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The number of predicted human 
microRNAs in Sanger miRBase cur-

rently stands at over 1,000, with each of 
these in turn predicted to target numer-
ous mRNAs. However, those micro-
RNAs for which mRNA targets have 
been evaluated, verified and reported 
in the literature are still in the minor-
ity and the bulk of microRNA/mRNA 
interactions are yet to be confirmed. 
Confirmation of microRNA interaction 
with predicted mRNA targets represents 
a considerable undertaking, made more 
complex by potential synergistic effects 
of multiple microRNAs and the three 
possible outcomes (translational repres-
sion, degradation or a mixture of both). 
In addition, contrasting results obtained 
when either stably expressing or tran-
siently transfecting members of the miR-
200 family illustrate limitations in the 
verification methods currently in use. 
In this article we suggest that instead of 
allowing computational predictions to 
drive investigation, it would be desirable, 
when possible, to systematically evalu-
ate microRNA targets using inducible, 
stable, ectopic expression. The advan-
tage of stable lines ectopically expressing 
microRNA(s) is that they allow an analy-
sis of changes to both the proteome and 
the transcriptome. This would allow ver-
ification of targets, improve the design 
of prediction algorithms and greatly 
increase our understanding of the out-
come of microRNA/mRNA interaction.

Introduction

The most studied region of interaction 
between microRNAs and their mRNA 
target(s) is the 3' untranslated region 
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(3'UTR). The process is thought to involve 
the 7–8 bp at the 5' end of the microRNA 
and its complementary sequence in 
the mRNA, called a “seed-match” or 
microRNA recognition element (MRE).1,2 
Due to the short recognition sequence and 
resultant frequency in the transcriptome, 
the identification of seed matches rapidly 
became a bioinformatics-led undertaking. 
Numerous predictive programs have been 
generated, several freely available (recently 
reviewed in ref. 3), and credit is due for 
the endeavors of those who developed 
them. While these programs have been 
invaluable for the guidance of microRNA 
research, they nevertheless have limita-
tions. For example, as a consequence of 
limited flexibility in the choice of mRNA 
sequence used and subtle differences in 
the algorithms, there is rarely complete 
concordance between prediction pro-
grams. Examples of public domain gene 
entries with multiple putative 3'UTRs or 
different entries across databases abound; 
yet, limited efforts have been documented 
in rationalizing and appropriately contex-
tualizing the choice of entry used in bioin-
formatic prediction.

In addition to the perceived shortcom-
ings of these informatics programs, the 
methods used for experimental verifica-
tion may also be flawed or inadequate. 
Although the widespread use of luciferase 
assays has led to the reporting of numerous 
targets, studies often select a single mRNA 
from the list of multiple predicted targets. 
Often, this highly subjective selection pro-
cess is justified on theoretical target rele-
vance to the biological context of interest 
rather than experimental, evidence-based 
selection of putative targets. Fragments or 
the whole 3'UTR of the target of choice 
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evidence that an alternative approach is 
indeed required.

The Case of miR-200c

The paradigm of prediction versus exper-
imental results is illustrated by discordant 
data obtained in studies of miR-200c and 
other members of the miR-200 family. 
Initially, through the use of a mixture 
of available bioinformatic data in the 
form of target predictions and relative 
quantitative measurement in the form 
of qRT-PCR, several mRNA targets of 
miR-200c were reported to be subject 
to degradation.11 Subsequent laboratory 
experiments using stable ectopic expres-
sion of miR-200c in a breast cancer 
cell line indicated that the endogenous 
mRNA of ZEB1 (or TCF8, as it is also 
known) was indeed degraded.12,13 When 
the 3'UTR of TCF8/ZEB1 was exam-
ined this revealed that it contained five 
“seed matches,” or miRNA target sites, 
for miR-200c. Notably, and this has now 
been reported by others, most prediction 
programs use a shorter transcript variant 
of ZEB1 which contains only three sites. 
As a consequence, ZEB1 is not listed as 
one of the primary targets of miR-200c. 
However, the related transcription factor, 
ZEB2, which also has five predicted miR-
200c seed matches is listed as a primary 
target of miR-200c (as most programs 
used the longer 3'UTR for ZEB2). Our 
studies focused on miR-200c and ZEB1 
so we did not investigate any other poten-
tially underestimated mRNA targets 
attributable to the use of a shorter tran-
scription variant. Nor did we investigate 
if such underestimates are widespread 
among microRNA predictions.

Following our initial publication, 
other members of the miR-200 fam-
ily (as defined by seed match similarity) 
were then reported to also interact with 
ZEB1 and ZEB2.14,15 These papers and 
other reports that claimed additional 
mRNA targets of miR-200c all relied 
upon transient transfection of a double 
stranded nc-RNA. The transfected mate-
rial is reportedly processed by endogenous 
components of the microRNA biogenesis 
machinery and in the case of miR-200c, 
a phenotype similar to that observed 
with the stable expression was reported  

issues of other mRNA targets. In most 
cases they list several hundred predicted 
mRNAs and would be expected to dilute 
the effect of the transiently transfected 
microRNA. Indeed, natural and synthetic 
microRNA sponges have been described 
and already proposed as potential thera-
peutics.10 We observed the global impact 
of a single differentially expressed mRNA 
targeted by an RNAi mechanism when 
exploring the utility of a NFkappaB-
driven, luciferase reporter cell system as 
a platform for RNAi experiments. Under 
the well-described A549 lung epithelial 
IL-1beta-induced IL-8 release cell culture 
model, absence or presence of the reporter 
transgene had a profound, dose- and 
siRNA sequence-dependent impact on the 
inflammatory response profile.8 Thus, a 
commercially available siRNA specific for 
luciferase (Dharmacon sequence 2; IC

50
 < 

0.5 nM) resulted in IL-8 release inhibition 
when used in the parent cell line in the 
absence of the reporter gene, suggesting 
that the off-target activity observed was 
specific to the sponge effect of the lucifer-
ase mRNA.8

The commonly used verification meth-
ods of microRNA/mRNA interaction 
also fail to address the issue of synergis-
tic action of other microRNAs predicted 
to target the mRNA being investigated. 
This is commonly referred to as the 
rheostat hypothesis, where a given phe-
notypic impact might result from mul-
tiple microRNA or mRNA changes 
which whilst individually apparently 
negligible, collectively serve to modu-
late a specific system/pathway. If we are 
to believe the prediction programs, then 
there is a complex regulatory network 
with multiple microRNAs regulating 
numerous mRNAs through translational 
repression or mRNA transcript degrada-
tion. However, as numerous examples of 
single microRNAs strongly regulating a 
single mRNA have been reported, perhaps 
the problem lies with current prediction 
programs being unable to determine the 
orchestrated actions of all co-expressed 
microRNAs, and investigators pursuing 
single molecules or linear pathways of 
interest as opposed to “omic,” system-wide 
investigations. Although not ideal, the 
case of miR-200c provides additional evi-
dence of current limitations and further 

are then coupled to the reporter and co-
transfected with the microRNA. The 
ability of such an approach to reproduce 
the conditions for effective interaction 
between approximately one third (7–8 bp 
seed match) of a microRNA in a protein 
complex with the 3'UTR of an mRNA 
is questionable, as this might require 
folding or secondary structure. Indeed, 
documented evidence of the impact of sec-
ondary structure on MRE accessibility is 
reported with respect to miR-223 interac-
tions with a number of its putative target 
genes.4 If such secondary structure can be 
maintained when either a fragment or the 
entire 3'UTR is fused to luciferase is ques-
tionable, yet multiple papers using large 
amounts of transfected microRNA have 
reported such interactions as conclusive 
evidence of miRNA/mRNA targeting.

Another consideration is the potential 
importance of seed match location, both 
relative to other seed matches and in the 
context of the 3'UTR. This has been 
described in the context of both micro 
and short interfering RNA (siRNA) stud-
ies. For example, the hepatitis C + RNA 
genome contains two juxtaposed miR-122 
MRE’s in the 5' end of the internal ribo-
somal entry site (IRES), whose occupancy 
is mutually exclusive due to the <10 nt 
distance between the two seed matches.5 
Evidence now suggests that the struc-
ture adopted by the IRES is entrenched 
with miR-122 interaction and is crucial 
in translational activity of the virus.6,7 In 
many cases the miRNA/mRNA interac-
tions have been verified using alternative 
approaches, but doubts still remain as to 
the ability of these methods to reliably 
reproduce the interactions being studied. 
For example, there is often a substantial 
difference between synthetic miRNA 
analogue intracellular concentrations 
following transfection and endogenous, 
phenotypically relevant levels. Crucially, 
these approaches may have a propensity to 
describe miRNA/mRNA interactions that 
might not be manifest under physiologi-
cally relevant conditions.8

Finally, in addition to potential mis-
interpretation due to failure to reproduce 
biologically relevant levels of microRNA, 
the issues of secondary structure and 
MRE placement,9 these approaches may 
not address the potentially confounding 
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What Should We Do?

Our proposed model for miR-200c has 
some limited in vitro experimental evi-
dence; however, the reality is that none of 
the methods used to date to examine the 
function of this family of microRNA are 
adequate. For example, while miR-200c 
alone may be able to degrade ZEB1, there 
is also a strong argument for the syner-
gistic involvement of miR-141. What is 
required is an alternative to current meth-
ods, one involving inducible stable expres-
sion of individual or, if possible, clusters 
of microRNAs. Expression should first be 
verified using qRT-PCR to ensure that the 
levels of expression are approximate to the 
endogenous levels in a reference cell line. 
The inducible expression system would 
allow sufficient quantities of cells to be 
generated before induction to enable both 
detailed proteomic and transcriptomic 
analysis and enable an examination of 
the concordance between prediction and 
experimental evidence. Although such an 
approach would be painstaking it does not 
need to be undertaken en masse. The best 
candidates are already known and reported 
in the literature and those microRNAs 
which have disease associated expression 
patterns should be examined first. In 
addition to an examination of the effects 
of microRNA at the protein level, tech-
niques are now available that may enable 
identification of microRNA/mRNA inter-
actions. One method utilizes the protein 
complex which facilitates microRNA/
mRNA action. The technique, termed 
HITS-CLIP, simultaneously identifies 
Ago-bound microRNAs and the nearby 
mRNA sites.17 Alternatively, methods 
for affinity purification of the 3'UTR 
have also been used to capture active 
microRNAs (personal communication  
with S. Spivack and ref. 18). Through 
the use of these or other robust meth-
ods, gradually putative rules will begin to 
reveal themselves and further experimen-
tation using mutational analysis may then 
confirm or validate issues such as spatial 
arrangement or number of sites. Perhaps 
we will even find that a “well placed” single 
target site can lead to mRNA instability. 
The availability of vectors, many induc-
ible, with which cell lines can be altered to 
ectopically express a microRNA of interest 

cannot state it definitively, as an analysis 
of the proteomic and transcriptomic data 
has not been undertaken, based on our 
experimental results we could propose the 
following:

Firstly, miR-200c has a specific mode of 
action and targets and degrades only the 
ZEB family of transcription factors. The 
mechanism for this specificity lies in the 
multiple target sites for miR-200c present 
in the 3'UTRs of both transcription factors 
(miR-200c is not predicted to have multiple 
seed matches in any of its other mRNA 
targets listed in the prediction programs). 
However, assuming that this model is cor-
rect and the only two targets for miR-200c 
are ZEB1 and ZEB2, there is a second 
point. Analysis using the miRanda pre-
diction program suggests that ~50 other 
microRNAs are involved in the regulation 
of ZEB1. For clarity, Figure 1A shows only 
those microRNAs predicted to have two 
or more sites in the 3'UTR of ZEB1. This 
appears to indicate a complex regulatory 
system involving multiple microRNAs. 
However, if we examine the expression 
patterns of these other microRNA(s) in 
cell lines in which endogenous levels of 
miR-200c are either high (MCF7) or 
below detection (MDA-MB-231 and 
PC3) we see that only miR-200c and  
miR-141 have an inverse expression pattern 
to that of ZEB1 (Fig. 1B). In the cell line 
that ectopically expresses miR-200c and 
was previously shown to degrade ZEB1 
and produce the phenotypic appearance 
associated with expression of E-cadherin, 
the levels of these other microRNAs 
are not significantly altered compared 
to the MDA-MB-231 parent cell type. 
Again, the proposed prerequisite for a 
mechanism requiring multiple sites could 
explain why the predictions of regulation 
by other microRNAs may be inaccurate. 
The remaining targets could be transcrip-
tionally repressed or expression could be 
tissue or development-stage specific. To 
effectively demonstrate the former, a thor-
ough examination of the proteome of both 
MCF7 (endogenous miR-200c) and cells 
ectopically expressing miR-200c is required. 
In the later case, to demonstrate tissue or 
development specific expression of microR-
NAs, which individually or in groups are 
capable of regulating the ZEB family, will 
require additional experimentation.

(albeit in 48 h as opposed to three weeks). 
The main discordance arose when the 
other members of the family (miR-200a, 
miR-141 and miR-200b), which have 
identical or almost identical seed regions, 
also generated a similar phenotypic 
appearance upon transient transfection. 
When these family members were sta-
bly expressed using the same techniques 
used to generate stable expression of  
miR-200c, the resultant mature microR-
NAs produced no change in phenotype.12 
Although other possible explanations for 
the discordant results could be proposed, 
perhaps the most obvious is that transient 
transfection is akin to an RNAi experi-
ment. Thus, in addition to being unable 
to reflect the endogenous mechanism, 
it is potentially capable of an off target 
effect, which may explain the phenotypic 
change seen with transient transfections  
of miR-141 and miR-200a.

While it is usually deemed obvious 
when the point is raised that stable expres-
sion is more robust and biologically rel-
evant than transient, the latter continue 
to be a mainstay of microRNA research, 
often without verification or, crucially, 
reviewer question. Another major issue is 
noted in the computationally predicted 
number of mRNA targets for miR-200c 
which exceeds 600. Although a small 
number of these mRNA targets have been 
reported again, the experimental verifi-
cation relied on transient transfection of 
miR-200c without follow-up experiments 
involving a stable system.16 Regardless, 
this still leaves over 590 “targets” and, as 
is the case with many microRNA stud-
ies (including our own), there is often a 
failure to even acknowledge the other 
predictions, focusing instead on a single 
mRNA/microRNA target pairing and its 
verification. The other notable omission 
in many of these studies is illustrated by 
the predicted sites for microRNAs other 
than miR-200c in the 3'UTR of the ZEB 
transcription factors. Depending on the 
algorithm used, there could be as many 
as fifty other microRNAs that target 
ZEB1. However, our data indicates that 
miR-200c can act alone and targets only 
the ZEB family of transcription factors: 
so, how do we reconcile the potential dis-
crepancy between computational predic-
tion and experimental results? While we 
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entering the era of experimentation where 
hypotheses and endpoints should be per-
formed at the network level as opposed to 
a single-point or across a linear pathway. 
Next generation sequencing techniques 
are rapidly identifying more microRNAs 
and the methods used to identify their 
modes of interaction should also be sub-
ject to more rigor. In this way we may 
identify the exact functional mechanism 
of action of a truly extraordinary group of 
non-coding RNAs. However, even if such 
experimental findings do indicate that 
each microRNA only targets a handful of 
mRNA targets, they are still a remarkable 
molecular species “punching well above 
their weight.”

Concluding Remarks

Huge strides have been made and viable 
interactions identified between many 
microRNA and their mRNA targets using 
some current methods guided by predic-
tion programs. This point of view has tried 
to both present alternative explanations 
rather than cite specific examples as good 
or bad experiments. Rather, we accept that 
all current methods are inadequate and 
suggest that the field now needs to raise the 
bar and accept that we need more robust 
techniques closer to the biological reality, 
with less reliance on computational pre-
diction until we have verified that all seed 
matches are indeed created equally. We are 

should be considered as a potentially more 
valid approach than transient transfec-
tion. Ultimately, the pressing need is for 
the community to come to an agreement 
regarding cohorts of experiments that 
together confirm the microRNA/mRNA 
networks through rigorous pharmacologic 
and biologic assessments with for example 
animal models.19 We should perhaps adopt 
a MIAME-styled20 set of requirements in 
confirming and reporting microRNA 
target interactions. These should include 
experiments that address known and 
hypothesized off-target effects, as well as 
thorough investigation of biological inter-
actions and consequences at an “omic” 
scale.

Figure 1. (A) The 3'UTRs of ZEB1 and ZEB2 showing some of the predicted sites for microRNAs. For clarity, only those microRNAs with two or more 
seeds matches are shown. Prediction maps were generated using miRanda at microRNA.org, as TargetScan and Pictar both use a shorter version of 
the ZEB1 transcript. (B) Expression profiles of microRNAs predicted to target ZEB1 in cell lines. MicroRNA expression was measured using ABI-TLDA. 
Average Ct of three replicates with SD is shown on the y axis. All cell lines from ATCC: PC3, prostate; MCF-7, breast; MDA-MB-231, breast; MDA-MB-231E 
ectopically expressing miR-200c, breast.
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