO-interacting protein GW182
(Eystathioy 2002). Although AGO2 is found at a much
higher concentration in P-bodies than the surrounding
cytoplasm, only around 1% of AGO2 is actually localized
within P-bodies (Leung et al. 2006) and P-body formation
is not required for normal miRNA-mediated repression
and degradation of target mRNAs (Eulalio et al. 2007),
suggesting that most miRNA activity occurs elsewhere in
the cell.

Other potential locations for miRNA-mediated gene
silencing are cellular organelles, such as the endoplasmic
reticulum (ER). Although major components of RNA-
mediated gene silencing are found in many subcellular
compartments and throughout the cytoplasm, miRNAs
which are incorporated into AGO2 predominantly co-
sediment with membranes of the rough ER (Stalder et al.
2013). In one model (Stalder et al. 2013), loading of the
miRNA into AGO2 and interaction of the RISC with a tar-
get mRNA co-occur at the ER’s cytosolic membrane sur-
face, allowing highly efficient repression particularly of
translating mRNAs containing miRNA binding sites.

Some miRNAs (Bandiera et al. 2011; Barrey et al.
2011; Zhang et al. 2014), as well as AGO2 (Bandiera
et al. 2011; Zhang et al. 2014), are localized to mito-
chondria. In the undifferentiated myoblast cell line
C2C12 approximately 13% of total AGO2 localized to
mitochondria (Zhang et al. 2014). However, miRNA-
mediated repression in mitochondria is in doubt
because it apparently lacks GW182, a RISC component
required for miRNA-mediated repression (Zhang et al.
2014). Furthermore, although interactions have been
reported between AGO2 and mitochondrial genome-
encoded mRNA targets, some miRNAs are reported to
have opposing effects, specifically on COX1 abundance
(Das et al. 2012; Zhang et al. 2014) with one miRNA
enhancing translation of COX1 in sharp contrast to the
canonical role for miRNAs (Zhang et al. 2014).

Most studies examining the cellular localization of
miRNAs and other components of the RNA-mediated
silencing pathway have been performed under steady-
state conditions. The fluctuating concentrations of these
components throughout the cell over time, or following
cellular stimuli, are thus largely unknown. Nevertheless, it
is likely that local changes in miRNA, miRNA target
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transcript and RISC component levels influence miRNA
activity. In neurons, stimulation of a single synapse caused
increased processing of a pre-miRNA into mature miRNA,
which in turn resulted in decreased protein synthesis of a
target mRNA in a spatially restricted manner (Sambandan
et al. 2017). The spatiotemporal dynamics of miRNA:target
interactions therefore are likely complex. ceRNAs may
exhibit enhanced crosstalk within subcellular compart-
ments in which it need not compete for miRNA binding
with all other target transcripts present elsewhere in
the cell.

miRNA-to-target ratio and the potential for
ceRNA crosstalk

The effect of miRNA-to-target ratio on the repression of
miRNA target transcripts is relatively well understood: a
miRNA with a large number of targets, relative to its
own abundance, typically shows a weaker repression of
its targets than a miRNA with a smaller target abun-
dance (Arvey et al. 2010). Thus, only highly expressed
miRNAs, those that are more abundant than their high
affinity (e.g. 8mer) target sites, show appreciable bind-
ing to these sites and confer repressive activity (Bosson
et al. 2014). Even these active miRNAs are typically not
expressed sufficiently to bind to the large number of
lower affinity sites (e.g. 6mers) above background rates
(Bosson et al. 2014), which may begin to explain the
lower efficacy of repression of these sites (Grimson
et al. 2007).

The miRNA-to-target ratio’s effect on ceRNA crosstalk
potential is less clear and has led to two opposing mod-
els of ceRNA crosstalk (as discussed above). A key

difference in the models proposed by Bosson et al.
(2014) and Denzler et al. (2014) is the effect that miRNA
abundance has on the potential for ceRNA crosstalk. In
the hierarchical model proposed by Bosson et al. (2014),
a miRNA’s abundance determines its spread across the
total pool of target sites. Consequently, it is miRNA
abundance that determines the size of the effective
target pool and thus the number of sites with which a
ceRNA’s sites compete. By contrast, in the nonhierarchi-
cal model proposed by Denzler et al. (2014) the poten-
tial for ceRNA crosstalk is relatively unaffected by
miRNA abundance, provided that the number of target
sites is in excess of the number of miRNA molecules.
When tested experimentally, the number of additional
miRNA binding sites required to cause derepression of a
miRNA target reporter showed little change upon
increased or decreased miRNA abundance (Denzler
et al. 2016), in line with the nonhierarchical model.
However, this has only been demonstrated for a small
number of miRNAs. Furthermore, it has been assumed
that altering the abundance of miRNA molecules simi-
larly alters the abundance of miRNA:RISC complexes
that are actively involved in targeting, which may not
be the case (Mayya and Duchaine 2015).

Overall, it is difficult to reconcile these two models
(Bosson et al. 2014; Denzler et al. 2014) and draw a
comprehensive conclusion regarding the effect of
miRNA:target ratio upon the potential for ceRNA cross-
talk. Both studies investigated the potential for ceRNA
crosstalk using similar reporter constructs for the same
miRNAs and in the same cell lines. Nevertheless, sub-
stantial differences were observed in the number of
additional miRNA binding sites required to observe

Figure 6. Subcellular localization of miRNAs, and other components of the miRNA silencing pathway could alter the extent of
miRNA-mediated repression and thus potential for ceRNA crosstalk. (A) Both miRNA target transcripts and AGO:miRNA complexes
are localized throughout the cytoplasm. The miRNA, therefore, is able to bind and repress its target transcripts. (B) The miRNA tar-
get transcripts are localized throughout the cytoplasm but AGO:miRNA complexes are predominantly localized elsewhere, for
example, within mitochondria. Consequently, miRNA-mediated repression of the target transcript would be minimal (see color ver-
sion of this figure at www.tandfonline.com/ibmg).
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target gene derepression (Table 1). Interestingly, the
conclusions drawn regarding the physiological rele-
vance of ceRNA crosstalk by both Bosson et al. (2014)
and Denzler et al. (2014, 2016) rely on assumptions that
are at odds with experimental observations. Specifically,
they have not accounted for the unequal efficiency of
miRNA target transcripts containing the same number
and affinity of binding sites to bind miRNA. As we dis-
cuss above, targets with a similar number and affinity of
binding sites for one miRNA may exhibit contrasting
levels of miRNA binding due to presence of sub-seed
sites or clustered binding sites for an alternate miRNA.
Consequently, some miRNA target transcripts will be
more effective than others at competing for miRNA
binding, thereby increasing the potential for these tran-
scripts to act as ceRNAs.

The majority of studies investigating ceRNA crosstalk
use a single ceRNA reporter transcript containing one
or more miRNA binding sites for a single miRNA. Upon
expanding our consideration to multiple ceRNAs,
miRNAs, and miRNA target transcripts, the effects of
abundance upon ceRNA crosstalk potential are even
less well understood. The downstream consequences of
increasing the abundance of a ceRNA that contains
miRNA binding sites for multiple miRNAs are expected
to be far more complex than those for a ceRNA with
binding sites for just one miRNA. It is also possible that
under certain conditions, for example during cellular
differentiation or upon disease progression, multiple
ceRNAs could be co-regulated thereby altering the
abundance of miRNA binding sites more than is pos-
sible by an individual ceRNA. This issue of collective
changes in transcript abundance was investigated for
miR-122 in the liver, and transcriptome wide changes in
a disease state were found to contribute an insufficient

number of miRNA binding sites to cause observable
derepression of other miRNA target transcripts (Denzler
et al. 2014). Nevertheless, such transcriptome-wide
effects on ceRNA crosstalk have not been investigated
more broadly. It is therefore likely that the reporter sys-
tems in current use represent a simplistic form of
ceRNA crosstalk that do not reflect the more complex
physiological state.

Strategies to identify and characterize a
ceRNA mechanism

An increasing number of publications propose transcripts
as ceRNAs. Nevertheless, most provide insufficient evi-
dence to demonstrate conclusively a physiologically
relevant ceRNA mechanism. Here we consider what evi-
dence is required to identify and characterize a ceRNA
(Table 2), and discuss how characterized ceRNAs could
assist in improving the modeling of ceRNA crosstalk.

An initial indicator that a transcript may act as a
ceRNA under physiological conditions could be that its
abundance is positively correlated with the abundance
of transcripts that share binding sites for one or more
miRNA species. Large datasets of physiological gene
expression information such as GTEx (Lonsdale et al.
2013) will be useful for assessing positive correlation in
gene expression across multiple samples from specific
tissues. A second indicator could be that transcripts
with positively correlated co-expression share an unex-
pectedly high density of miRNA binding sites predicted
using computational algorithms such as TargetScan
(Agarwal et al. 2015) and miRanda (Enright et al. 2003).
These programs predict the presence of miRNA binding
sites via the degree of transcript sequence complemen-
tarity to the miRNA seed region, along with other

Table 1. Summary of key differences between two models in regard to the effect of miRNA:target ratio upon
ceRNA crosstalk.

Bosson et al. (2014) Denzler et al. (2016)

Model proposed Hierarchical model where AGO:miRNA complexes
are predominantly bound by high affinity tar-
get sites

Non-hierarchical model where AGO:miRNA
complexes are evenly distributed across all
target sites, independent of their affinity

Potential for ceRNA crosstalk Defined by the ratio of the abundance of miRNA
molecules to the number of their high affinity
binding sites

Defined by the abundance of miRNA binding
sites in the transcriptome

Method of defining the number of
additional miRNA binding sites
required for target derepression

Data grouped into bins by number of miRNA
binding sites added. Derepression threshold
defined as the lowest bin at which significant
target derepression was observed

Derepression threshold defined as the point
at which targets were derepressed by 10%
of the total repression observed when no
additional binding sites were present

Number of additional miRNA binding
sites required for target derepression

miR-294: No derepression observed at 10,800
additional sites

miR-294: 22,000 additional sites

in mouse embryonic stem cells miR-293: 3000 additional sites miR-293: 9000 additional sites
miR-92/25: 3000 additional sites miR-92/25: 13,000 additional sites

Conclusions ceRNA crosstalk is possible within physiological
conditions provided that the miRNA:target
pool ratio is low

ceRNA crosstalk is not possible within
physiological conditions
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contextual factors such as predicted site accessibility
and local AU content (Agarwal et al. 2015). However, in
silico predictions of miRNA-target interactions suffer
from high rates of both false positive (46–63%) and
false negative (44–82%) predictions (Steinkraus et al.
2016). If seeking ceRNAs for a specific miRNA an alterna-
tive method could be to identify the strongest binding
partner of that miRNA experimentally using the AGO-
RIP method described in Werfel et al. (2017). Transcripts
identified in this manner as preferential binding part-
ners of a miRNA are hypothesized to be the most likely
to be able to compete for miRNA binding when
expressed within a physiological range.

Predicted ceRNA crosstalk requires experimental con-
firmation in the cell or tissue type of interest. Ideally
experiments would be performed using tissue samples
or primary cell lines; however, many experimental techni-
ques are not possible in these model systems. Therefore,
a cell line derived from the tissue of interest, which are
easier to experimentally manipulate, may be the better
choice as a model. As cell lines do not completely
recapitulate the gene expression observed in the tissues
they represent (Forrest et al. 2014), an important initial
step will be to confirm the expression of any potential
ceRNAs, their mediating miRNAs and the miRNA’s target
transcripts. The ceRNA interaction can then be tested by

first overexpressing the ceRNA, ideally within its physio-
logical range of expression, and observing whether this
leads to an increase in the abundance of transcripts tar-
geted by the same miRNA(s), and then by observing the
reciprocal relationship upon knockdown of the proposed
ceRNA. However, the method chosen to alter abundance
of the ceRNA may depend on the location of the ceRNA
locus in the genome and whether the miRNA binding
transcript also codes for protein. If the ceRNA is observed
to alter a miRNA’s target transcripts’ abundance this
should also be examined at the level of protein abun-
dance for protein-coding genes. For a ceRNA to be func-
tionally important the changes in abundance of other
transcripts and proteins should be sufficient to perturb
the activity of a cellular process. For example, in Cdr1as
knockout mice, spontaneous vesicle release was up-
regulated in neuronal cells (Piwecka et al. 2017).

Although the experimental workflow described above
could identify potential ceRNAs and implicate their
importance in a particular cellular process, it does not
alone provide sufficient evidence that the altered cellular
phenotype is mediated by a ceRNA mechanism. For this,
the cellular effect needs to be shown to be miRNA-
dependent, for example using Dicer knockout cell lines
(where available) which are deficient in miRNA biogen-
esis: altering the abundance of a potential ceRNA in

Table 2. Possible methods for identifying and characterizing a ceRNA.
Steps to identify a ceRNA Possible methodology Advantages and limitations of methodology

Identify a positive correlation in expression for a
candidate ceRNA and transcripts with which
it shares one or more miRNA binding sites

Use of existing expression datasets, e.g. GTEx,
EMBL-EBI

Differences in gene expression may occur
between the tissue type of interest and cell
lines used for further experimental character-
ization of a ceRNA

Analysis of gene expression in tissues/cells of
interest, e.g. qRT-PCR, RNA-seq

Well-established experimental techniques

Analysis of miRNA binding sites predicted
computationally, e.g. TargetScan, miRanda

miRNA binding site prediction algorithms suffer
from high rates of both false positive and
false negative predictions

Alter abundance of candidate ceRNA and
observe the effect upon abundance of
other miRNA target transcripts

Increase abundance via an overexpres-
sion plasmid

May produce non-physiologically high levels of
gene expression
System is flexible and can be used to overex-
press particular transcript (including mutated)
isoforms, or the 30-UTR alone

Decrease abundance via shRNAs/siRNAs Known off-target effects
May alter availability of AGO2

Increase/decrease abundance via
CRISPRa/CRISPRi

Cannot differentiate between transcripts sharing
promoter regions. CRISPRi may cause
unintended transcriptional repression due to
heterochromatin spread

Confirm miRNA-dependence of ceRNA crosstalk Alter ceRNA abundance in Dicer knockout cells Dicer knockout lines not available for many
cell types

Mutagenize miRNA binding site(s) on the ceRNA,
e.g. site directed mutagenesis, CRISPR

More applicable to certain cell types depending
on chromosome copy number and ability of
cells to survive selection process

Confirm direct binding of miRNA to ceRNA and
other target transcripts

Pulldown using biotinylated miRNA as bait miRNA abundance cannot be kept at endogen-
ous levels

High-throughput RNA:RNA interaction assays,
e.g. CLASH, CLIP

Low sensitivity: not all miRNA:target interactions
will be identified

Confirm effects of ceRNA in vivo Create mouse models with knockout of the
proposed ceRNA and with a mutagenized
miRNA binding site

Requires mouse orthologue
miRNA binding sites, and the miRNAs
involved, may not be conserved between
human and mouse
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these Dicer-null cells should have no effect on other
transcripts that share binding sites for the same
miRNA(s). The identity of the specific miRNA that medi-
ates ceRNA crosstalk should then be confirmed. If the
potential ceRNA has been predicted to contain binding
sites for multiple miRNAs, these can be tested systemat-
ically by altering the abundance of each miRNA in turn
and then observing whether this affects the abundance
of the ceRNA and other miRNA target transcripts.

Once mediating miRNAs have been identified, the pre-
dicted binding sites for these miRNAs should be mutated.
It is expected that altering the abundance of the ceRNA
will produce no effect upon gene expression or cellular
processes when its binding sites for the mediating miRNA
are abolished. Ideally, this miRNA binding site mutagen-
esis should also be performed on the endogenous tran-
script, perhaps via the use of CRISPR genome editing, to
show that the presence or absence of the miRNA binding
site has an effect on the abundance of other miRNA tar-
get transcripts when the ceRNA is expressed at endogen-
ous levels. Direct binding of the mediating miRNA to the
ceRNA and other target transcripts should also be dem-
onstrated, for example via pulldowns using biotinylated
miRNA as bait (Ørom and Lund 2007).

The final step to confirming that a transcript can act
as a ceRNA is to demonstrate that a ceRNA mechanism
that has been characterized in vitro, using the steps
described above, is replicated in vivo. For example, if a
human ceRNA has an orthologous sequence in mice, a
mouse model could be created in which levels of the
potential ceRNA are knocked down. Other targets of
the mediating miRNA would be expected to be altered
in abundance and, in turn, affect downstream physio-
logical processes. The effect of abolishing the miRNA
binding site on the ceRNA transcript should also be
investigated in vivo. Lastly, in order to demonstrate that
the abundance of the ceRNA transcript is responsible
for altering cellular processes, rescue experiments could
be performed with this model via the addition of the
wild-type ceRNA transcript containing a functional
miRNA binding site. If the ceRNA affects cellular homeo-
stasis at a particular time point during development,
however, rescue experiments performed at a later time
point are likely to be ineffective.

The above lines of evidence should suffice to demon-
strate convincingly that a transcript can alter the in vivo
abundance and activity of other transcripts through a
mechanism of ceRNA crosstalk. Any transcript conclu-
sively shown to act as a ceRNA would be useful as a
model for gaining a greater understanding of the cross-
talk mechanism. It would be of interest to compare the
number of copies of a transcript, and thus the number
of additional miRNA binding sites, that are required to

cause derepression of other miRNA target transcripts,
specifically for a transcript identified to act as a ceRNA
compared with other miRNA target transcripts with
lower predicted potential as a ceRNA.

Concluding remarks

Although the ceRNA hypothesis has provoked substantial
interest, currently there is little conceptual concordance
between studies modeling ceRNA mechanisms and others
that propose specific ceRNA transcripts. This derives from
our limited understanding of the factors affecting both
miRNA-mediated repression and ceRNA crosstalk.

In this review, we propose that recently discovered
aspects of miRNA targeting and efficacy of miRNA-
mediated repression will also likely affect the potential
for ceRNA crosstalk. We suggest that the field will
need to take a more nuanced view of miRNA-mediated
repression and ceRNA crosstalk, specifically by consider-
ing mechanistic models that are not solely based on the
number and affinity of seed-matched target sites, but
also account for altered RISC activity and subcellular
molecular co-localization. Furthermore, understanding
how stoichiometry between active miRNA:RISC com-
plexes and miRNA target sites varies for different
miRNA species or under different cellular conditions will
be critical for demonstrating the relevance of ceRNA
crosstalk as a physiological mechanism.

Similarly, in-depth characterization of bona fide
ceRNAs may reveal factors that enhance crosstalk, such
as presence of sub-seed and protein binding sites or
specific sites of subcellular co-localization. While these
factors remain obscure, and because they are likely to
vary across different miRNAs and under variable cellular
conditions, we suggest that any proposal that a tran-
script acts as a ceRNA should be considered according
to its individual merits and available experimental evi-
dence rather than whether it accords with a generalized
theoretical model.

Acknowledgements

We thank members of the CPP group for helpful discussions.

Disclosure statement

The authors report no conflict of interest.

Funding

This work was supported by the Wellcome Trust [106956/Z/
15/Z]. Additional funding was provided by the UK Medical
Research Council.

242 C. L. SMILLIE ET AL.



ORCID

Claire L. Smillie http://orcid.org/0000-0003-1350-2301
Tamara Sirey http://orcid.org/0000-0001-5606-2858
Chris P. Ponting http://orcid.org/0000-0003-0202-7816

References

Agarwal V, Bell GW, Nam J-W, Bartel DP. 2015. Predicting
effective microRNA target sites in mammalian mRNAs.
eLife. 4:e05005.

Ala U, Karreth FA, Bosia C, Pagnani A, Taulli R, Leopold V,
Tay Y, Provero P, Zecchina R, Pandolfi PP. 2013. Integrated
transcriptional and competitive endogenous RNA networks
are cross-regulated in permissive molecular environments.
Proc Natl Acad Sci USA. 110:7154–7159.

Ameres SL, Horwich MD, Hung J-H, Xu J, Ghildiyal M, Weng Z,
Zamore PD. 2010. Target RNA-directed trimming and tail-
ing of small silencing RNAs. Science. 328:1534–1539.

Arvey A, Larsson E, Sander C, Leslie CS, Marks DS. 2010.
Target mRNA abundance dilutes microRNA and siRNA
activity. Mol Syst Biol. 6:363.

Bandiera S, R€uberg S, Girard M, Cagnard N, Hanein S,
Chr�etien D, Munnich A, Lyonnet S, Henrion-Caude A. 2011.
Nuclear outsourcing of RNA interference components to
human mitochondria. PLoS One. 6:e20746.

Barrey E, Saint-Auret G, Bonnamy B, Damas D, Boyer O,
Gidrol X. 2011. Pre-microRNA and mature microRNA in
human mitochondria. PLoS One. 6:e20220.

Bartel DP. 2004. MicroRNAs: genomics, biogenesis, mechan-
ism, and function. Cell. 116:281–297.

Bartel DP. 2009. MicroRNAs: target recognition and regulatory
functions. Cell. 136:215–233.

Berg OG, Winter RB, von Hippel PH. 1981. Diffusion-driven
mechanisms of protein translocation on nucleic acids. 1.
Models and theory. Biochemistry (Mosc). 20:6929–6948.

Bosson AD, Zamudio JR, Sharp PA. 2014. Endogenous miRNA
and target concentrations determine susceptibility to
potential ceRNA competition. Mol Cell. 56:347–359.

Cesana M, Cacchiarelli D, Legnini I, Santini T, Sthandier O,
Chinappi M, Tramontano A, Bozzoni I. 2011. A long non-
coding RNA controls muscle differentiation by functioning
as a competing endogenous RNA. Cell. 147:358–369.

Chandradoss SD, Schirle NT, Szczepaniak M, MacRae IJ, Joo C.
2015. A dynamic search process underlies microRNA tar-
geting. Cell. 162:96–107.

Cougot N, Babajko S, S�eraphin B. 2004. Cytoplasmic foci are
sites of mRNA decay in human cells. J Cell Biol. 165:31–40.

Das S, Ferlito M, Kent OA, Fox-Talbot K, Wang R, Liu D,
Raghavachari N, Yang Y, Wheelan SJ, Murphy E,
Steenbergen C. 2012. Nuclear miRNA regulates the mito-
chondrial genome in the heart. Circ Res. 110:1596–1603.

Denzler R, Agarwal V, Stefano J, Bartel DP, Stoffel M. 2014.
Assessing the ceRNA hypothesis with quantitative meas-
urements of miRNA and target abundance. Mol Cell.
54:766–776.

Denzler R, McGeary SE, Title AC, Agarwal V, Bartel DP, Stoffel
M. 2016. Impact of microRNA levels, target-site comple-
mentarity, and cooperativity on competing endogenous
RNA-regulated gene expression. Mol Cell. 64:565–579.

Doench JG, Petersen CP, Sharp PA. 2003. siRNAs can function
as miRNAs. Genes Dev. 17:438–442.

Ebert MS, Neilson JR, Sharp PA. 2007. MicroRNA sponges:
competitive inhibitors of small RNAs in mammalian cells.
Nat Methods. 4:721–726.

Enright AJ, John B, Gaul U, Tuschl T, Sander C, Marks DS.
2003. MicroRNA targets in Drosophila. Genome Biol. 5:R1.

Eulalio A, Behm-Ansmant I, Schweizer D, Izaurralde E. 2007.
P-body formation is a consequence, not the cause, of
RNA-mediated gene silencing. Mol Cell Biol. 27:3970–3981.

Eystathioy T. 2002. A phosphorylated cytoplasmic autoanti-
gen, GW182, associates with a unique population of
human mRNAs within novel cytoplasmic speckles. Mol Biol
Cell. 13:1338–1351.

Figliuzzi M, Marinari E, De Martino A. 2013. MicroRNAs as a
selective channel of communication between competing
RNAs: a steady-state theory. Biophys J. 104:1203–1213.

Flores O, Kennedy EM, Skalsky RL, Cullen BR. 2014. Differential
RISC association of endogenous human microRNAs predicts
their inhibitory potential. Nucleic Acids Res. 42:4629–4639.

Forrest ARR, Kawaji H, Rehli M, Kenneth Baillie J, de Hoon
MJL, Haberle V, Lassmann T, Kulakovskiy IV, Lizio M, Itoh
M, et al. 2014. A promoter-level mammalian expression
atlas. Nature. 507:462–470.

Franco-Zorrilla JM, Valli A, Todesco M, Mateos I, Puga MI,
Rubio-Somoza I, Leyva A, Weigel D, Garc�ıa JA, Paz-Ares J.
2007. Target mimicry provides a new mechanism for regu-
lation of microRNA activity. Nat Genet. 39:1033–1037.

Friedman RC, Farh KK-H, Burge CB, Bartel DP. 2008. Most
mammalian mRNAs are conserved targets of microRNAs.
Genome Res. 19:92–105.

Gao S, Cheng C, Chen H, Li M, Liu K, Wang G. 2016. IGF1 30-UTR
functions as a ceRNA in promoting angiogenesis by sponging
miR-29 family in osteosarcoma. J Mol Histol. 47:135–143.

Golden RJ, Chen B, Li T, Braun J, Manjunath H, Chen X, Wu J,
Schmid V, Chang T-C, Kopp F, et al. 2017. An Argonaute
phosphorylation cycle promotes microRNA-mediated
silencing. Nature. 542:197–202.

Grimson A, Farh KK-H, Johnston WK, Garrett-Engele P, Lim LP,
Bartel DP. 2007. MicroRNA targeting specificity in mammals:
determinants beyond seed pairing. Mol Cell. 27:91–105.

Hansen TB, Jensen TI, Clausen BH, Bramsen JB, Finsen B,
Damgaard CK, Kjems J. 2013. Natural RNA circles function
as efficient microRNA sponges. Nature. 495:384–388.

Hausser J, Zavolan M. 2014. Identification and consequences
of miRNA-target interactions-beyond repression of gene
expression. Nat Rev Genet. 15:599–612.

Jens M, Rajewsky N. 2014. Competition between target sites
of regulators shapes post-transcriptional gene regulation.
Nat Rev Genet. 16:113–126.

Jeyapalan Z, Deng Z, Shatseva T, Fang L, He C, Yang BB.
2011. Expression of CD44 30-untranslated region regulates
endogenous microRNA functions in tumorigenesis and
angiogenesis. Nucleic Acids Res. 39:3026–3041.

Johnsson P, Ackley A, Vidarsdottir L, Lui W-O, Corcoran M,
Grand�er D, Morris KV. 2013. A pseudogene long-noncod-
ing-RNA network regulates PTEN transcription and transla-
tion in human cells. Nat Struct Mol Biol. 20:440–446.

Karreth FA, Reschke M, Ruocco A, Ng C, Chapuy B,
L�eopold V, Sjoberg M, Keane TM, Verma A, Ala U,
et al. 2015. The BRAF pseudogene functions as a com-
petitive endogenous RNA and induces lymphoma in
vivo. Cell. 161:319–332.

CRITICAL REVIEWS IN BIOCHEMISTRY AND MOLECULAR BIOLOGY 243



Klein M, Chandradoss SD, Depken M, Joo C. 2017. Why
Argonaute is needed to make microRNA target search fast
and reliable. Semin Cell Dev Biol. 65:20–28.

La Rocca G, Olejniczak SH, Gonz�alez AJ, Briskin D, Vidigal JA,
Spraggon L, DeMatteo RG, Radler MR, Lindsten T, Ventura
A, et al. 2015. In vivo, Argonaute-bound microRNAs exist
predominantly in a reservoir of low molecular weight com-
plexes not associated with mRNA. Proc Natl Acad Sci USA.
112:767–772.

Leung AKL, Calabrese JM, Sharp PA. 2006. Quantitative analysis
of Argonaute protein reveals microRNA-dependent localization
to stress granules. Proc Natl Acad Sci USA.103:18125–18130.

Leung AKL, Sharp PA. 2010. MicroRNA functions in stress
responses. Mol Cell. 40:205–215.

Lewis BP, Burge CB, Bartel DP. 2005. Conserved seed pairing,
often flanked by adenosines, indicates that thousands of
human genes are microRNA targets. Cell. 120:15–20.

Liu J, Valencia-Sanchez MA, Hannon GJ, Parker R. 2005.
MicroRNA-dependent localization of targeted mRNAs to
mammalian P-bodies. Nat Cell Biol. 7:719–723.

Lonsdale J, Thomas J, Salvatore M, Phillips R, Lo E, Shad S, Hasz
R, Walters G, Garcia F, Young N, et al. 2013. The Genotype-
Tissue Expression (GTEx) project. Nat Genet. 45:580–585.

Ludwig N, Leidinger P, Becker K, Backes C, Fehlmann T,
Pallasch C, Rheinheimer S, Meder B, St€ahler C, Meese E,
Keller A. 2016. Distribution of miRNA expression across
human tissues. Nucleic Acids Res. 44:3865–3877.

Marques AC, Tan J, Lee S, Kong L, Heger A, Ponting CP. 2012.
Evidence for conserved post-transcriptional roles of unitary
pseudogenes and for frequent bifunctionality of mRNAs.
Genome Biol. 13:R102.

Marques AC, Tan J, Ponting CP. 2011. Wrangling for
microRNAs provokes much crosstalk. Genome Biol. 12:132.

Mayya VK, Duchaine TF. 2015. On the availability of microRNA-
induced silencing complexes, saturation of microRNA-binding
sites and stoichiometry. Nucleic Acids Res. 43:7556–7565.

Memczak S, Jens M, Elefsinioti A, Torti F, Krueger J, Rybak A,
Maier L, Mackowiak SD, Gregersen LH, Munschauer M,
et al. 2013. Circular RNAs are a large class of animal RNAs
with regulatory potency. Nature. 495:333–338.

Mendell JT, Olson EN. 2012. MicroRNAs in stress signaling
and human disease. Cell. 148:1172–1187.

Mullokandov G, Baccarini A, Ruzo A, Jayaprakash AD, Tung N,
Israelow B, Evans MJ, Sachidanandam R, Brown BD. 2012.
High-throughput assessment of microRNA activity and
function using microRNA sensor and decoy libraries. Nat
Methods. 9:840–846.

Ørom UA, Lund AH. 2007. Isolation of microRNA targets using
biotinylated synthetic microRNAs. Methods. 43:162–165.

Piwecka M, Gla�zar P, Hernandez-Miranda LR, Memczak S,
Wolf SA, Rybak-Wolf A, Filipchyk A, Klironomos F, Cerda
Jara CA, Fenske P, et al. 2017. Loss of a mammalian circu-
lar RNA locus causes miRNA deregulation and affects brain
function. Science. 357:eaam8526.

Poliseno L, Salmena L, Zhang J, Carver B, Haveman WJ,
Pandolfi PP. 2010. A coding-independent function of gene
and pseudogene mRNAs regulates tumour biology. Nature.
465:1033–1038.

Saetrom P, Heale BSE, Snøve O, Aagaard L, Alluin J, Rossi JJ.
2007. Distance constraints between microRNA target sites
dictate efficacy and cooperativity. Nucleic Acids Res.
35:2333–2342.

Salmena L, Poliseno L, Tay Y, Kats L, Pandolfi PP. 2011. A
ceRNA hypothesis: the Rosetta stone of a hidden RNA lan-
guage? Cell. 146:353–358.

Salomon WE, Jolly SM, Moore MJ, Zamore PD, Serebrov V.
2015. Single-molecule imaging reveals that Argonaute
reshapes the binding properties of its nucleic acid guides.
Cell. 162:84–95.

Sambandan S, Akbalik G, Kochen L, Rinne J, Kahlstatt J, Glock C,
Tushev G, Alvarez-Castelao B, Heckel A, Schuman EM.
2017. Activity-dependent spatially localized miRNA matur-
ation in neuronal dendrites. Science. 355:634–637.

Schirle NT, Sheu-Gruttadauria J, MacRae IJ. 2014. Structural
basis for microRNA targeting. Science. 346:608–613.

Sen GL, Blau HM. 2005. Argonaute 2/RISC resides in sites of
mammalian mRNA decay known as cytoplasmic bodies.
Nat Cell Biol. 7:633–636.

Stalder L, Heusermann W, Sokol L, Trojer D, Wirz J, Hean J,
Fritzsche A, Aeschimann F, Pfanzagl V, Basselet P, et al.
2013. The rough endoplasmatic reticulum is a central
nucleation site of siRNA-mediated RNA silencing. EMBO J.
32:1115–1127.

Steinkraus BR, Toegel M, Fulga TA. 2016. Tiny giants of gene
regulation: experimental strategies for microRNA functional
studies: tiny giants of gene regulation. Wiley Interdiscip
Rev Dev Biol. 5:311–362.

Straniero L, Rimoldi V, Samarani M, Goldwurm S, Di Fonzo A,
Kr€uger R, Deleidi M, Aureli M, Sold�a G, Duga S, Asselta R.
2017. The GBAP1 pseudogene acts as a ceRNA for the glu-
cocerebrosidase gene GBA by sponging miR-22-3p. Sci
Rep. 7:12702.

Sumazin P, Yang X, Chiu H-S, Chung W-J, Iyer A, Llobet-
Navas D, Rajbhandari P, Bansal M, Guarnieri P, Silva J,
Califano A. 2011. An extensive microRNA-mediated net-
work of RNA-RNA interactions regulates established onco-
genic pathways in glioblastoma. Cell. 147:370–381.

Tan JY, Sirey T, Honti F, Graham B, Piovesan A,
Merkenschlager M, Webber C, Ponting CP, Marques AC.
2015. Extensive microRNA-mediated crosstalk between
lncRNAs and mRNAs in mouse embryonic stem cells.
Genome Res. 25:655–666.

Tan JY, Vance KW, Varela MA, Sirey T, Watson LM, Curtis HJ,
Marinello M, Alves S, Steinkraus BR, Cooper S, et al. 2014.
Cross-talking noncoding RNAs contribute to cell-specific neu-
rodegeneration in SCA7. Nat Struct Mol Biol. 21:955–961.

Tang Y, Liu D, Zhang L, Ingvarsson S, Chen H. 2011.
Quantitative analysis of miRNA expression in seven human
foetal and adult organs. PLoS One. 6:e28730.

Tay Y, Kats L, Salmena L, Weiss D, Tan SM, Ala U, Karreth F,
Poliseno L, Provero P, Di Cunto F, et al. 2011. Coding-inde-
pendent regulation of the tumor suppressor PTEN by com-
peting endogenous mRNAs. Cell. 147:344–357.

Valencia-Sanchez MA. 2006. Control of translation and mRNA
degradation by miRNAs and siRNAs. Genes Dev. 20:515–524.

Wang J, Liu X, Wu H, Ni P, Gu Z, Qiao Y, Chen N, Sun F, Fan
Q. 2010. CREB up-regulates long non-coding RNA, HULC
expression through interaction with microRNA-372 in liver
cancer. Nucleic Acids Res. 38:5366–5383.

Wang Y, Xu Z, Jiang J, Xu C, Kang J, Xiao L, Wu M, Xiong J,
Guo X, Liu H. 2013. Endogenous miRNA sponge lincRNA-
RoR regulates Oct4, Nanog, and Sox2 in human embryonic
stem cell self-renewal. Dev Cell. 25:69–80.

244 C. L. SMILLIE ET AL.



Werfel S, Leierseder S, Ruprecht B, Kuster B, Engelhardt S.
2017. Preferential microRNA targeting revealed by in vivo
competitive binding and differential Argonaute immuno-
precipitation. Nucleic Acids Res. 45:10218–10228.

Ye X, Fan F, Bhattacharya R, Bellister S, Boulbes DR, Wang R,
Xia L, Ivan C, Zheng X, Calin GA, et al. 2015. VEGFR-1

pseudogene expression and regulatory function in human
colorectal cancer cells. Mol Cancer Res. 13:1274–1282.

Zhang X, Zuo X, Yang B, Li Z, Xue Y, Zhou Y, Huang J, Zhao
X, Zhou J, Yan Y, et al. 2014. MicroRNA directly enhances
mitochondrial translation during muscle differentiation.
Cell. 158:607–619.

CRITICAL REVIEWS IN BIOCHEMISTRY AND MOLECULAR BIOLOGY 245


	Complexities of post-transcriptional regulation and the modeling ofceRNA crosstalk
	Introduction
	Current models of ceRNA crosstalk
	Evidence supporting the ceRNA hypothesis
	Formation and activity of the miRNA:RISC complex
	Heterogeneity of miRNA targets, target sites, and binding
	Dynamics of miRNA targeting and repression
	Subcellular localization
	miRNA-to-target ratio and the potential for ceRNA crosstalk
	Strategies to identify and characterize a ceRNA mechanism

	Concluding remarks
	Acknowledgements
	Disclosure statement
	References


