
POINT OF VIEW

Issues in current microRNA target identification methods

Herv�e Seitz

Institut de G�en�etique Humaine UMR 9002 CNRS-Universit�e de Montpellier, 141, rue de la Cardonille, 34396 Montpellier CEDEX 5, France

ARTICLE HISTORY
Received 27 February 2017
Revised 11 April 2017
Accepted 13 April 2017

ABSTRACT
microRNAs are currently believed to control a large diversity of physiologic processes, through the
collective repression of thousands of target genes. Both experimental and computational analyses indeed
suggest that each microRNA regulates tens or hundreds of genes. But some observations suggest that the
phenotypic consequences of many published miRNA/mRNA interactions are dubious. For example, the
reported amplitude of miRNA-guided repression is very small, while biologic processes tend to be robust
to small changes in gene expression. We recently showed, on one particular miRNA, that for most
predicted targets, miRNA-guided repression is even smaller than inter-individual variability among wild-
type specimens. We also put forward several sources of computational false positives. These issues are
generally neglected by the scientific community, probably resulting in the frequent publication of
irreproducible or misinterpreted results regarding microRNA function. We propose novel types of analyses,
easily accessible to the community, that could help improve microRNA target identification.
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Identification of microRNA targets

microRNAs (miRNAs) have attracted a lot of attention from the
community over the last 16 years, essentially because of their
great versatility: according to both high-throughput experiments
and computational predictions, each miRNA is believed to regu-
late tens or hundreds of genes. They have therefore been pro-
posed to control an extraordinarily large array of physiologic
processes, both in healthy conditions and in disease.

Current high-throughput experimental methods for miRNA
target identification are based on an immuno-precipitation of
the miRNA effector complex, followed by deep-sequencing-
based identification of its interacting RNAs.1 Computational
prediction programs are diverse, but most of them rely on the
identification of phylogenetically conserved matches to the
miRNA “seed” (nucleotides 2–7 of the miRNA): a perfect seed
match appears to be the best available predictor of miRNA-
guided repression and phylogenetic conservation (above con-
servation levels that would be expected by chance) is seen as a
proof of the biologic importance of the regulation.2

Known inconsistencies in the genome-wide targeting
theory— and how they are addressed

At least 2 main issues suggest that the genome-wide role of
miRNAs may not be so well established:

1. Results of high-throughput experiment-based identifica-
tion of miRNA targets usually overlap very partially with
computationally-predicted targets,3-6 casting doubt on
the validity of the experimental technique, of computa-
tional predictions, or both.

2. When quantified, the effect of miRNAs on their targets is
very small (less than 2-fold in general), while macro-
scopic biological phenotypes tend to be robust to such
small changes in gene expression. When miRNA
mutants control a macroscopic phenotype and when the
mechanistic causes of the phenotype can be found, they
tend to be due to the misregulation of a few dose-sensi-
tive genes, rather than to a global misregulation of every
target.7-10

The first issue can be resolved quite simply, at least in the-
ory: it is possible that many experimentally-detected interac-
tions are phenotypically inconsequential (for the reason given
in issue #2), hence they would not be conserved in evolution,
thus not predicted computationally. Reciprocally, some biologi-
cally important miRNA/mRNA interactions may be predicted
yet unobserved experimentally, just because the experiment
was performed in a tissue or a cell line where that interaction
does not occur. Additional sophistication can be considered
when reconciling experimental and computational analyses; for
example, interactions that do not involve a perfect seed match
(the so-called “non-canonical” interactions) may be stable and
detected, yet unable to trigger target mRNA repression.11

The second issue is classically addressed using phylogenetic
conservation: indeed, target repression is surprisingly small,
but if an interaction has been conserved, then it must be impor-
tant at some point. While we cannot predict the phenotypic
consequences of a moderate upregulation for most genes, the
mere fact that they seem to be under a selective pressure to
keep their miRNA binding sites is perceived as a strong hint
that organismal fitness is exquisitely sensitive to such small
changes in gene expression.2
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Our recent work sheds a new light on these questions, sug-
gesting that miRNAs likely have just a few biologically impor-
tant targets, and most computationally or experimentally
identified targets would not be functionally repressed.12

Phenotypic robustness vs. miRNA-guided repression

By comparing the effect of miRNA-guided repression to inter-
individual variability in gene expression, we observed that most
predicted targets for miR-223 in mouse neutrophils appear to
be functionally insensitive to the miRNA: the difference in tar-
get expression among wild-type mice is frequently larger than
miR-223-guided repression. That kind of experiment is quite
simple; anyone aiming at measuring the effect of a miRNA
(e.g., by a transcriptomics experiment in wild-type vs. miRNAD
mutants) should be able to also perform a comparison among
wild-type individuals. If our results are generalizable, then these
experiments would also show that miRNA-guided repression
does not exceed inter-individual variability in gene expression
for most predicted targets, even though they bear phylogeneti-
cally conserved miRNA binding sites.

Because we observed large inter-individual variability in target
gene expression among phenotypically wild-type mice, we pro-
posed that these genes are not functionally sensitive to miR-223.
But many mRNAs bear seed matches for multiple miRNAs (and
sometimes, multiple seed matches for the same miRNA). It could
be argued that the collective effect of multiple sites on a given tar-
get mRNA could result in a large, biologically relevant repression,
even though individual sites cannot achieve functional repression.

Such a scenario would not explain why each individual site
has been conserved in evolution: mutations occur randomly
and independently on these sites. If indeed the contribution of
each individual site is too weak to control a selectable pheno-
type per se, then it will accumulate mutations at the same rate
than non-functional genomic sequences. Only the coordinated
loss of several sites would be subjected to natural selection, but
natural mutations are uncoordinated: they occur randomly and
independently (simultaneous co-mutation is only observed
within �50 bp, excluding the possibility that multiple miRNA
target sites are coordinately mutated19-21). Therefore, the
observed conservation of miRNA seed matches implies that
each of them exerts a selectable function, independently of the
activity of other sites. Note that other interpretations of our
experimental results are possible, but they also suggest that
only few genes are functionally sensitive to fine-tuning.12

Our result thus opens the possibility that a large fraction of
known or predicted miRNA binding sites are phenotypically
inconsequential. It would then remain to be explained why
these sites have been conserved in evolution, if they cannot
mediate a biologically relevant repression.

Could mRNA-mediated miRNA titration explain seed match
conservation?

By an absolute measurement of the intracellular levels of miRNAs
and their targets in C2C12 cultured cells, we found a few mRNAs
whose abundance seems to be sufficient to titrate miRNAs bymore
than 10%.We verified themiRNA titrating activity for one of them
(the Tmsb4xmRNA) bymutating its miR-1a/miR-206 binding site

by genome editing: miR-1a/miR-206 was found to be more active
on a reporter gene after thatmutation, suggesting that it was indeed
titrated by the Tmsb4x mRNA. That result thus demonstrates the
possibility that a miRNA binding site could be conserved for its
miRNA-sequestering activity, rather than for its mRNA-silencing
activity. In other words, computational target predictions may be
contaminated by such “pseudo-targets," whose binding sites for
miRNAs have been conserved despite their functional insensitivity
to the regulation.

Yet we only identified a small number of potential miRNA
titrators in C2C12 cells (2 for miR-1a/miR-206 and 5 for miR-
133). We cannot exclude that some other predicted targets for
these 2 miRNA families may behave as miRNA titrators in other
cell types: perhaps many cell types express detrimental levels of
miR-1a/miR-206 or miR-133, and some of their highly abundant
mRNAs may act as titrators, thus providing a beneficial function
for the organism’s overall fitness. Even though it is formally pos-
sible, we do not favor that hypothesis. It is now clear that an effi-
cient titration of miRNAs by individual mRNAs must be rare in
vivo.13-16 Among the rigorous studies investigating the necessary
conditions for mRNA-mediated miRNA titration, only one sug-
gested the existence of endogenous titrators — under specific
conditions regarding miRNA and target abundance and their
mutual affinity.17 It thus seems unlikely that a large fraction of
predicted miRNA targets would have been under a selective
pressure to titrate miRNAs: the few titrators we observed for
miR-1a/206 and miR-133 may very well be the only ones.

Because several articles concluded that individual mRNAs are
generally unable to mediate substantial titration,13-16 it is also
important to confront our results on mRNA-mediated miRNA
titration to the existing literature. Some of these conclusions are de-
rived from textbook-based estimations or imprecise statements on
mRNA abundance, but others were deduced from in vivomeasure-
ments of competition between targets for miRNA binding.15,16

These 2 studies concluded for example that miR-122 (which is
strongly hepatocyte-specific) is not titrated to a noticeable extent
by anymRNA in hepatocytes: there are somanymiR-122-interact-
ing mRNAs that each of them contributes little to the overall titra-
tion. In other words, it does not really affect miR-122 availability,
and it would need to be expressed at unrealistically high levels to
impart some functional modulation of miR-122.

While we do not question that conclusion, we reasoned that
miRNA titration by mRNAs, whenever it occurs, plays miRNA
regulatory functions. Therefore, titrators probably repress specific
miRNAs in cells where they would have detrimental effects. miR-
NAs strongly expressed in a given cell type (e.g., miR-122 in hepa-
tocytes, miR-155 in haematopoietic cells, ) probably play a
biological role in that cell type, and titration of these miRNAs is
expected to be beneficial only in other cell types. This is how we
interpret the observation that miR-122 is not efficiently titrated by
any individual mRNA in mature hepatocytes: we propose that
miR-122 is titrated by somemRNAs in other cell types or other dif-
ferentiation stages, reinforcing the specificity of its expression
pattern.

Phylogenetic analyses also challenge the current view

Because there may not be many miRNA-titrating mRNAs, we
had to consider another possible explanation to the frequent
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conservation of miRNA seed matches. We thus explored the
possibility that there could be a fundamental bias in the com-
parative genomics approach. We observed that seed matches
for some miRNA families can be more deeply conserved in evo-
lution than the miRNA family itself. In other words, some
miRNA binding sites are conserved… even in species that do
not express any miRNA with that seed.

It is currently not clear why these binding sites are con-
served: we can imagine that these sites bind an RNA-binding
protein or a DNA-binding protein, whose binding is under
selective pressure — and they would fortuitously be comple-
mentary to a miRNA seed. Perhaps, too, some parts of the
genome appear to be conserved even in the absence of any
selective pressure (because of a locally low mutation rate,18 or
for reasons which are still not known).

Such “over-conserved” sites (i.e.: miRNA binding sites that are
more conserved than the cognate miRNA family) are more
frequent for poorly conservedmiRNA families than for deeply con-
served families. This is mainly due to a technical artifact: because of
the arborescent structure of the phylogenetic tree, it is easier to
observe a site being conserved outside a shallow clade than outside
a deep clade. There are more outer species outside shallow clades
(hence increasing the chances of observing the site in at least one of
them), and the various lineages diverged for a shorter time (hence
increasing the chances that the site did not have enough time to
diverge if inconsequential). When re-analyzing predicted miRNA
binding sites for the most popular target prediction programs, we
thus observed a higher rate (�50 to 70%) of over-conserved sites
forHominidae-specificmiRNA families, than formore deeply con-
served families. It is likely that the causes of over-conservation
(e.g., conserved protein-binding sites that exhibit complementarity
to an miRNA seed) apply similarly to miRNAs specific to deeper
clades, and the observed over-conservation rate would be lower
only because of such technical artifact. These high (550%) rates
might therefore extrapolate to deeply conservedmiRNA families.

Importantly, these “over-conserved” sites certainly do not
constitute the totality of false positive predictions: some seed
matches may be conserved for miRNA-independent reasons,
without being more conserved than the miRNA family. Some
may even be more conserved than the miRNA family, but their
over-conservation would not be visible in our analysis because
they are conserved in outer species whose genome is not
sequenced yet (e.g., only one non-Euteleostomi vertebrate
genome is currently available: the Petromyzon marinus lamprey
genome; some sites for Euteleostomi-specific miRNAs may be
conserved in non-Euteleostomi genomes, but not that of Petro-
myzon marinus). Reciprocally, it is conceivable that some sites
identified by our approach are in fact true positives: one could
imagine a scenario where a protein-binding site has been con-
served for a long time, then a miRNA family with a comple-
mentary seed would appear — and the site would gain a novel
beneficial function by this newly acquired repression. Such a
“regulatory relay” has never been documented so far. It is more
conservative to consider the functionality of over-conserved
seed matches with caution, and not to assume the existence of
such a scenario. Overall, the over-conservation analysis shows
that phylogenetic conservation of a seed match is no guarantee
for their functionality — over-conserved seed matches are not
more convincing than non-conserved seed matches.

Conclusion

The notion that miRNAs control a large diversity of physiological
phenotypes is well established. Our results challenge that view,
suggesting that most miRNA “targets” identified by current high-
throughput experimental or computational methods may not be
repressed enough to trigger macroscopic phenotypes. The general-
ity of our findings will now have to be assessed independently, and
on other experimental systems. Fortunately, the required analyses
are rather simple, and they appear to be accessible to our colleagues
interested in miRNA-mediated regulation. An investigator com-
paring target expression levels between wild-type individuals and
miRNA mutants, should also be able to measure inter-individual
variability among wild-type specimens. An analyst evaluating the
phylogenetic conservation of a given miRNA binding site should
also be able to probe its conservation in species that do not express
that miRNA family.

Questioning the validity of current miRNA target identifica-
tion schemes could have enormous consequences on a large
part of the published scientific literature which relied on these
experimental or computational methods. Approaches aimed at
identifying false positives, like the ones described above, could
help isolating biologically relevant targets from the long lists of
computationally or experimentally identified candidates. But it
is important to realize that there is a sort of inertia in scientific
practice, sometimes even against published evidence. Perhaps a
convincing example is the case of the miR-34 family, which is
regulated by p53, and which was initially proposed to partici-
pate in p53-mediated control of cell proliferation in mam-
mals.22 Rigorous assessment of the p53 response in miR-34
mutant mice failed to observe any defect,23 yet several years
later, many articles still refer to miR-34 as a component of the
p53 pathway, without any reference to the in vivomouse study.

But fortunately, the recent development of genome editing
tools now allows the in vivo exploration of functional conse-
quences of the loss of individual miRNA/mRNA interactions.9

It can be anticipated that such precise in vivo assessment could
disprove many of the published functions for miRNAs: biologi-
cal roles which were inferred from reporter assays or from
automatic annotation of predicted miRNA targets, may not
stand the test of rigorous biological investigation.
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